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Life is a perfect equilibrium between mind and body. It is a whole of different 
variables that, during our life we have to set up. In this challenge the safe mainte-
nance of the human body represents one of our most important goal. In this sense, 
science and technology play a key role in the extended life expectancy. In the last 
century and especially in the last years, the medical area, in order to afford the 
new challenge in health care, was subject to necessary and deep changes (improve-
ments), thanks also to a cross-fertilization of several disciplines.

Surgery, for example, has developed with a wide range of innovative techniques 
and new devices (implants and surgical instruments) resulting in a reduction of 
morbidity and mortality.

The use of drug delivery systems to improve the efficacy of bioactive mole-
cules remains an important strategy for achieving progress against the disease 
and progress in this field has been remarkable. Over the past 20 years, the num-
ber of novel therapeutic approaches has expanded from traditional small chemi-
cal medicinals to a wide variety of biomolecules, including peptide/protein- and 
nucleic acid-based therapeutics. All of these therapies require the administration of 
stable dosage forms in adequate concentrations and exposure periods with the aim 
to realize their potential.

At the same time new medical categories are widely expanded: tissue engineering 
has made great strides in the replacement of worn out organs and tissues due to dis-
ease, injury, etc. in order to have real efficiency and efficacy, medical therapy needs 
efficient and effective biomaterials both for intra and extracorporeal treatments.

Biomaterials and in particular polymeric ones are the focus of this scientific 
revolution and represent one of the major researches around the world.

One of the reasons for the great popularity in the use of polymers in medicine is 
that their properties can be tailored to meet specific needs by varying the “atomic 
composition” of the repeat structure, molecular weight, or performing chemical 
modifications of natural polymers.

The rationale of this contributed book stems from the premise to have an 
important instrument that can be a knowledge bridge between teaching experience 
and scientific research.

Preface



Prefacevi

This idea represents a true answer to the natural question: What is the novelty 
in Advanced Polymers in Medicine? The first part of the book reviews the relevant 
background information on polymer chemistry and the physicochemical char-
acterization and represents the scientific support for the following chapters. The 
second part is devoted to a complete overview of “Medically” oriented polymers 
and every chapter is dedicated to a medical specialty. In my opinion, this type of 
approach will provide a better overview of polymers and medical applications and 
allows an effective use both for teaching that scientific reference book. Therefore, 
this book is intended for students and researchers who work in the area of bioma-
terials. I am conscious that a successful book is a product of several integrated 
expertises; in this contributed volume, many of these were given by contributing 
authors, all of which are listed in the bibliography. Thank you!

Francesco Puoci
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Chapter 1
Polymer Chemistry and Synthetic Polymers

Ortensia Ilaria Parisi, Manuela Curcio and Francesco Puoci

© Springer International Publishing Switzerland 2015 
F. Puoci (ed.), Advanced Polymers in Medicine, DOI 10.1007/978-3-319-12478-0_1

Abstract Polymers are macromolecules derived by the combination of one or 
more chemical units (monomers) that repeat themselves along the molecule. The 
IUPAC Gold Book defines a polymer as “A molecule of high relative molecular 
mass, the structure of which essentially comprises the multiple repetition of units 
derived, actually or conceptually, from molecules of low relative molecular mass.” 
Several ways of classification can be adopted depending on: their source (natu-
ral and synthetic), their structure (linear, branched and crosslinked), the polym-
erization mechanism (step-growth and chain polymers) and molecular forces 
(Elastomers, fibres, thermoplastic and thermosetting polymers). In this chapter, the 
molecular mechanisms and kinetic of polymer formation reactions were explored 
and particular attention was devoted to the main polymerization techniques. 
Finally, an overview of the most employed synthetic materials in biomedical field 
is performed.

Keywords Step-growth polymerization · Chain polymerization · Homogeneous 
polymerization · Heterogeneous polymerization · Biomedical applications
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Abbreviations

AIBN  Azobisisobutyronitrile
ATRP  Atom transfer radical polymerization
HDI  Hexamethylene diisocyanate
HDPE  High density polyethylene
i-PP  Isotactic polypropylene
LDPE  Low density polyethylene
MDI  4,4′-methylenediphenyl diisocyanate
MDPE  Medium-density polyethylene
PCL  Poly(caprolactone)
PE  Polyethylene
PGA  Polyglycolide
PLA  Polylactide
PLGA  Poly(lactide-co-glycolide)
PPC  Poly(propylene carbonate)
PTMC  Poly(trimethylene carbonate)
PTMO  Poly(tetramethylene oxide)
PVC  Polyvinyl chloride
RAFT  Reversible addition-fragmentation chain transfer polymerization
TDI  Toluene diisocyanate
UHMWPE  Ultra high molecular weight polyethylene

Introduction

Polymers are macromolecules characterized by high relative molecular mass and 
formed by linking large numbers of small molecules together. They essentially 
consist of repeating chemical units which are held by covalent bonds and derived, 
actually or conceptually, from molecules of low relative molecular mass called 
monomers. Thus, the term monomer refers to the small starting molecule from 
which a polymer is constructed and has not to be confused with the repeat unit. 
This last one represents, indeed, the basic structural unit whose repetition would 
produce the complete polymeric chain, except for the end-groups.

The length of the polymer chain is specified by the number of repeat units in 
the main chains and this number is called degree of polymerization Xn.

A monomer must have one or more reactive sites to form bonds with other 
monomers in order to prepare a polymer and may or may not be equivalent to 
the repeat unit. The small monomeric units are, indeed, connected to each other 
through the chemical reactions and the chemical process used for the synthesis of 
polymers is called the polymerization.

The simplest example of polymer is represented by PE which is obtained from 
its monomer ethylene (Fig. 1.1).
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The molecular structure of polyethylene chain contains connected tetrahedral sp3 
hybridized C atoms and it can be viewed as an extension of the covalently bound 
molecule ethane. Thus, in this case, the chemical structure of the repeat unit is dif-
ferent from the structure of ethylene monomer from which the polymer is produced.

Several ways of classifying polymers can be adopted depending on different 
parameters, such as the type of monomer, the source, the structure, the polymeri-
zation mechanism, the molecular forces and tacticity (the way pendent groups are 
arranged on a polymeric backbone).

•	 Type of Monomer

– Homopolymers, polymers formed from only a single type of monomer;
–	 Copolymers, polymers prepared from more than one type of monomers 

which can be further divided according to the arrangements of the different 
repeat units in the chain (Fig. 1.2):

alternating copolymers: the repeat units of two different monomers are 
arranged in alternating sequence within the chain;

block copolymers: in these polymers, two or more long linear sequences of 
different homopolymers (blocks) are linked together;

graft copolymers: they are branched block copolymers in which the backbone 
is one type of block and the other type of blocks are attached to the main 
chain as pendant groups;

random copolymers: they consist of two or more different repeat units attached 
in a random order.

Fig. 1.1  Synthesis of 
polyethylene starting from 
ethylene monomer

Fig. 1.2  Schematic 
structures of: 
a alternating copolymers, 
b block copolymers, 
c graft copolymers and 
d random copolymers
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•	 The Source

– Natural polymers: occur in plants and animals, in which play an essential role 
for life, and include starch, cellulose, silk, chitin, proteins, nucleic acids and 
natural rubber;

–	 Synthetic polymers: are artificially synthesized in the laboratory and they can 
be defined as “man-made polymers”. In daily life, this kind of macromol-
ecules finds several applications in a wide range of fields, such as cosmet-
ics, pharmaceutics, medicine, packaging, food processing, textile. Examples 
include polyethylene, polystyrene, PVC, nylon and polyurethanes;

–	 Semi-synthetic polymers: these are mostly derived from naturally occurring 
polymers by chemical modifications. An example is cellulose acetate, a deriv-
ative of cellulose which forms due to acetylation of cellulose and used for 
making threads, films and glasses.

•	 The Chain Structure

– Linear polymers: repeat units are joined together in the form of a single long 
straight chain (Fig. 1.3). The starting monomers have only two functional 
groups if the polymer is a step-growth polymer or a single double bond if it is 
a chain polymer. Examples are polythene, polyvinyl chloride, etc.;

–	 Branched polymers: linear side chains get branches of different length along the 
main chain (Fig. 1.3). Branches are caused by the presence of small amounts of 
trifunctional monomers for step-growth or two unsaturations for chain polymers;

–	 Crosslinked polymers: three-dimensional networks consisting of long lin-
ear chains connected to each other with multifunctional units (Fig. 1.3). The 
interconnections between chains can be formed during the polymerization 
process (by choice of a crosslinking agent) or after polymerization (by adding 
a specific reagent).

Fig. 1.3  Macromolecule 
structures
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•	 The Molecular Forces

– Elastomers: they are amorphous polymers with high degree of elasticity and 
characterized by weak attraction forces between polymeric chains. An elasto-
mer should be flexible and able to return to its original dimensions;

–	 Fibres: they have strong intermolecular attraction forces between polymeric 
chains, high tensile strength, least elasticity, good pliability and are able to 
hold their shape;

–	 Thermoplastics: they are characterized by intermediate intermolecular force 
of attraction between molecules. Linear and slightly branched chains become 
soft when the temperature is increased, but again gets rigidness after cool-
ing, thus they can be safely processed by melting. These polymeric materials, 
indeed, can be reshaped with further application of heat and pressure because 
no changes in the chemical composition and no bond formation occur dur-
ing heating and cooling processes. Some examples of thermoplastics include 
polythene, polyvinyl chloride, Teflon, polystyrene;

–	 Thermoset polymers: unlike thermoplastics, they can not be melted and 
reshaped with the application of heat due to crosslinking reactions which take 
place during heating. Therefore, heating must be the last stage of process-
ing due to irreversible changes in the chemical composition. Examples are 
Bakelite and urea-formaldehyde resin.

•	 The Molecular Weight

– Oligomers: molecules consisting of a few repeat units and characterized by 
a molecular weight ranged from 500 to 5,000 g mol−1. Dimers, trimers, and 
tetramers are oligomers composed of two, three and four monomers, respectively;

–	 High polymers: have a molecular weight in the range of 104–106 g mol−1.

•	 The Polymerization Mechanism

– Step-growth polymers: polymers that differ from their monomer(s) and are 
formed when two di- or polyfunctional molecules react and condense produc-
ing macromolecules with the elimination of a small molecule, such as water 
or alcohols (polyamides and polyesters);

–	 Chain polymers: produced by chain reactions of double-bonded monomers in 
which the chain carrier can be a radical or an ion.

•	 Tacticity

– Atactic polymers: pendant groups are arranged randomly;
–	 Syndiotactic polymers: pendant groups are arranged alternately;
–	 Isotactic polymers: pendant groups are arranged on the same side of the poly-

mer backbone.

On the basis of the reaction mechanisms, polymerizations can be classified 
into step-growth and chain polymerization. In the first case, the polymerization 
mechanism involves a series of chemical condensation reactions between monomers 
with functional groups leading to the elimination of small molecules (water, alcohol, 
hydrogen). In chain polymerization, monomeric units incorporating double chemical 
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bond are rapidly added to the reactive sites onto the growing polymeric chain. This 
reaction mechanism requires an initiator which forms the first active unit.

The present book chapter aims to explore the molecular mechanisms and kinet-
ics of polymer formation reactions with a particular attention devoted to the main 
polymerization techniques which can be included into two main groups, such as 
homogeneous polymerization systems and heterogeneous polymerization systems.

Nowadays, several types of synthetic polymers or copolymers are produced in 
the laboratories and these macromolecules can find applications in every branch 
of medicine, thus, the most employed synthetic materials in biomedical field were 
also reviewed.

Mechanisms of Polymer Synthesis

The mechanisms of polymer synthesis reactions can be classified into two main 
categories: step-growth and chain polymerization.

Step-growth polymerization occurs when monomers bond together through 
an extension of normal organic condensation reactions in which side products, 
 characterized by low molar weight such as water or alcohol, are eliminated as 
the link is formed. These reactions can be achieved through reacting molecules 
 incorporating functional groups including carboxylic acid, carboxyl derivative, 
alcohol or amine. Therefore, step-growth polymers can be degraded to their starting 
monomers upon the addition of the eliminated small molecules.

On the other hand, chain polymerization involves the linking of unsaturated 
monomers by the opening of the π double bond. The monomeric units are added 
to the reactive sites onto the growing polymeric chain consisting of an all-carbon 
backbone of single σ bonds. This reaction mechanism requires an initiator able to 
generate the first active unit and start the chain growth. Chain polymerization is 
involved in the production of a large share of the most employed synthetic poly-
mers including polyethene, polypropylene, polystyrene and PVC.

Step-growth Polymerization

Kinetics of Step-growth Polymerization

Polyesters are formed by typical condensation reactions involving the elimination 
of water and an example of polyester synthesis from a diol and a diacid is reported 
as follows:

The obtained dimer might form a trimer, by reaction with a diol monomer or with 
a diacid monomer, but it could also react with itself to form a tetramer. Then, the 

HO−R−OH+ HOOC−R′
−COOH → HO−R−OCO−R′

−COOH+ H2O
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tetramer and trimer proceed to react with themselves, with each other, with the 
monomer and the dimer [1].

The rate of a step-growth polymerization is the sum of the rates of reactions 
which take place between molecules of different size, therefore, in this case the 
kinetics is difficult to analyze. However, the kinetics of step-growth polymerization 
can be considered identical to those of analogous small molecule reaction and can be 
expressed as follows:

If the reaction is acid-catalyzed (catalyst = H+) and if stoichiometry of the groups 
A and B is assumed, the previous Eq. (1.1) becomes:

Mechanisms of Step-growth Polymerization

In a step-growth polymerization, the monomers polymerize following differ-
ent reaction mechanisms, such as carbonyl addition-elimination, carbonyl addi-
tion-substitution, nucleophilic substitution, double bond addition or free radical 
 coupling [2].

Carbonyl addition-elimination represents the most important reaction 
employed for the synthesis of polymeric molecules including polyamides, polyac-
etals, phenol–, urea–, and melamine–formaldehyde polymers. Carbonyl addition-
elimination includes:

•	 the direct reaction of a dibasic acid and a glycol (to form a polyester) or a diba-
sic acid and a diamine (to form a polyamide);

•	 interchange (the reaction between a glycol and an ester);
•	 the reaction of acid chloride or anhydride with a glycol or an amine;
•	 interfacial condensation (the reaction of an acid halide with a glycol or a diamine 

proceeds rapidly to high molecular weight polymer if carried out at the interface 
between two immiscible liquid phases each containing one of the reactants);

•	 ring versus chain formation (bifunctional monomers react intramolecularly to 
produce a cyclic product).

The other step-growth mechanisms include [3]:

– Carbonyl addition-substitution reactions: the reaction of aldehydes with alco-
hols involving addition followed by substitution at the carbonyl group leading to 
the formation of polyacetals;

– Nucleophilic substitution reactions: the reaction of an electron pair donor (the 
nucleophile) with an electron pair acceptor (the electrophile);

– Free radical coupling: for the synthesis of polymers containing acetylene units 
and arylenealkylidene polymers.

(1.1)
−A + B− + catalyst → −AB− + catalyst

R = K[A][B]
[

catalyst
]

(1.2)R = −
d[A]

dt
= K

[

H+
]

[A]2
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Chain Polymerization

In chain polymerization, monomeric units incorporating double bond are rapidly 
added to the reactive sites onto the growing polymeric chain.

Three main categories of chain polymerization mechanisms can be considered:

•	 free radical polymerization;
•	 ionic polymerization, which can be further divided into cationic and anionic;
•	 coordination polymerization.

In general, all these types of polymerization reactions are characterized by three 
main steps including:

– an initiation stage, in which a reactive species is generated and attacks the first 
monomer molecule;

– a propagation stage, in which a large number of monomers are added to the 
growing polymer chain retaining the active end-group;

– a termination stage, in which the reactive end-site is deactivated.

Free Radical Polymerization

In free radical polymerization the monomer double bond opens homolytically, the 
initiator is a radical and the propagating reactive site is a carbon radical.

Free radicals are species containing unpaired electrons that are highly reactive 
and undergo reactions to extract an electron from another substrate. In this kind of 
polymerization, each polymer chain grows by addition of monomer to the free rad-
ical of the growing chain and, upon addition of the monomer, the radical is trans-
ferred to the new chain end.

Free radical polymerization consists of three stages, such as initiation, propaga-
tion and termination.

In the initiation stage, free radicals are produced from an initiator molecule 
and, then, react with the monomer. Initiators can decompose due to the application 
of heat or electromagnetic radiations (e.g., UV) and can be divided into two main 
classes, including peroxides and hydroperoxides and azo compounds, in which 
radicals are generated by the scission of a single bond or by an electron transfer 
to or from an ion or molecule during a redox reaction. Peroxides and hydroperox-
ides are frequently used as initiators because of the instability of the O–O bond. 
An example of organic peroxide is represented by benzoyl peroxide which decom-
poses on heating; at 100 °C, indeed, it has a half-life of 30 min. On the contrary, 
potassium persulphate K2S2O8 is an inorganic peroxide and, thus, water-soluble. 
In the case of azo compounds, the process is driven by the release of N2. The most 
common employed azo compound is AIBN (Fig. 1.4) which decomposes at rela-
tively low temperatures (60 °C) and also at room temperature by irradiating with 
ultraviolet light (360 nm).
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The initiation step involves the dissociation of an initiator (I) with the forma-
tion of two radicals (R·) with a dissociation rate constant kd:

This radical then reacts with the monomer molecule to generate the first activated 
monomer (RM·):

where ki is the rate constant of initiation.
During the propagation step, the formed activated monomer (RM·) immedi-

ately reacts with more monomer molecules leading to growing macroradicals. In 
the polymerization mechanism, it is assumed that all growing chains have the same 
propagation constant (kp) and for most monomers it is in the range of 102–104 
L mol−1 s−1:

Termination stage consists of the deactivation of the growth process occurs by 
combination or disproportionation reactions. Combination is coupling of two radi-
cal species to produce a single “dead” polymer molecule:

where ktc is the rate constant for termination by combination.
In disproportionation reaction, a hydrogen atom is abstracted and exchanged 

between the growing chains leaving behind two terminated chains and produc-
ing one deactivated polymer molecule with a saturated end-group and another one 
with a double bond as end-group:

where ktd is the rate constant for termination by disproportionation.

Kinetics of Free Radical Polymerization

In radical polymerization reactions, the initiator decomposition proceeds more 
slowly than the reaction of the free radical with the monomer molecule. Therefore, 
this is the rate-determining step.

(1.3)I
Kd
→ 2R·

(1.4)R · + M
Ki
→RM·

(1.5)RMn · + M
Kp
→RMn+1·

(1.6)RMn · + RMm ·
Ktc
→RMn+m

(1.7)RMn · + RMm ·
Ktd
→RMn + RMm

Fig. 1.4  Chemical 
structure of AIBN and its 
decomposition
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The rate of initiation (Ri) is expressed by the following Eq. (1.8):

where f represents the initiator efficiency that indicates the fraction of the radicals 
successful in initiating chains (0 < f < 1), kd is the rate constant for initiator disso-
ciation, [I] is the concentration of the initiator and the constant 2 defines that two 
radicals are formed from one initiator molecule. The initiator efficiency decreases 
when side reactions terminates the radicals [4].

In the propagation step, the rate of monomer loss can be equated to the rate of 
propagation (Rp) which is represented by the Eq. (1.9):

Finally, the rate of termination (Rt) is represented as:

where kt is the overall rate constant for termination and the factor 2 comes from 
the fact that the two growing chains are terminated by each termination reaction.

At the start of the polymerization, the rate of formation of radicals exceeds the 
rate of loss of radicals by termination. As the reaction proceeds, the rate of initiation 
becomes equal to the rate of termination (Ri = Rt) leading to the “Steady State”:

Degree of Polymerization

The degree of polymerization (Xn) is defined as the average number of monomer 
molecules added to the polymer molecule.

Kinetic chain length ν is defined as the number of monomer molecules used per 
active center and it is represented as Rp/Ri = Rp/Rt [3]:

If the propagating radicals terminate by combination Xn = 2ν, while if termination 
involves a disproportionation Xn = ν.

Ionic Polymerization

Chain polymerization of monomers containing double bond can also be 
achieved with growing centers which can be negatively (anionic) or positively 
(cationic) charged.

(1.8)Ri = −

(

d[I]

dt

)

=

(

d[R·]

dt

)

= 2fKi[I]

(1.9)Rp = −

(

d[M]

dt

)

= Kp[R·][M]

(1.10)Rt = −

(

dRM·

dt

)

= 2Kt[RM·]2

(1.11)[M·] =

(

fKi[I]

Kt

)1/2

(1.12)ν =
Kp[M]

2Kt[M·]
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Due to the ionic charge of the active center, these ionic polymerizations are 
more selective than free radical polymerization in which termination occurs by 
combination or disproportionation. Initiation stage, indeed, depends on the pres-
ence of appropriate substituent groups on the monomer molecule able to stabilize 
the active center, and on their inductive or resonance characteristics. For cationic 
active centers, electron-donating substituents (D), including alkoxy, alkyl or phe-
nyl, are needed because they increase the electron density on double bond facili-
tating the linking to cationic species. On the other hand, electron-withdrawing 
substituents (W), such as cyano and carbonyl, stabilize the negative charge in ani-
onic polymerization.

Radical species are neutral while in ionic polymerization charged species are 
involved; therefore, the type of solvent is of significant importance. High dielectric 
solvents, indeed, allow to completely separate the ions which are less sterically 
hindered and, thus, able to react and propagate faster than ion pairs.

Since the required activation energy for ionic polymerization is small, these 
reactions may occur at very low temperatures.

Another difference between radical and ionic polymerizations is that in the last 
one the termination step does not occur by a reaction between two ionic active 
centers because they are of similar charge [5].

Cationic Polymerization

In cationic polymerization typical catalysts are represented by strong electron 
acceptors including Lewis acids, Friedel-Crafts halides, Brönsted acids and sta-
ble carbenium-ion salts. However, many of them are not sufficient to initiate the 
polymerization and, therefore, require small amounts of a co-catalyst, usually a 
proton donor such as alcohols.

In Fig. 1.5 the mechanism of cationic polymerization is shown.
The propagation stage is usually very fast and, therefore, polymerizations are 

in solution at low temperature ranged from −80 to −100 °C. The employed sol-
vent is important because it affects the activity of the ion at the end of the growing 
polymeric chain.

Regarding the termination step, chain transfer to a monomer, polymer, solvent 
or counterion can terminate the growth of chains. If X+ is not loss and rejoins 
the anion to reform the acid catalyst, the termination is called “transfer to counte-
rion”; if X+ initiates another monomer molecule to start a new chain, termination 
is defined as “transfer to monomer” [6]. When a distinct termination reaction does 
not occur, “living” cationic polymers are obtained.

Fig. 1.5  Mechanism of cationic polymerization
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Kinetics of Cationic Polymerization

The generation of active species can be described as follows:

while, the attack of the first monomer molecule is reported as follows:

where AX is the Lewis acid, BH is the Lewis base and M is the monomer.
The propagation step consists of the sequential addition of monomers to the 

active complex [MH+]:

The kinetics of the propagation stage depends on the strength of the acid and 
the dielectric constant of the solvent. Indeed, the rate of the process is faster as 
stronger is the acid and higher is the dielectric constant that means more ions and 
a larger separation of the ions, respectively.

Kinetics of isobutene initiated by BF3/H2O system can be expressed as follows:

where C represents the catalyst/co-catalyst system.

Therefore, for both the termination processes, the dependence of rate and molar 
mass on the initial concentration of initiator and starting monomer are less com-
plex than those of radical polymerization.

Anionic Polymerization

Monomers susceptible to this type of polymerization should be characterized by 
the presence of an electron-withdrawing group (W) able to stabilize the carbanion 
(Fig. 1.6).

The reaction is initiated by strong nucleophiles and the most employed anionic 
initiators include Grignard reagents and other organometallic compounds, such as 

AX + BH →
[

H+
]

+ [BAX]−

[

H+
]

+M →
[

MH+
]

[MH]+ +M → [M2H]+ or [Mn]
+
+M →

[

Mn+1

]

(1.13)Initiation: Ri = Ki[M][C]

(1.14)Propagation: Rp =
[

MH+
]

[M]

(1.15)Termination by rearrangement: Rt = Kt

[

MH+
]

(1.16)Termination by transfer monomer: Rtr = Ktr

[

MH+
]

[M]

Fig. 1.6  Mechanism of anionic polymerization
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organolithium compounds which are air-sensitive, soluble in hydrocarbon solvent 
and very reactive towards molecules with labile protons.

In particular reaction conditions, characterized by a rigorous exclusion of start-
ing reagents impurities, oxygen and water, the polymeric backbone chain can grow 
until all the monomer is disappeared, therefore, no termination or chain transfer 
occur. For this reason, anionic polymerization is sometimes called “living” polym-
erization and termination takes place only by the deliberate introduction of oxygen, 
carbon dioxide, methanol or water. The absence of a termination step during a liv-
ing polymerization leads to a very narrow molecular weight distribution [7].

Kinetics of Anionic Polymerization

The reaction between styrene and potassium amide (KNH2) represents the first 
anionic polymerization studied. The kinetics of the three steps, initiation, propaga-
tion and termination, can be expressed by the following equations, respectively:

The initiation step is followed by propagation and termination takes place by a 
transfer process involving the extraction of a proton from the solvent ammonia by 
the growing anion.

Coordination Polymerization

The use of special catalysts may lead to the formation of very orderly structured 
polymers characterized by high stereospecificity.

The polymerization processes used in the synthesis of both isotactic polypro-
pylene (i-PP) and high density polyethylene (HDPE) involve the use of transition-
metal catalysts called Ziegler-Natta catalysts, which utilize a coordination type 
mechanism reaction.

Ziegler-Natta catalysts are organometallic complexes prepared by reaction 
of an alkil of a metal from Groups I to III in the Periodic Table (e.g. Al(C2H5)3) 
with a halide of transition metal from Groups IV to VIII (e.g., TiCl4) which are 
dissolved in a hydrocarbon solvent, such as toluene or n-heptane, at room tem-
perature. The possible reactions, which take place during the preparation of a 
coordination complex catalyst from Al(C2H5)3 and TiCl4, are reported in Fig. 1.7.

Several mechanisms for coordination polymerization were proposed and an early 
one was represented by the Natta’s bimetallic mechanism, which is reported in Fig. 1.8.

This mechanism was replaced by Cossee’s monometallic mechanism (Fig. 1.9): 
the Ti (III) species has a vacancy in its coordination sphere; the alkene molecule 
coordinates (in the first time) through the π bond, before reacting with the anionic 

(1.17)Initiation: Ri = Ki

[

NH−

2

]

[M]

(1.18)Propagation: Rp = Kp[M]
[

M−
]

(1.19)Termination: Rtr = Ktr

[

M−
]

[NH3]
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end of the alkyl unit, in order to get a σ bond with the Ti. The vacancy shifts and 
as the next monomer approaches for coordination, followed by addition to the 
chain, the vacancy flips again.

The coordination of the monomer leads to the stereospecificity of the synthe-
sized polymeric material and this kind of polymerizations can be terminated by the 
introduction of water, hydrogen, aromatic alcohol or metals [7].

Fig. 1.7  Preparation of Ziegler-Natta coordination complex

Fig. 1.8  Natta’s bimetallic mechanism: a catalyst complex after initial exchange reactions 
before monomer ingress; b polymerization reaction mechanism
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Other Polymerization Mechanisms

Atom Transfer Radical Polymerization (ATRP)

Atom transfer radical polymerization is one of the most commonly employed tech-
niques for controlled/living radical polymerization due to its high efficiency in 
obtaining well-defined polymers characterized by a predetermined molecular weight, 
narrow molecular weight distribution and high degree of chain end functionality.

Monomer, initiator with a transferable atom (halogen) and catalyst (transition 
metal with suitable ligands) are the main components of ATRP and, sometimes, an 
additive such as a metal salt in a higher oxidation state may be employed.

Radical generation and halogen transfer are catalyzed by the metal complex, 
which makes the halogen transfer much more efficient, according to a reversible 
redox mechanism.

The propagation stage consists of the repetitive addition of alkenes to the radical 
species while termination reactions occur by combination or disproportionation, or the 
active species is reversibly deactivated by the higher oxidation state metal complex.

Examples of ATRP catalysts are represented by transition metal complexes of 
copper, ruthenium, palladium, nickel and iron [8–10].

Reversible Addition-Fragmentation Chain Transfer Polymerization (RAFT)

Reversible addition-fragmentation chain transfer polymerization is a reversible 
deactivation radical polymerization and it represents one of the most versatile 
methods for providing living characteristics to radical polymerization and poly-
mers of predictable chain length and narrow molecular weight distribution.

A RAFT polymerization system consists of an initiator, monomer, solvent and a 
chain transfer agent, defined as RAFT agent, which mediates the polymerization via 
a reversible chain transfer process. RAFT agents are thiocarbonylthio compounds, 
including dithioesters, dithiocarbamates, trithiocarbonates and xanthates, and char-
acterized by the presence of two different functionalities: a Z group, which affects 
the stability of the C=S bond and controls the effectiveness radicals addition to the 
growing chain, and a R group, able to initiate new polymeric chains (Fig. 1.10).

Fig. 1.9  Cossee’s monome-
tallic mechanism
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Radical initiators, including AIBN, are widely employed as initiators in this 
kind of polymerization while, among the monomers, methacrylates, methacryla-
mides, acrylonitrile, styrene and derivatives are commonly used.

The main stages of a RAFT polymerization are initiation, addition-fragmenta-
tion, reinitiation and equilibration. In the initiation stage, the reaction is started by 
the decomposition of a radical initiator, such as AIBN, that generates two fragments 
which react with a monomer molecule producing the actively polymerizing chain. 
During addition-fragmentation step, the active chain reacts with the dithioester, 
which releases the hemolytic leaving group. This stage is reversible because of the 
presence of an intermediate species capable of losing either the leaving group or 
the active species. Reinitiation process takes place when the leaving group radical 
reacts with another monomer species, starting another active polymer chain. In the 
equilibration step, active polymer chains are in equilibrium between the active and 
dormant stages. In the dormant one, active polymer chains are bound to the thiocar-
bonyl compound [11–13] and this limits the possibility of chain termination.

Step-growth Versus Chain Polymerization

These two types of polymerization reactions differ each other by several points 
including the rate at which the size of polymer molecules increases, the time 
required for high monomer conversion, the reaction mechanism, the presence of 
an active center and a termination reaction.

In a step-growth polymerization, the average molecular weight of polymeric mol-
ecules increases at a slow rate, thus, the chain growth proceeds slowly from monomer 
to dimer, trimer, tetramer, until the formation of full-sized polymer. In this kind of 
polymerization, any two molecular species, such as monomer, oligomer or polymer, 
can be linked involving the same reaction mechanism, the polymeric chain grows 
from both ends with polymerization times of the order of hours and the presence of an 
initiator is not required. Monomer disappears early in the reaction and no termination 
step occurs, therefore, both the chain ends of the polymer molecule remains active to 
a further polymerization process. Usually, but not always, the repeat units incorpo-
rated into the synthesized polymer have fewer atoms than had the starting monomer.

On the other hand, polymeric molecules obtained by chain polymerization grow 
more slowly than time required for high monomer conversion. Indeed, the lifetime 
of a growing polymeric chain may be in the range of second to microseconds. The 
molar mass of the polymer backbone increases rapidly at early stage and remains 
approximately the same throughout the polymerization. A chain polymerization can 
take place by following different mechanisms operating at different stages of the reac-
tion (i.e. initiation, propagation and termination) and all of them require an active 

Fig. 1.10  General structure 
of RAFT agents
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center, including radical species, cations or anions generated by an initiator. Backbone 
growth occurs only by addition of monomer to the one active chain end and some 
monomer remains even at long reaction times, therefore, it is present throughout but 
its concentration decreases gradually. Reaction medium, indeed, generally contains 
long and dead chains and monomers. The polymeric chain grows extremely rapidly 
until the termination reaction occurs deactivating the reactive end-group. Usually, but 
not always, polymer repeat units have the same atoms as had the starting monomer.

The two categories of polymerization mechanisms differ in the relationship 
between polymer molecular weight and the percent of monomer conversion. In 
chain polymerization, high molecular weight polymers are present at all percent of 
monomer conversion, there are no intermediate sized molecules in the reaction mix-
ture, only monomer and high polymer, and just the number of polymer molecules 
increases with conversion. In step-growth, high molecular weight polymer is obtained 
at the end of the reaction at 98 % of conversion [1, 14, 15]. Based on these consid-
erations, longer polymerization durations are of relevant importance in obtaining high 
molecular weight step-growth polymers while, in chain polymerization, long reaction 
times allows to obtain high yields but do not affect the molecular weight significantly.

The physical properties of polymeric materials depend on the polymerization 
mechanism involved in the synthetic process due to the difference in molecular 
masses.

How to Synthesize a Polymer?

From the practical point of view, the synthesis of a polymeric material is per-
formed by adding the monomeric units in reactors o vessels with or without 
application of heat. On the basis of the phases forming the reaction medium, the 
polymerization processes can be classified as homogeneous and heterogeneous 
systems and both category include different polymerization techniques. In general, 
in a homogeneous polymerization systems all chemicals participating to the reac-
tion, form a single homogeneous mixture in which polymer formation occurs. This 
technique includes bulk and solution polymerization processes. On the other hand, 
a heterogeneous polymerization takes place when the reactants form more than 
one phase, creating heterogeneous media. Suspension, emulsion and polymeriza-
tions are typical example of this kind of systems.

Homogeneous Polymerization

Bulk (or Mass) Polymerization

Bulk polymerization is the simplest polymerization technique and it is carried out 
without using any solvent, dispersant or diluting agent and solubilizing the initia-
tor in one or more monomers in liquid state. As the reaction proceeds, the viscosity 
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of the system increases and, when the process is terminated, the resulting material 
is passed to another vessel for polymer isolation, unreacted monomer recovery, etc. 
The resulting polymers, obtained in high yields, are either partially or completely 
soluble in their starting monomers and are characterized by a broad molecular 
weight distribution due to the high viscosity and lack of good heat transfer.

This technique is generally used in mildly exothermic reactions when less vis-
cous products are formed and therefore, mixing, heat transfer, and control of the 
process is easy, e.g. in step-growth polymerization processes. On the other hand, 
the application of this method offers some disadvantages when the viscosity of the 
mass reaction increases because heat transfer and mixing become difficult.

Solution Polymerization

In a solution polymerization, monomers are dissolved in a no reactive solvent 
within an initiator. Although it requires purification and removal of the solvent, 
this procedure is more versatile than bulk polymerization because it is suitable 
for chain or step-growth polymerization reactions. Due to the presence of the sol-
vent, the viscosity of the reaction mixture, indeed, is reduced, and the mixing, heat 
transfer, and control of the process is easier than bulk polymerization. The dis-
advantages of this procedure are ascribable to the solvent toxicity, flammability 
and boiling point, which restrict the choice of system, and to the chain transfer to 
solvent phenomena, affecting the relative molecular mass of the resulted material.

Heterogeneous Polymerization

Suspension Polymerization

In this process, also referred to as bead or pearl polymerization, the monomer, or 
a mixture of monomers, is dispersed as droplets (size 50–500 mm) by mechani-
cal agitation in a liquid phase (usually water), in which they are insoluble, in the 
presence of the stabilizers, such as methyl cellulose, gelatine or polyvinyl alcohol 
(which prevent the monomer droplets from the coalescing) and a free radical ini-
tiator. This one is soluble in the monomer phase, and therefore, the mechanism 
in the droplet is very similar to bulk polymerization. The water: monomer weight 
ratio varies from 1:1 to 4:1 in most polymerizations while the levels of stabilizers 
are typically less than 0.1 weight percent (wt %) of the aqueous phase [16].

The resulting product consists of opaque microparticles with irregular surface, and 
a substantial internal porosity. The beads particles produced in a suspension polymeri-
zation are roughly of the same size as the original monomer droplets, with diameters 
on the order of 10−3 to 0.5 cm. Styrene, acrylic and methacrylic esters, vinyl chloride, 
vinyl acetate, and tetrafluoroethylene are polymerized by the suspension method.

In the vast majority of cases, the suspending medium for suspension 
 polymerization is water, although inverse-suspension polymerizations are also 
known and used commercially to produce very high molecular weight polymers 
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and copolymers based on the comonomer acrylamide. Here a water-soluble mono-
mer is dispersed in a hydrophobic organic suspending medium, usually in the pres-
ence of water in the disperse phase.

Emulsion Polymerization

In this procedure, conceptually similar to suspension polymerization, the polym-
erization starts in the aqueous phase in presence of a water soluble initiator sys-
tem, an immiscible monomer forming droplets upon agitation, and a surfactant, to 
stabilize the droplets in the emulsion.

The initiators can be water-soluble molecules (potassium or ammonium persul-
fate, hydrogen peroxide, and 2,2′-azobis(2-midinopropane) dihydrochloride), partially 
water-soluble peroxides (i.e. succinic acid peroxide and t-butyl hydroperoxide) or azo 
compounds, such as 4,4′-azobis(4-cyanopentanoic acid). As regards the surfactants, 
anionic species, such as sodium or potassium stearate, laurate, palmitate, or sulfate 
and sulfonates (sodium lauryl sulfate and sodium dodecylbenzene sulfonate) are the 
most commonly used in emulsion polymerization [16, 17]. By enhancing the sur-
factants concentration, the particle size decreases, while the particle number increases.

Emulsion polymerization can also be carried out as an inverse emulsion polym-
erization [18]. Here, an aqueous solution of a hydrophilic monomer is emulsified 
in a nonpolar organic solvent such as xylene or paraffin and polymerization initi-
ated with an oil-soluble initiator. The two types of emulsion polymerizations are 
referred to as oil-in-water (o/w) and water-in-oil (w/o) emulsions, respectively. 
Inverse emulsion polymerization is used in various commercial polymerizations 
and copolymerizations of acrylamide as well as other water-soluble monomers.

Finally, miniemulsion and microemulsion polymerization are two subcategories 
of emulsion polymerization with monomer droplets in water with much smaller 
droplets than in emulsion polymerization (about 50–1,000 nm in miniemulsion 
polymerization and 10–100 nm in microemulsion process, compared to 1–100 mm 
in diameter) [19, 20]. Water-insoluble costabilizers such as hexadecane and cetyl 
alcohol are present along with the surfactant to stabilize the monomer droplets 
against diffusional degradation [16].

Precipitation Polymerization

In a precipitation polymerization, the system initially is in a homogeneous 
phase, because monomer and initiator are completely soluble in the initial reac-
tion medium, but, upon initiation, the formed polymer precipitates as soon as it 
forms. After precipitation, the polymerization proceeds by absorption of mono-
mer and initiator into the polymer particles. Bulk polymerization of vinyl chloride 
and solution polymerization of acrylonitrile in water are examples of precipitation 
polymerization. Precipitation polymerizations are often referred to as powder or 
granular polymerizations because of the forms in which the final polymer products 
are obtained.
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In Table 1.1 a resumen of the advantages and disadvantages of each cited 
polymerization processes is reported.

Polymers in Biomedical Applications

Among others, polymers represent the main and most promising type of biomate-
rials to be applied in biomedical area. Their widespread use in this field is due to 
the relative ease and the low cost with which they can be designed and prepared. 
This great flexibility in chemistry gives rise to materials with a wide variety of 
structures and appropriate physical, chemical, surface and biomimetic properties. 
According to their degradation properties, biopolymers can be classified into bio-
degradable and non-biodegradable. Polymers are applied as medical supplies, as 
support or replacement of malfunctioning body parts or as a drug reservoir provid-
ing a local therapeutic effect. The specifications for the selected material strongly 
depend on the application.

Table 1.1  Advantages and disadvantages of each polymerization process

Polymerization 
process

Advantages Disadvantages

Bulk Simple
Purity of the formed polymer

Exothermic
Difficult to control
High viscosity
Broad molecular weight distribution

Solution Low viscosity
Better heat control
May be used directly as solution

Potential toxicity, flammability and 
environmental pollution of solvents
Polymer product contains solvent 
impurities
Yield lower than in bulk 
polymerization
Expensive due to additional solvent 
costs

Suspension Heat rapidly dispersed
Low viscosity
Polymer obtained in granular 
form

Washing or drying needed
Agglomeration
Possibility of contamination

Emulsion High molecular weight polymers 
made at fast polymerization rates
Heat easily dispersed
Low viscosity
May be used directly as emulsion

Contamination by surfactants or other 
polymerization adjuvants
Washing/drying needed
Cannot be used for condensation, 
ionic or Ziegler-Natta polymerization, 
although some exceptions are known.
Chain transfer agents needed to 
control the relative molar mass of the 
products

Precipitation Heat rapidly dispersed
Polymer obtained in granular 
form

Washing or drying needed
Agglomeration
Possibility of contamination
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This section provides a brief overview of the use of polymeric materials in bio-
medical field, with particular emphasis to non-biodegradable and biodegradable 
synthetic materials.

Non-biodegradable Polymers in Biomedical Applications

Non degradable synthetic polymers are used in a wide range of medical devices, 
where long-term structural stability and biocompatibility are needed [21].

The spectrum of applications includes coatings on devices (e.g., to improve 
blood compatibility), implantable drug delivery systems, artificial heart, implants 
(e.g., bone pins and screws, articulating surface in artificial joints), catheters and 
dialysis tubing, vascular graft, membranes for oxygenation and detoxification, 
injectable drug delivery and imaging systems, membrane and porous scaffolds for 
tissue regenerative applications.

The most commonly used inert medical polymers include polyethylenes, poly-
acrylates, polypropylenes, polyamides (nylons), polyurethanes and polysiloxanes 
(silicone).

Polyethylene

Polyethylene polymers are obtained by chain polymerization processes. Depending 
on the reaction time, temperature and pressure, polyethylene with different molecu-
lar weight, crystallinity and degree of branching can be obtained. They are com-
monly employed as catheter tubes, facial implants, artificial tendons, or bearing 
components in total joint replacements. The molecular weight of polyethyl-
ene can vary from 30,000 to 6,000,000 g mol−1, density can range from 0.91 to 
0.98 g cm−3, and crystallinity can span 30–90 %. The melting temperature is typi-
cally in the range of 120–147 °C and the glass transition temperature is on the order 
of 80 °C. Polyethylene is generally classified in different subcategories based on 
its density and branching. In particular, LDPE, MDPE, HDPE and UHMWPE are 
the main classes of polyethylene materials. Among others, UHMWPE possesses 
the better properties in terms of energetic toughness, low coefficient of friction 
and wear resistance. It was widely employed as medical polymer in fabrication of 
orthopedic bearings. UHMWPE remains the gold standard as a bearing material in 
total joint replacements for hips, knees, shoulders, and elbows.

Polyacrylate

Polyacrylates can be easily polymerized by bulk polymerization in mild condi-
tions. The acrylate and methacylates esters form glassy materials with a broad 
range of molecular weight (from 200,000 to 700,000 g mol−1), depending on pro-
cessing conditions this group of polymers is widely used for intraocular lenses, 
bone cement, dentures and middle ear prostheses. Acrylate polymers are widely 
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used in dentistry and in bone cements. In Table 1.2 the applications of the different 
kind of polyacrylates are summarized.

Polypropylene

Polypropylene is a thermoplastic polymer also generated through chain polymeri-
zation of propylene in presence of suitable catalysts, generally aluminum alkyl and 
titanium tetrachloride. Polypropylene polymers have a chemical structure similar 
to polyethylene but have demonstrated certain advantages in improved strength, 
stiffness and higher temperature capability. Typically, the molecular weight spans 
200,000–700,000 gmol−1 and the density spans 0.85–0.98 g cm−3. Its melting 
temperature spans 125–167 °C and its glass transition temperature is on the order 
of 10 °C. This material has exceptional fatigue life in flexion and is commonly 
used in finger joint prostheses, grafts, and nondegradable sutures.

Polyamide

Polyamide polymers (Nylons) are obtained by step-growth polymerization. These 
materials have a broad range of properties, depending on the specific chemistry 
and processing, and may be amorphous or semicrystalline. The melting tempera-
ture is ranged from 190 to 350 °C, and the glass transition temperature is on the 
order of 45 °C. These polymers are susceptible to swelling in aqueous solutions 
but are often employed in short-term applications such as catheters and catheter 
balloons in angioplasty procedures or stent deployment. The most commonly used 
form of nylon are nylon 6 and nylon 6,6. Nylon is commonly used as the outer 
layer of balloon angioplasty catheters and also as the balloon used for deploy-
ment of a stent or the expansion of an occluded artery. Nylons offer strength and 
 stiffness to balloon angioplasty systems.

Table 1.2  Biomedical applications of the main classes of non biodegradable polymers

Polymer Application

Poly(methyl methacrylate) CH3

CH2

COOCH3

n

Intraocular lenses, bone cement, orthopedic 
surgery, middle ear prostheses

Poly(2-hydroxyethyl)methacrylate CH3

CH2

COOCH2CH2OH
n

Contact lenses, vehicle in drug delivery, 
burn treatment

Poly(2-dymethylamino)ethyl  
methacrylate CH3

CH2

COOCH2CH2N(CH3)2

n

Drug delivery systems, radical scavenger

Poly(methyl metacrylate)-co- 
(methacrylic acid) CH3

CH2

COOR
n

R= H or CH3

Medical implants, enteric coatings in tablets
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Silicone

Silicone polymers, more properly called polysiloxanes, are inorganic-organic 
polymers with the chemical formula [R2SiO]n, where R is an organic group such 
as methyl, ethyl, or phenyl. By varying the -Si-O- chain lengths, side groups, 
and crosslinking, silicones can be synthesized with a wide variety of proper-
ties and compositions. They can be classified as fluids, elastomers, and resins. 
Polymers of moderate molecular weight are fluids, while high molecular weight, 
slightly cross-linked polymers are elastomeric.

Silicones have a number of medical applications because of their biocompati-
bility and chemical inertness. The FDA has approved many medical silicone-based 
medical devices such as catheters, tubing, gastric bags, drains, and endoscopic 
windows. The gel form is used in bandages and dressings, breast implants, testicle 
implants, pectoral implants, contact lenses, and a variety of other medical uses.

Polyurethane

Polyurethanes represent a major class of synthetic elastomers and are constituted 
of chains of organic units joined by carbamate links. They are generated through 
a step-growth polymerization reaction of three basic components: a diisocyanate, 
a sort chain diol and a long-chain diol. The structure of the linear polymeric chain 
of polyurethane is characterized by an alternation of hard segments, formed by the 
reaction of the diisocyanate and the short-chain diol, and soft segments, formed by 
the reaction of the diisocyanate and the long-chain diol.

Depending from the processing mode, the ratio between the hard and soft seg-
ments is modified and the resulting polyurethanes can span a full range of struc-
tural properties, ranging from elastomeric (rubber-like) to glassy. Although they 
require sophisticated and quite expensive manufacturing processes, the employ-
ment of polyurethanes in biomedical applications is dramatically growing, 
because they can be used in applications where other materials do not work. They 
are tough, biocompatible, and hemocompatible and have been evaluated for a vari-
ety of medical implants, particularly for long-term implants [22].

They are used in the fabrication of medical implants such as cardiac pace mak-
ers and vascular grafts. Recent developments in siloxane-based polyurethanes, 
which have greater in vivo stability than conventional polyetherurethanes (e.g., 
PTMO-based) have provided opportunities for development of a range of medical 
implants for chronic applications [23].

Biodegradable Polymers in Biomedical Applications

Biodegradable synthetic polymers find their biomedical applications mostly in tis-
sue engineering, to provide temporary structure support, regenerative medicine, or 
in controlled gene and drug delivery [24].
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Biodegradation takes place through the action of enzymes and/or chemical dete-
rioration associated with living organisms. This event occurs in two steps. The first 
one is the fragmentation of the polymers into lower molecular mass species by 
means of either abiotic reactions, i.e. oxidation, photodegradation or hydrolysis, or 
biotic reactions, i.e. degradations by microorganisms. This is followed by bioassimi-
lation of the polymer fragments by microorganisms and their mineralization [25].

Biodegradable synthetic polymers offer a number of advantages over other 
materials because of the possibility to tailor mechanical properties and degradation 
kinetics, and because they can be fabricated into various shapes with desired pore 
morphologic features conducive to tissue in-growth.

Biodegradable synthetic polymers such as poly(glycolic acid), poly(lactic acid) 
and their copolymers, and copolymers of trimethylene carbonate and glycolide 
have been used in a number of clinical applications [26–30]. The major applica-
tions include resorbable sutures, drug delivery systems and orthopaedic fixation 
devices such as pins, rods and screws [31, 32].

Polyglycolide

PGA belongs to the family of polyesters. The polyesters have been attractive for 
applications in tissue engineering and drug delivery because of their ease of degrada-
tion by hydrolysis of ester linkage, degradation products being resorbed through the 
metabolic pathways in some cases and the potential to tailor the structure to alter 
degradation rates. Polyesters have also been considered for development of tissue 
engineering applications [33–36], particularly for bone tissue engineering [37, 38].

PGA is the simplest linear aliphatic polyester. It is prepared by ring opening 
polymerization of a cyclic lactone, glycolide. It is highly crystalline, with a crys-
tallinity of 45–55 % and thus is not soluble in most organic solvents. It has a high 
melting point (220–225 °C) and a glass transition temperature of 35–40 °C.

The attractiveness of PGA as a biodegradable polymer in medical application is 
that its degradation product glycolic acid is a natural metabolite. A major applica-
tion of PGA is in resorbable sutures (Dexon, American Cyanamide Co). Numerous 
studies [39–41] have established a simple degradation mechanism via homogeneous 
erosion. The degradation process occurs in two stages, the first involves the diffusion 
of water into the chain scission of the ester groups. The second stage of degradation 
involves largely the crystalline areas of the polymer, which becomes predominant 
when the majority of the amorphous regions have been eroded.

Polylactide

PLA is obtained from polycondensation of D- or L-lactic acid or from ring open-
ing polymerization of lactide, a cyclic dimer of lactic acid.

Poly(lactic acid) is present in three isomeric forms D(−), L(+) and racemic (D,L). 
and the polymers are usually abbreviated to indicate the chirality. Poly(L)LA and 
poly(D)LA are semi-crystalline solids, with similar rates of hydrolytic degradation as 



251 Polymer Chemistry and Synthetic Polymers

PGA. Due to the presence of –CH3 side groups, PLA is more hydrophobic than PGA, 
and is more resistant to hydrolytic attack than PGA. For most applications the (L) 
isomer of lactic acid is chosen because it is preferentially metabolized in the body. 
The main disadvantage of PLA is its brittleness and poor thermal stability.

Poly(lactide-co-glycolide)

L-lactide and DL-lactide have been used for copolymerization with glycolic acid 
monomers. Varying the ratio between these two components, PLGA materials 
have been commercially developed, obtaining materials with different mechanical 
properties.

PLGA is the most investigated degradable polymer for biomedical applications 
and has been used in sutures, drug delivery devices and tissue engineering scaf-
folds [42].

PLGA demonstrates great cell adhesion and proliferation properties making it 
an excellent candidate for application in tissue engineering. PLGA has been fab-
ricated into scaffolds by a number of different techniques including gas foaming 
[43, 44], microsphere sintering [45], porogen leaching [46, 47], electrospinning 
[48–50], polymer printing [51] or a combination of these techniques [52, 53] in 
order to create unique nano- and microstructured materials that can facilitate tissue 
development.

Polycaprolactones

PCL is a semicrystalline polymer prepared by the ring-opening polymerization 
of ε-caprolactone. It is characterized by a glass transition temperature of about 
−60 °C and a low melting temperature (59–64 °C). PCL degrades at a much lower 
rate that PLA and is a useful base polymer for developing long term, implantable 
drug delivery systems. Capronor® is a commercial contraceptive PCL product that 
is able to deliver levonorgestrel in vivo for over a year and has been on the market 
for over 25 years [54].

PCL has found numerous application in tissue engineering. PCL has low tensile 
strength (~23 MPa), but very high elongation at breakage (4,700 %) making it a 
very good elastic biomaterial. 41 PCL’s processability allows for the formation of 
scaffolds composed of adhered microspheres [55, 56], electrospun networks cre-
ated by porogen leaching [57–59]. PCL and PCL composites have been used as 
tissue engineering scaffolds for regeneration of bone [60, 61] ligament [62, 63] 
cartilage [64], skin [65], nerve [66, 67], and vascular tissues [68, 69].

Polyurethanes

The biodegradation of polyurethanes depends on the chemical nature of the soft 
and hard segments.
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If the polyol is a polyester, indeed, the polyurethanes are readily biodegradable 
[70]. Biodegradable polyesters used are PCL, PLA and PGA [71, 72].

Polyurethanes can also be designed to have chemical linkages that are degra-
dable in the biological environment [73]. However, a major problem has been the 
toxicity of degradation products, particularly those derived from the diisocyanate 
component. For example, degradation products of polyurethanes based on diisocy-
anates such as MDI and TDI are toxic [74]. Accordingly, in designing degradable 
polyurethanes diiscoyanates such as lysine diisocyanate [75] and other aliphatic 
diisocyanates like HDI [76] and 1,4-butanediisocyanate have been used.

Polycarbonate

Polycarbonates are linear polymers that have two geminal ether bonds and a carbonyl 
bond susceptible of enzymatic degradation in vivo [76]. PTMC a widely studied elas-
tomeric aliphatic polymer with great flexibility and a slow degradation profile, but 
poor mechanical strength. Its degradation into biocompatible, non-acidic 1,3-pro-
panediol and carbonic acid make it an ideal candidate for drug delivery applications. 
PTMC has been fabricated into microparticles [77], discs [78] and gels [79, 80] for 
the delivery of angiogenic agents and antibiotics. To enhance the delivery poten-
tial of PTMC, it is often copolymerized with PLA [81], PCL [81], polyether [82], 
or poly(L-glutamic acid) [83, 84], to allow for the fabrication of sutures, micelles, 
and polymersomes with superior mechanical and degradation properties. Other poly-
carbonate possessing good properties such as compatibility and impact resistance is 
PPC, synthesized via copolymerization of propylene oxide and carbon dioxide.

Tyrosine-based polycarbonates have been reported as promising degradable 
polymers for use as tissue engineering scaffolds in orthopaedic applications [85]. 
These polymers possess three potentially hydrolysable bonds: amide, carbonate 
and ester. Studies have shown [85] that the carbonate group hydrolyzes at a faster 
rate than the ester group, and the amide bond is not labile in vitro.

Polyanhydrides

Polyanhydrides are a widely studied class of biodegradable materials interesting 
biodegradable materials with demonstrated biocompatibility and excellent con-
trolled release characteristics. They have two hydrolysable sites in the repeating unit. 
Polyanhydrides degrades by surface erosion [86] and the degradation rate depends 
on the polymer backbone. Aromatic polyanhydrides will degrade slowly over a 
long period, while aliphatic polyanhydrides can degrade in a few days. The main 
applications of these materials are in controlled drug delivery [87]. Polyanhydrides 
have limited mechanical properties that restrict their use in load–bearing applica-
tions such as in orthopaedics. For this reason they are often combined with other 
materials. For example, to combine good mechanical properties of polyimides 
with surface-eroding characteristics of polanhydrides, poly(anhydrides-co-imides) 



271 Polymer Chemistry and Synthetic Polymers

have been developed [88], particularly for orthopaedic applications. Examples 
include poly-[trimellitylimidoglycine-co-bis(carboxyphenoxy) hexane], and poly 
[pyromellitylimidoalanine-co-1,6-bis(carboph-enoxy)-hexane].

Another approach is the incorporation of acrylic functional groups in the mon-
omeric unit. This leads to photocrosslinkable polyanhydrides. The mechanical 
strength and degradation rate of these crosslinked polyanhydrides depend on the 
nature of the monomeric species.

Conclusions

Polymers are macromolecular systems constituted by a large number of structural 
units joined by the same type of linkage. Synthetic polymers are an extraordinar-
ily versatile class of materials and their enormous heterogeneity in consistence, 
shape and chemical-physical properties is due to the great number of polymeriza-
tion mechanisms, monomers and initiators which can be used as well as polymeri-
zation processes. The biomedical area is widely exploiting the enormous potential 
of these materials in many applications such as tissue engineering and drug deliv-
ery. This chapter is concerned with the basis of polymer chemistry, with particular 
emphasis on the polymerization mechanisms and the different synthetic processes. 
Moreover, in the last section the applications of the main class of non-biodegrada-
ble and biodegradable polymers in medical area are discussed.
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Abstract Natural polymers have proved to be useful in versatile applications, 
including controlled drug delivery, gene delivery, regenerative medicine, and other 
biomedical applications. These polymers are obtained primarily from plants, ani-
mals, and microbial sources which are again classified based on their chemistry 
into polysaccharide, protein, polyester, polyamide-based polymers. The in-depth 
surveys of these polymers reveals their malleable nature to be modified for various 
applications. Also, their responsive chemical linkages provide ease of biodegrada-
bility, which in turn makes them biocompatible. Their desirable features of ample 
abundance, biocompatibility, and biodegradability make them potential material 
for various uses. The eco-friendly profile of these polymers makes researchers 
inclined towards alluring natural polymers. This chapter describes natural poly-
mers obtained from different sources and provides insights on the origin, chemis-
try, key features, applications, and marketed products of natural polymers that are 
being explored as adaptable materials in multifaceted areas.
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GFR  Glomerular filtration rate
DE  Degree of esterification
SPIONs  Super paramagnetic iron oxide nanoparticles
CaPG  Calcium pectinate gel
KGM  Konjac glucomannan
BSA  Bovine serum albumin
AG  Arabinogalactan
AGP  Arabinogalactan protein
GAG  Glycosaminoglycan
HA  Hyaluronic acid
CS  Chondroitin sulphate
ECM  Extracellular matrix
HAS  Hyaluronan synthases
IdoA  l-iduronic acid
TC  Tropocollagen
FACITs  Fibril associated collagens with interrupted triple helices
MACITs  Membrane associated collagens with interrupted triple helices
MULTIPLEXINS  Multiple triple helix domains and interruptions
HSA  Human serum albumin
EPR  Enhanced permeability and retention effect
BMMNCs  Bone marrow mono-nuclear cells
ADSCs  Adipose derived stem cells
bFGF  Basic fibroblast growth factor
FH  Fibrin-H-chain
FL  Fibrin-L-chain
RSF  Regenerated silk fibroin
SFCS  Silk fibroin chitosan scaffold
GalCS  Galactosylated chitosan scaffold
PHA  Poly hydroxy alkanoate
PHB  Poly hydroxy butyrate
PHBV  Poly (hydroxybutyrate-co-hydroxyvalerate)
PHBH  Poly (hydroxybutyrate-co-hydroxyhexanoate)
PHBO  Poly (hydroxybutyrate-co-hydroxyoctanoate)
sCL  Short chain length
mCL  Medium chain length

Introduction

Natural polymers have been used in diverse applications due to their desirable 
characteristics, such as abundant availability, biodegradability, and  renewability. 
These polymers are known to produce fewer toxic effects when compared 
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with synthetic polymers. Research into these polymers has been conducted to 
improve existing applications by the fine tuning of properties and by improving 
the stability of the polymers. These polymers have left their own mark in vari-
ous fields, from acting as food additives to applications in tissue engineering, 
regenerative medicine, controlled drug delivery, gene delivery, cell delivery, etc. 
Thus, the potential of these materials in versatile areas makes them attractive 
for research and development to make them suitable for various food and phar-
maceutical applications.

Classification

Biodegradable natural polymers classification is represented in Fig. 2.1 and chemi-
cal structures of natural polymers represented in Fig. 2.2.

Biodegradable Natural Polymers

Natural Polymers of 
Plant origin

Natural Polymers of 
animal origin

Natural polymers of 
microbial origin

Polysaccharides    
(Cyclodextrins,

Cellulose, 
Hemicellulose,  

Starch, 
Inulin, Pectin, 
Glucomannan ,

Guar gum, 
Arabinogalactan,  

Carrageenan)

Proteins 
(Soy protein)

Polysaccharides  
(Chitosan,

Hyaluronan ,
Chondroitin

sulphate)

Proteins    
(Collagen,Gelatin, 

Albumin,
Fibrin, 

Silk fibroin)

Resin
(Shellac)

Polysaccharides
(Alginate,
dextran)

4.2.2 Gelatin Polyesters  
(PHAs)

Polyamides     
(Poly- -glutamate)

Polyanhydrides
(Polyphosphate)  Polyesters

(from higher plants)

Fig. 2.1  Classification of biodegradable natural polymers
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Natural Polymers of Plant Origin

Polysaccharide Based Polymers

Cyclodextrins

Cyclodextrins (CDs), also known as (cycloamyloses) are cyclic oligosaccharides 
consisting of several glucopyranose units obtained from the enzymatic degrada-
tion of starch by cyclomaltodextrin glucanotransferase, naturally secreted by B. 
macerans [1–3]. There are three major types of CDs, which include α-, β- and 
γ- (CD) with six, seven or eight d-(+)-glucopyranose units, respectively. These 
oligosaccharides consist of α-d-glucopyranose units with (α-1, 4)-linkages pos-
sessing a basket-shaped topology with a hydrophilic outer surface and a lipo-
philic central cavity. Derivatives of CD such as (2-hydroxy propyl) β-CD, γ-CD 
(HPβCD, HPγCD), random methyl-β-cyclodextrin (RM-β-CD), sulfobutylether 
CD (SBEβCD) and many other hydrophilic, hydrophobic, ionizable derivatives of 
CD are being explored. CDs are chemically stable in neutral and basic conditions, 
whereas they undergo non-enzymatic hydrolysis in acid conditions to yield glu-
cose, maltose, and non-cyclic oligosaccharides [4, 5].

Chitosan
Hyaluronic acid

Chondroitin sulphate
Alginic acid Dextran

Fibrin Poly hydroxy alkanoates Poly (glutamic acid)

Cyclodextrins

Starch

Cellulose Kappa Carrageenan

Fig. 2.2  Chemical structures of natural polymers



372 Biodegradable Natural Polymers

CDs exhibit multiple applications in versatile areas [6–8]. CD inclusion com-
plexes containing guest molecules improve physicochemical properties, which in 
turn increase the bioavailability of drugs. The release of drugs is mediated by action 
of heat/enzymes/pH changes. The dimethyl derivatives of CDs are extremely water 
soluble, which enhances the bioavailability of lipophilic drugs. They also act as 
absorption and solubilization enhancers in nasal drug delivery [5, 9, 10]. The use 
of random methyl CD avoids in vivo crystallization due to its amorphous nature. 
These polymers were also being investigated for application in intestinal gene 
transfer. The use of CDs as non-viral vectors for gene delivery results in increased 
transfection efficiency with high levels of reporter gene expression and low toxic-
ity [11–13]. CDs also serve as promising carriers for anti-cancer drug delivery in 
tumour therapy [14]. They also have proven suitability as an additive in ophthal-
mic preparations, and rectal and dermal delivery systems. They are responsible for 
improving the stability and solubility of various ophthalmic preparations. The prob-
lem, however, of decreased bioavailability associated with the use of CDs can be 
overcome by using viscosity enhancers in the final formulation [15, 16]. They also 
serve as carriers for peptides, oligonucleotides and proteins because of their cellular 
interactions. Due to their ability to recognize the surface properties of lipoprotein 
particles, they have also been explored as diagnostic tools for cholesterol measure-
ment. Recent research has shown greater control of drug release by incorporation of 
CDs into polymeric drug delivery systems [17].

Cellulose and Hemicellulose

Cellulose is an organic polysaccharide with the formula (C6H10O5)n, consist-
ing of a linear chain of several hundred to over ten thousand β (1 → 4) linked 
d-glucose units [18, 19]. Cellulose is the most abundant organic polymer and 
is the essential structural component of cell wall in plant cells. The parallel 
aligned cellulose molecule forms crystalline microfibril that provides mechani-
cal strength and resistance to enzymatic attack. Cellulose is insoluble in water 
and indigestible by the human body [19, 20]. Cellulose obtained from fibrous 
materials such as wood and cotton can be mechanically disintegrated to pro-
duce powdered cellulose, which has been used in the pharmaceutical industry as 
filler in tablets. Many cellulose derivatives have been prepared by the hydroxyl 
moieties on the D-glucopyranose unit of cellulose. Microcrystalline cellulose, 
cellulose esters, cellulose ethers, and cross linked or graft copolymers are 
widely used in the pharmaceutical industry.

Microcrystalline cellulose (MCC) is mainly used in the pharmaceutical indus-
try as a diluent/binder in tablets for both granulation and direct compression pro-
cesses. Treating high quality cellulose with hydrochloric acid to the desired level 
yields purified microcrystalline cellulose which is a partially depolymerized cel-
lulose [21]. Membrane controlled systems or monolithic matrix drug delivery sys-
tems obtained from cellulose derivatives provide controlled release of drugs. Film 
coating techniques are employed for the manufacture of membrane controlled 
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Usually, a plasticizer is added to starch to overcome brittleness and to make 
it easily processed. The amount of plasticizer added determines final physi-
cal properties of starch. Generally water is the common plasticizer used. 
Other plasticizers like low molecular weight alcohols are added to produce 
thermoplastic starches.

release systems, which include enteric coated dosage forms and semi-permeable 
membranes in osmotic pump delivery systems.

Hydroxypropylmethylcellulose (HPMC) is a partly O-methylated and O-(2-
hydroxypropylated) cellulose ether derivative. It is a widely used cellulose deriva-
tive, used as excipient in controlled release drug delivery systems owing to its gel 
forming properties. Carboxymethylcellulose has been employed for controlling the 
release of soluble drugs; the polymer can sustain release over an extended period 
of time enabling a zero order release profile [22]. Hydroxypropylmethylcellulose 
monolithic matrix systems show similar dissolution profiles as a commercial 
osmotic pump system for glipizide, a drug with low solubility. In addition it pro-
vides superior in vivo performance in terms of matrix resistance to the destructive 
forces within the gastrointestinal tract [23].

Hemicellulose is a heteropolymer consisting of a matrix of polysaccharides, 
such as arabinoxylans, present along with cellulose in almost all plant cell walls. 
Unlike cellulose, hemicellulose has a random, amorphous structure with little 
mechanical strength. Hemicelluloses include xyloglycans, xylans, mannans and 
glucomannans, and β-(1 → 3, 1 → 4)-glucans [24]. Their extraction from the 
plant cell wall is carried out with the aid of strong alkali. Hemicellulose consists 
of shorter chains and 500–3,000 sugar units. It is branched, unlike cellulose which 
is unbranched. Hemicelluloses have β-(1 → 4)-linked backbones with an equa-
torial configuration. Although xyloglycans have a similar backbone as cellulose, 
they contain xylose branches in 3 of every 4 glucose monomers, while the β-1, 
4-linked d-xylan backbone of arabinoxylan contains arabinose branches [25].

Starch

Starch is a common polysaccharide that is found mainly in plants. Starch acts as a 
storage material in plants. Chemically, it is composed of recurring units of glucopyra-
nose in an alpha d-(1,4) linkage. It is comprised of two polymers, namely amylose (a 
non-branching helical polymer consisting of α-1, 4 linked d-glucose monomers) and 
amylopectin (a highly branched polymer consisting of both α-1, 4 and α-1, 6 linked 
d-glucose monomers), on hydrolysis it yields the monosaccharide, glucose [26].

This abundantly available polymer has been investigated for various biomedi-
cal applications such as scaffolds for bone tissue engineering applications, bone 
cements, and as drug delivery systems. Starch based microparticles and fiber 
mesh scaffolds are used as carriers for osteoblasts, bone marrow stromal cells 
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and endothelial cells facilitating bone tissue engineering and vascularization 
[26]. Moreover, starch is blended with other natural or synthetic polymers to 
improve properties and make it suitable for various applications. For instance, 
starch−alginate beads were developed to obtain a detained release of model pep-
tide drug phenylalanine. The release of drugs can be altered by the number of 
alginate coatings outside the bead. Similarly, blends of starch with other poly-
mers like poly lactic acid, polycaprolactone, polyethylene have been researched 
for various specific indications. These modified derivatives of starch exhibit 
altered properties related to degradation profile and physical properties of the 
polymer [27–29].

Inulin

Inulins are a group of naturally occurring polysaccharides produced by many 
types of plants including onion, garlic, chicory, and artichoke. Chicory acts as a 
major source for industrial production. They belong to a group of carbohydrates 
known as fructans. Structurally, inulins consist of 2 to more than 60 fructose mol-
ecules linked by β-2, 1-bonds and a glucosyl unit at the reducing end. Due to its 
ability to maintain inertness in upper GIT, it is applicable in developing colon spe-
cific drug delivery systems. It is degraded by colonic microflora (more specifically, 
bifidobacteria). The rate of degradation of inulin derivatives depend on the degree 
of substitution. Highly substituted inulin has higher mechanical strength, which in 
turn slows the degradation process [30].

For colon specific delivery, polysaccharides like inulin, pectin, dextran, etc., 
remain intact in GIT and show specific digestion and degradation at the colon 
by microflora in that region. The β-2,1 osidic bonds are not significantly hydro-
lyzed by enzymes from the endogenous secretion of the human digestive tract. 
For this purpose, biodegradable colon-specific films were developed in combi-
nation with Eudragit® RS. Apart from this, methylated inulin derivatives and 
inulin-azo hydrogels were investigated for colon specific delivery. Research to 
enhance the dissolution rate and to control the rate of drug release for poorly 
water soluble drug Irbesartan has proven successful. Inulin and its analog sin-
istrin are used to help measure kidney function by determining the glomerular 
filtration rate. Inulin-based glycopolymers have great potentials as cell-targeted 
drug carriers. Also, inulin is a superior lyoprotectant of PEGylated lipoplexes 
compared with dextran [30–33].

Pectin

Pectin is a complex heteropolysaccharide, found both in the cell walls of plants 
and between the cell walls. It is produced commercially as a white to light brown 
powder, mainly extracted from citrus fruits. Pectins are anionic polysaccharides 
composed of a backbone of poly-(1-4)-α-d-galacturonic acid [34].
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Pectins are commercially available as low methoxy (LM) pectin (degree of 
esterification (DE) <50 %) and high methoxy (HM) pectin (DE > 50 %). LM 
pectins form a gel in the presence of divalent ions such as Ca2+, and can gel 
in the absence of Ca2+ when the pH is below about 3.3.

Pectin remains intact in the upper GIT and is degraded by colonic microflora, 
which makes it suitable for designing colon specific drug delivery systems 
administered via oral route [35, 36]. Amidated pectins in which some of the 
carboxylic acid groups are amidated are more tolerant to pH variations. They 
are used to develop a multiparticulate system (hydrogel beads) for site spe-
cific delivery to the colon [37]. The properties of this system can be altered 
using chitosan, which controls the release rate of the drug [38]. The poten-
tial of in situ gelling xyloglucan/pectin mixture has been explored for the oral 
administration of paracetamol. The reported gelation characteristics of this 
mixture are a result of a combination of both thermal and ion responsiveness 
due to a synergistic interaction between these two polymers [39]. There have 
also been efforts to develop nanocarrier based anti-cancer drug delivery sys-
tems. Fabricated pectin nanocarriers loaded with oxaliplatin have been inves-
tigated as a potential targeted anticancer-drug therapy by incorporating super 
paramagnetic iron oxide nanoparticles (SPIONs) [40]. Pectin has also been 
explored as a carrier to develop an intra gastric floating drug delivery system 
using calcium pectinate gel (CaPG) beads containing carbonate salts. All the 
types of pectin (LM, HM, and AM) protect the liposomes against aggrega-
tion during storage. Pectin coated liposomes have been investigated as poten-
tial drug delivery systems [41]. Other possibilities include pectin–chitin/nano 
CaCO3 composite scaffolds in tissue engineering and freeze-dried chitosan/
pectin nasal inserts for antipsychotic drug delivery [42, 43]. It is used in food 
industry as a gelling agent particularly in jams and jellies. It is also used in 
fillings, medicines, sweets, as a stabilizer in fruit juices and milk drinks, and 
as a source of dietary fiber.

Glucomannan

Konjac glucomannan (KGM) is a straight chained hydrocolloidal polysaccha-
ride of the mannan family. Glucomannan consists of β-1,4 linked d-mannose and 
d-glucose with an acetyl side chain on some backbone units (8 % branching of 
glucosyl linkage). The mannose: glucose ratio may differ depending on the source 
[44]. The presence of acetyl group contributes to its swelling capacity and solubil-
ity, thus making it a soluble natural polymer with high viscosity and water retain-
ing capacity. Konjac glucomannan is the most commonly used glucomannan, 
which is obtained through the extraction of tubers from the plant Amorphophallus 
konjac belonging to the ulmaceae family.
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KGM has been investigated as an excipient for a controlled release drug delivery 
system with or without combination with other polymers. Modification of the chemi-
cal structure is another approach for increasing its effectiveness as an excipient for 
controlled release delivery devices. The combination of KGM and xanthan gum in 
matrix tablets has been shown to effectively retard drug release by stabilization of the 
gel phase of the tablets by a network of intermolecular hydrogen bonds between the 
two polymers [45]. KGM gels also control the release of theophylline and diltiazem 
for 8 h, but they are region dependent, since the degree of acetylation changes in 
KGM [46]. KGM is used to form hydrophilic cylinders and particles for the con-
trolled release of DNA [47]. Cross linked KGM with disodium trimetaphosphate 
forms cross linking density and enzymatic degradation dependent upon the hydro-
gel system with sustained release of hydrocortisone [45]. The use of a drug bind-
ing effector like graphene oxide to functionalize hydrogel based on KGM/sodium 
alginate has been found to effectively control the release rate of 5-Fluorouracil. Gels 
based on copolymers of KGM with acrylic acid have been investigated for colon spe-
cific drug delivery. A pulsatile capsule based on KGM/HPMC/lactose has also been 
designed to deliver 5-ASA specifically to the colon.

Guar Gum

Guar gum, also called guaran, is a galactomannan and a non-ionic polysaccharide 
obtained from the seeds of Cyamopsis tetragonolobus and is composed of man-
nose and galactose sugars. It consists of a linear backbone with (1, 4) mannose 
residues to which 1, 6-linked galactose residues are linked to every second man-
nose, thereby forming short side branches on the backbone [48]. DAVANAT®, a 
modified version of guar-gum, is being developed by Pro-pharmaceuticals, Inc. It 
is not affected by ionic strength but is sensitive to changes in pH and temperature 
extremes. The pH of 1 % w/v aqueous dispersion varies from 5 to 7. Strong acids 
and strong alkaline conditions tend to reduce viscosity due to acid/base catalytic 
reactions. It is dispersed in hot and cold water, and forms a highly viscous thixo-
tropic gel. It is insoluble in organic solvents [49].

Guar-gum exhibits potential applications in various industries such as pharma-
ceutical formulations, cosmetic, food, textile industries, etc. This hydro colloidal 
agent is used as a binder and disintegrant in solid dosage forms, and as a sus-
pending, thickening and stabilizing agent in liquid formulations [48]. It is a non-
toxic, biodegradable polysaccharide applicable for colon targeting drug delivery, 
controlled matrix for intestinal delivery of peptides, potential hydrophilic carrier 
for oral controlled release for drugs with variable solubility, site specific target-
ing interpenetrating network hydrogels formed from cross-linked guar gum deriva-
tives, and as a compression coat [50, 51]. Synthetic derivatives of hydrogels like 
guar acetate, guar phthalate, and guar acetate phthalate have been investigated for 
various pharmaceutical applications. Low-swelling index derivatives of guar-gum 
are used to retard premature drug release. Such derivatives are obtained by cross-
linking gum with glutaraldehyde/trisodiumtrimetaphosphate. These derivatives 
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have been explored for colon specific targeting. The properties of swelling (to 
retard the drug release in gastric environment) and ability to release the drug at 
colon (by enzymatic degradation of polymer by colonic microflora) make it a 
potential material for colon specific delivery [51, 52]. There are potential applica-
tions of this polysaccharide: hydrogel based on acryloyl guar gum as a carrier for 
the slow release of l-DOPA and l-tyrosine, hydrophilic carrier for metoprolol tart-
arate, trimetazidine hydrochloride etc., pH sensitive hydrogels based on guar-gum/
poly (acrylic acid), poly (n-Iso propyl acrylamide), glutaraldehyde cross-linked 
derivatives, alginate-guar gum based controlled matrix delivery system for deliv-
ery of bovine serum albumin (BSA), and colon targeted system of 5-Fluorouracil 
[50, 51, 53–57]. Other applications include use as a thickener in toothpaste, condi-
tioner in shampoos, and retardation of ice crystal growth.

Arabinogalactan

Arabinogalactan (AG) is a highly branched natural polysaccharide comprised of 
arabinose and galactose monosaccharides present in furanose configuration. This 
biopolymer is obtained from both plant (Larix occidentalis) and microbial origin. 
The arabinan portion of the polymer is a complex branched structure possessing 
α-(1–3), α-(1–5), and β-(1–2) glycosidic linkages, usually capped with mycolic 
acids. The microbial AG is a major structural component of the mycobacterial cell 
wall. It is often found attached to proteins. The resulting arabinogalactan protein 
(AGP) functions as an intercellular signaling molecule. AGPs belong to a class of 
glycoproteins with a hydroxyproline-rich core protein along with arabinose and 
galactose-rich polysaccharide units [58–60].

The high water solubility, biocompatibility, biodegradability, and the ease of 
chemical modification in aqueous media make it a potential material for devel-
opment of scaffolds applicable in tissue engineering. The oxidized polymer is 
cross linked with polyamines like chitosan, spermine, and spermidine to form 
three dimensional scaffolds. The degree of oxidation alters the pore size and 
degradation rate of these scaffolds. AG-chitosan sponges were found to exhibit 
high swelling behavior in aqueous media; they have suitable pore size for cell 
growth. This polysaccharide has been explored for hepatic drug delivery [61]. 
AG has properties that make it suitable as a carrier for delivering diagnostic 
or therapeutic agents to hepatocytes via the asialoglycoprotein receptor. This 
polymer also plays a role as a carrier for drug formulations [62]. For instance 
amphotericin-B (AM-B), a standard antifungal agent, is conjugated to both 
AG and AGP and investigated in two different studies. These conjugates show 
increased stability and solubility of AM-B in aqueous media and also reduced 
toxicity with a high degree of biocompatibility [62–65]. Apart from pharmaceu-
tical applications, it possesses some other industrial uses. It is a major compo-
nent of many gums, including gum arabic and gum ghatti. Gum arabic finds its 
application as a valuable additive in the food and candy industries. The extent 
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to which the AGPs in gum arabic are responsible for remarkable properties has 
yet to be investigated.

Carrageenan

Carrageenans belong to a family of natural linear sulfated carbohydrates extracted 
from red edible seaweeds. Carrageenans are formed by alternate units of d-galac-
tose and 3, 6-anhydro-galactose (3, 6-AG) joined by α-1, 3 and β-1, 4-glycosidic 
linkage. There are different types of carrageenans, which are classified according 
to their differences in solubility, ester sulphate content and amount of 3, 6-AG. 
Among λ, κ, ι, ε, μ, types kappa, iota, lambda types are major kinds [66–68].

•	 Kappa forms strong, rigid gels in the presence of potassium ions. It has an ester 
sulfate content of about 25–30 % and a 3, 6-AG content of about 28–35 %. κ is 
soluble in hot solution.

•	 Iota forms soft gels in the presence of calcium ions. It has an ester sulfate con-
tent of about 28–30 % and a 3, 6-AG content of about 25–30 %.

•	 Lambda does not gel and is used to thicken dairy products. It has an ester 
sulfate content of about 32–39 % and no content of 3, 6-AG. λ-type is readily 
soluble in cold or hot aqueous solution. λ-carrageenan exhibits the highest anti-
oxidant and free radical scavenging activity.

Commercially, it is available as salts of sodium, potassium, calcium or a mixture 
of these, which in turn determines the physical properties of carrageenan. These 
salts are generally water soluble and form highly viscous solutions. Viscosity 
depends on the type of carrageenan, molecular weight, concentration, tempera-
ture, and the presence of other solutes. It is depolymerised at low pH (especially 
pH ≤3.0) by hydrolysis of glycosidic linkages at high temperature [69].

They are widely used in the food industry for their gelling, thickening, and 
stabilizing properties. Their main application is in dairy and meat products due 
to their strong binding to food proteins. λ and κ combine easily with milk pro-
teins to improve solubility and texture. Carrageenan-induced rat paw edema is a 
widely used animal model to determine anti-inflammatory activity for evaluation 
of pain [69]. They have been investigated for use in delivery systems for con-
trolled release of drugs [70]. Gelatin–carageenan hydrogel loaded with Quercetin, 
cross linked carageenan beads for controlled drug release, temperature respon-
sive κ-carageenan angels, buckle drug delivery by lyophilized wafers comprising 
carageenan and pluronics acid, trans-sclera delivery of macromolecules by cara-
geenan/methylcellulose polymeric systems, carboxy-methylated kappa-carageenan 
for intestinal-targeted delivery of bioactive macromolecules, microparticles based 
on lection-functionalized carboxy-methylated kappa-carageenan for oral insulin 
delivery, and carageenan–gelatin mucoadhesive systems for ion-exchange based 
ophthalmic delivery all prove the potential of this sulfated Polyglactin in versatile 
areas [66, 67, 70–75].
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Protein Based Polymers

Soy Bean

The soy or soya bean is rich in protein (40–50 %), carbohydrates (26–30 %), and 
lipids (20–30 %). It is obtained from an annual plant, Glycine max, a species of 
legume native. Soy flour, soy concentrate and soy isolate are different soy bean 
products with different protein content among which isolated soy protein has the 
highest protein proportion (90 %) on dry weight basis. The major soy proteins 
in the isolate are glycine or 11S and β-conglycinin or 7S; it also contains isofla-
vones like genistein and daidzein [76]. There are many desirable characteristics 
associated with this protein, which makes it an excellent material of investigation 
for making drug delivery devices and tissue engineering applications. Soy bean 
exhibits excellent thermal stability, hydrolytic stability, melt processability, stor-
age stability, biodegradability, and abundant availability, all of which make it an 
adaptable material for various purposes [77]. Soy bean also exhibits tailoring flex-
ibility where the degree of cross linking can be modified to make it suitable for a 
particular purpose. Highly versatile properties of soy protein based thermoplastics 
make them suitable for many biomedical applications [78]. Soy protein based dou-
ble layered control delivery devices have also been investigated [77].

Transgenic Plant Based Collagen

Collagen is a group of naturally occurring proteins present in the form of fibrils 
and forms a major part of the connective tissue. This is generally derived from 
animal sources, but collagen derived from these sources exhibits immunogenic-
ity. Type I human collagen obtained from transgenic tobacco is a breakthrough 
technology invented by Collplant Ltd. of NesTziyona, Israel. There are several 
challenges to be met, for example development of transgenic tobacco plants that 
are able to develop human collagen, and extraction methods successfully over-
come by Collplant from this new source. This development requires high-level 
genetic engineering combined with general plant genetics [79]. Plant engineer-
ing based pharmaceuticals are feasible alternatives to conventional fermentation 
based expression models. Vergenix™ wound dressing, a tobacco-derived collagen 
sponge, is used for chronic wounds and skin ulcers (pressure sores and diabetic 
wounds). Collagen plays a major role from medical devices to tissue repair [80]. 
A detailed review of collagen types and their applications is given in later sections.

Polyesters from Higher Plants

Polyesters, namely cutin and suberin, respectively present in epidermal cell 
walls and the inner periderm layer in the higher plants protect them from physi-
cal, chemical, and biological factors in the environment. These are glycerolipid 
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polymers associated with cell walls in higher plants. Cutin, an insoluble cuticular 
polymer, is composed of hydroxy and hydroxy epoxy fatty acids, whereas suberin 
is composed of aromatic and aliphatic domains. These polyesters are degraded 
by enzymatic degradation/alkaline hydrolysis of ester linkages. These polyesters 
allow the tailoring of specific properties, making them suitable for drug delivery 
applications. Abundant availability, sustainability, renewability and biodegradabil-
ity are some of the desirable characteristics of these biopolymers [81].

Natural Polymers of Animal Origin

Polysaccharide Based Polymers

Chitosan

Chitosan is a linear polysaccharide composed of randomly distributed β-linked 
d-glucosamine and n-acetyl-d-glucosamine. It is a naturally occurring cationic 
polysaccharide derived by partial n-deacetylation of chitin from shrimp and crus-
tacean shells. The pKa value of chitosan is about 6.2–7; it is insoluble in neutral 
and alkaline pH solutions. The degradation rate mainly depends on the degree of 
deacetylation that occurs by hydrolysis of glycosidic links of acetylated residues 
in the presence of lysozyme. Chitosan adopts a more extended and coiled con-
formation at a high or low degrees of deacetylation respectively. Chemical modi-
fications due to the presence of amino group at C-2 and primary and secondary 
hydroxyl groups at C-6 and C-3 improve mechanical properties and impart new 
biological activities in chitosan. The chief constituent in chitosan is glucosamine, 
a natural material present in the body and used to produce glycosaminoglycans. 
Chitosan and its derivatives are the most extensively investigated materials for 
pharmaceutical and biomedical applications. The cationic property of chitosan 
imparts key bioactive properties like biodegradability, biocompatibility, and a 
microbicidal and mucoadhesive nature. Amenability of chitosan to different chem-
ical modifications makes it suitable for a broad range of therapeutic applications. 
Each modification imparts a different biomedical or pharmaceutical application. 
For example, sulfated chitosan exhibits antioxidant activity [6, 7, 82, 83].

Chitin consists mostly of n-acetyl-d-glucosamine-unit. Most units are deacety-
lated to d-glucosamine-units during the preparations of chitosan. Chitosan is a lin-
ear polymer of β-d glucopyranose units characterized by a degree of deacetylation. 
It is structurally similar to cellulose, but it has –NHCOCH3 (acetamide groups) at 
C-2 position [84].

Key features of chitosan: The amino and hydroxyl groups of chitosan that are 
chemically modifiable make it a highly versatile molecule for various applica-
tions (Table 2.1). The metabolism of chitosan by lysozyme makes it biodegrad-
able. Chitosan exhibits a pH-sensitive behavior as a weak poly-base because 
of the large quantities of amino groups on its chain. At low pH conditions, the 
amino groups of chitosan are protonated and exhibit pH-sensitive swelling. 
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Chitosan dissolves easily at low pH, while it is insoluble at higher pH ranges. 
Dialdehydecrosslinkers like glyoxal are used to cross link chitosan molecules to 
modify the properties of the molecules. Glutaraldehyde reduces the antigenicity 
of the material. Natural crosslinkers like genipin are gaining wide acceptance 
for crosslinking chitosan. Chitosan is found to be biologically renewable, bio-
adhesive, biocompatible, biofunctional, nonantigenic, and nontoxic. Chitosan, 
which is structurally similar to glycosaminoglycan (GAG) found in extracellu-
lar matrices (ECM) available in native articular cartilage, plays a key role in 
modulating chondrocytes morphology, differentiation and function, and has 
application in cartilage engineering. It also exhibits biosensor and antihyperlipi-
demic actions [82, 83, 85].

Hyaluronan

Hyaluronic acid (HA), also called hyaluronan, is a high molecular weight (105–
107 Da) naturally occurring biodegradable polymer. This name is derived from 
“hyalos” (Greek for glass + uric acid). HA is an unbranched non-sulfated gly-
cosaminoglycan (GAG) composed of repeating disaccharides (β-1, 4-d-glucu-
ronic acid (known as uronic acid) and β-1, 3-n-acetyl-d-glucosamide). HA is a 
polyanion that can self-associate and that can also bind water molecules when 
not bound to other molecules. HA, one of the major elements in the ECM of 
vertebrate tissues is also found in almost all body fluids and tissues, such as 
the synovial fluid, the vitreous humor of the eye, and hyaline cartilage. HA is 
involved in several important biological functions, such as regulation of cell 
adhesion and cell motility, manipulation of cell differentiation and proliferation, 

Table 2.1  Applications of chitosan [82, 86, 87]

Application Role of chitosan

Biological properties  Wound healing, osteogenesis, biodegradation

Vaccine and drug delivery  
by chitosan particles:

 Mucoadhesive property of chitosan improves the 
bioavailability of peptide in GIT

    1. Peptide drug delivery  Antigen encapsulated chitosan microparticles and 
nanoparticles    2. Ophthalmic drug delivery

    3. Targeted drug delivery  Promising carriers for nasal and mucosal vaccine delivery
 Cyclosporine A loaded chitosan nanoparticles
 Colon targeting by corticosteroid loaded chitosan 
microspheres

Gene delivery vehicle  Topical application of plasmid-DNA based chitosan 
nanoparticles

Regenerative medicine  Chitosan-gelatin wound dressings
 Regeneration of various tissues like skin, bone, liver, cartilage 
and nerve

Hydrogels  Chitosan/β-glycerophosphate hydrogel loaded with anti 
cancer agents against breast cancer/cervical cancer
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and providing biomechanical properties of tissues. HA interacts with several 
cell surface receptors such as CD44, RHAMM, and ICAM-1, and it controls 
cellular processes including morphogenesis, wound repair, inflammation, and 
metastasis. HA is responsible for maintenance of viscoelasticity of biofluids 
(synovial fluid and vitreous humor of the eye) and controlling tissue hydration 
and water transport [88].

d-glucuronic acid and dn-acetyl glucosamine, in the HA disaccharide struc-
ture are connected together through alternative beta-1, 4 and beta-1, 3 glyco-
sidic bonds. The number of repeat disaccharides in a completed hyaluronan 
molecule can reach 10,000 or more, a molecular mass of ~4 million daltons 
(each disaccharide is ~400 Da). The average length of a disaccharide is ~1 nm. 
The structure of the disaccharide is energetically very stable in light of its beta 
configuration [88].

Key features of hyaluronic acid: HA is naturally synthesized by a class of 
integral membrane proteins called hyaluronan synthases, of which vertebrates 
have three types: HAS1, HAS2, and HA. The rheological property (concen-
tration and molecular weight dependent) of HA solutions has made HA ideal 
for lubrication in biomedical applications. For example, a 1 % solution of high 
molecular weight HA (Mw ≳1,000 kDa) can behave like jelly, but when shear 
stress is applied it easily shears thin and can be administered via a thin nee-
dle. Viscoelasticity is another characteristic of HA, resulting from entanglement 
and self-association of HA random coils. This property, due to molecular inter-
actions, depends in turn on concentration and molecular weight. Three types 
of enzymes like hyaluronidase (hyase), β-d-glucuronidase, and β-n-acetyl-
hexosaminidase catalyze the enzymatic degradation of HA. Hyase cleaves high 
molecular weight HA into smaller oligosaccharides, while β-d-glucuronidase 
and β-n-acetyl hexosaminidase further degrade the oligosaccharide fragments 
by removing nonreducing terminal sugars. The degradation products of hyalu-
ronan, oligosaccharides and very low molecular weight hyaluronan, exhibit pro-
angiogenic properties. By catalyzing the hydrolysis of HA, a major constituent 
of the interstitial barrier, hyaluronidase lowers the viscosity of HA, thereby 
increasing tissue permeability. It is, therefore, used in medicine in conjunction 
with other drugs to speed dispersion and delivery [88]. Applications of HA are 
represented in Table 2.2.

Chondroitin Sulphate

Chondroitin sulphate (CS), a GAG of the same class as glucosamine, is a disac-
charide composed of alternate sequences of differently sulfated residues of 
d-glucuronic acid (GlcA) and n-acetyl-d-galactosamine (GalNAc) linked by β 
bonds. Sequences of these disaccharides are formed into polysaccharide chains. 
Some GlcA residues are epimerized into l-iduronic acid (IdoA); the resulting 
disaccharide is then referred to as dermatan sulfate. CS found extensively in 
the extracellular matrix of articular cartilage is obtained by extraction from 
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tissues of several animals (bovine, porcine, avian, cartilagenous fishes, etc.). 
Glycosaminoglycans gather on the core protein and mass attach to HA via a 
link protein, which makes proteoglycans that are hydrated and resist compres-
sion stress. CS chains are linked to hydroxyl groups on serine residues of cer-
tain proteins [90].

Key features of chondroitin sulphate: Due to its GAG nature, CS is an attrac-
tive natural-origin polymer applied essentially in cartilage tissue engineering. It is 
non-immunogenic and biodegradable to non-toxic oligosaccharides. These char-
acteristics, together with their defined physical and chemical characteristics, make 
CS very interesting for tissue engineering. CS can bind with core protein to pro-
duce highly absorbent aggregan, which is a major structure inside cartilage and 
acts as a shock absorber; or, it can produce sydecan, a cell receptor that can inter-
act with adhesion proteins, cells and the extracellular matrix (ECM). CS in nega-
tively charged interaction with positively charged molecules, such as polymers or 
growth factors, is anticipated to become a key element to facilitate the design of 
delivery systems. For instance, this characteristic is used to produce chondroitin 
sulfate–chitosan sponges as delivery systems for platelet-derived growth factor-BB 
(PDGF-BB) for bone regeneration [90].

Applications of chondroitin sulphate [91].

1. Chondroprotective effects: CS exhibit chondroprotective effects through three 
main mechanisms-stimulation of ECM production by chondrocytes, suppres-
sion of inflammatory mediators, and inhibiting cartilage degeneration. Thus, 
CS plays a key role in the treatment of osteoarthritis. It also exhibits bone 
regeneration effects.

2. Anti-inflammatory effects: CS acts as an anti-inflammatory agent by inhibition 
of nuclear translocation of nuclear factor-kappaB (NF-kappaB) which is asso-
ciated with pro-inflammatory activity.

Table 2.2  Applications of hyaluronic acid [88, 89]

Application Role of Hyaluronic Acid

Dermal filler  Recover soft-tissue volume of the skin and remove skin wrinkles

Chondroprotective effects  Effect of a HA injection may be mediated via CD44 interactions
 Potential agent of therapeutic intervention in osteoarthrosis (OA)

Orthopaedic applications  Development of cartilage, the maintenance of the synovial fluid 
and the regeneration of tendons
 Lubricant and shock absorber
 Viscosupplementation (osteoarthritis treatment)

Antiadhesion applications  Prevent bacterial adhesion to dental implants, intraocular lenses, 
and catheters

Ophthalmology  HA solutions also serve as a viscosity-enhancing component of 
eye drops and as an adjuvant to eye tissue repair

Cardiovascular 
applications

 HA increases the blood compatibilities of cardiovascular implants 
such as vascular grafts and stents. For example, biomaterial 
surfaces treated with cross-linked HA have been associated with 
reduced platelet adhesion and thrombus formation
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Protein Based Polymers

Collagen

The role of collagen is essential. It is one of the most abundant mammalian pro-
teins accounting for about 20–30 % of total body proteins available in extracellular 
matrix and tissues of primarily mechanical function. Its mode of interaction in the 
body and biological features such as excellent biocompatibility, weak antigenicity, 
formation of fibres through self-aggregation and cross-linking distinguish it from 
other available synthetic and natural polymers. These two amino acids allow for 
differentiation between collagen and other protein hydrolysates. Although collagen 
is the most preferred biomaterial, some disadvantages of collagen-based systems 
stem from the difficulty of assuring adequate supplies, poor mechanical strength, 
and ineffectiveness in the management of infected sites [92, 93].

Types of collagen and their occurrence: Collagen can be obtained from porcine, 
bovine, equine, human or other sources. It offers many biomedical applications. 
Collagen is synthesized by fibroblasts, which usually originate from pluripotential 
adventitial or reticulum cells. The spectrum of amino acids resulting from the hydrol-
ysis of collagen differs greatly from that of other proteins by its high content of gly-
cine and proline and low content of histidine, tryptophan and cystine. Collagen also 
contains two amino acids not found in other proteins, hydroxyproline and hydrox-
ylysine. The properties of collagen that make it suitable for various indications are 
dependent upon characteristics of amino acid composition and sequence [92, 94].

This fibrous, structural protein comprises a right-handed bundle of three parallel, 
left-handed polyproline II-type helices. In animals, individual collagen triple helices, 
known as tropocollagen (TC), assemble in a complex, hierarchical manner that ulti-
mately leads to the macroscopic fibers and networks observed in tissue, bone, and 
basement membranes. Although the three polypeptide chains in the triple helix of 
each collagen type can be identical, heterotrimeric triple helices are more prevalent 
than homotrimeric triple helices. The categories of collagen include classic fibrillar 
and network-forming collagens, FACITs (fibril-associated collagens with interrupted 
triple helices), MACITs (membrane associated collagens with interrupted triple 
helices), and MULTIPLEXINs (multiple triple-helix domains and interruptions). 
Twenty-nine different types of collagen composed of at least 46 distinct polypeptide 
chains have been identified in vertebrates. Many other proteins contain collagenous 
domains [94, 95]. Table 2.3 represents types of collagen.

Degradation of collagen: Collagen is particularly resistant to attack by neutral pro-
teases, probably due to its function as the primary structural protein in the body. At 
neutral pH only specific collagenases (i.e., zinc containing metalloproteinases) cleave 
the native helix at a position about three quarters of the way from the N-terminus. 
Fibrils as aggregates of collagen molecules are degraded starting from the exterior. 
Collagenase binds tightly to triple-helices at or near the surface, whereas molecules 
in the interior become accessible to enzymes in the course of progressive degrada-
tion from the outside. After the triple-helix is cracked, further degradation of collagen 
molecules is facilitated by enzymes such as gelatinases and non-specific proteinases, 
which cleave the primary fragments into small peptides and amino acids [97].
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Applications of collagen [95, 98, 99] 

Collagen is the main structural protein in vertebrates. It plays an essential role by 
acting as a scaffold for cellular support; it is thereby responsible for maintaining 
cell attachment, migration, proliferation, differentiation, and survival. As such, it 
also plays an important role in numerous approaches to the engineering of human 
tissues for medical applications related to tissue, bone, skin repair, and reconstruc-
tion (Fig. 2.3).

Gelatin

Gelatin is defined as a product obtained by the partial hydrolysis of collagen 
derived from the skin, white connective tissue, and bones of animals. Gelatin 
is also defined as the product obtained from the acid, alkaline, or enzymatic 
hydrolysis of collagen, the chief protein component of the skin, bones, and con-
nective tissue of animals, including fish and poultry. Gelatin derived from an 
acid-treated precursor is known as Type A and gelatin derived from an alkali-
treated process is known as Type B. It does not occur free in nature, and it can-
not be recovered from horns, hoofs and other noncollagen-containing parts 
of vertebrate animals. There are no plant sources of gelatin, and there is no 

Table 2.3  Types of collagen [96]

Category Types of collagen

Fibril-forming collagens Type I, II, III, V, XI

Basement membrane collagen Type IV

Microfibrillar collagen Type VI

Anchoring fibrils Type VII

Hexagonal network forming collagen Type VIII, X

FACIT collagens Type IX, XII, XIV, XIX, XX, 
XXI

Transmembrane collagens Type XIII, XVII

Multiplexins Type XV, XVI, XVIII

Fig. 2.3  Applications of 
collagen

COLLAGEN 

Collagen injections/dermal fillers

Collagen for protein delivery

Collagen in ophthalmology

Matrix collagen sponges

Collagen gels 
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chemical relationship between gelatin and other materials referred to as veg-
etable gelatin, such as seaweed extracts. Gelatin is an important material with 
application in the food, pharmaceutical and photographic industries as well as 
diverse technical uses [100].

There are two main gelatin types, referred to as A-(or acid) type and B-(or 
limed/alkaline) type. This categorization essentially goes back to the pre-treatment 
of the raw material which will affect the characteristics of the gelatin extracted. 
Typical differences are the Iso-electrical point (as explained below), as well as vis-
cosity in solution. Type A gelatin has a broad isoelectric range between pH 7 and 9. 
Type B has a narrower isoelectric range between pH 4.7 and 5.4. It consists of a 
distribution of polypeptide fragments of different sizes. Gel strength is expressed 
in (gram) Bloom. Commercial gelatins may vary from low Bloom (<150) and 
medium Bloom (150–220) to high Bloom (>220) types.

Physicochemical properties of gelatin vary depending on method of extraction, 
amount of thermal denaturation employed, and electrolyte content of the result-
ing material. The viscosity of a gelatin solution depends on the type of gelatin, 
the bloom value, concentration, and temperature of gelatin in solution. Gelatin is 
sensitive to degradation as long as no gel has been formed. The possible degree 
of degradation depends on several parameters such as pH, temperature, time, and 
concentration [91, 100]. Gel strength, which is expressed in gram Bloom, ranges 
from 80 to 280 Bloom for commercial gelatins:

 (A) 80–150 Bloom: low Bloom range
 (B) 150–220 Bloom: medium Bloom range
 (C) 250–280 Bloom: high Bloom range

Gelatin gels have a thermo-reversible character with a setting point always 
roughly 5 °C lower than the melting point. For alkaline gelatins, the iso-electric 
point is almost constant and thus independent of the Bloom value: the IEP is 
between pH 4.8 and 5.2. The IEP of acid type gelatins is linked to the Bloom 
value and ranges from about 7 (low Bloom) to about 9 (high Bloom), which 
means that an acid type gelatin always has a positive charge in a food system 
[91, 100].

Applications of gelatin [91, 100]: Gelatin has shown to be useful in a great 
number of fields: 

1. Gelatin possesses hemostatic application which produces hemostasis by accel-
erating the clotting process of blood.

•	 Gelfoam (Pharmacia & Upjohn)
•	 Surgifoam (Ethicon)
•	 Floseal matrix (Baxter healthcare)

2. Capsular material
3. Food industry (gel former, thickening agent, protective colloid)
4. Photographic industry
5. Other technical uses (microencapsulation)
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Albumin

Albumins are a family of globular proteins, the most common of which is serum 
albumin. The albumin family consists of all proteins that are water-soluble, are 
moderately soluble in concentrated salt solutions, and experience heat denatura-
tion. Albumins are commonly found in blood plasma; they are unique from other 
blood proteins in that they are not glycosylated. Substances containing albumins, 
such as egg white, are called albuminoids. Commercially, albumins are obtained 
insignificant quantities from egg white (ovalbumin), bovine serum (bovine serum 
albumin, BSA), and human serum (human serum albumin, HSA). They are also 
available from soybeans, milk, and grains [101–103].

 (a) Ovalbumin: It has a molecular weight of 47,000 Da and isoelectric point (pI) 
of 4.8. Due to its pH- and temperature-sensitive properties, it has a high poten-
tial for use as a carrier for controlled drug release.

 (b) Bovine serum albumin (BSA) has a molecular weight of 69,323 Da and an iso-
electric point (pI) of 4.7 in water. It is widely chosen for drug delivery because 
of its medical importance, abundance, low cost, and ease of purification.

 (c) Human serum albumin (HSA): This is the most abundant globular monomeric 
protein with an average half-life of 19 days and molecular weight of 66,500 Da. 
When HSA is broken down, the amino acids provide nutrition to peripheral tis-
sues. It acts as a substitute to BSA in case of immunogenic responses [101, 102].

Recombinant human serum albumin (Recombumin), an alternative to blood derived 
albumin, has been developed. A genetically engineered protein expressed in yeast 
cells has been found, and it shows comparable safety, tolerability, pharmacokinet-
ics, and pharmacaodynamics to native HSA. Albumin is an acidic, very soluble pro-
tein that is extremely robust. It is stable in the pH range of 4–9, soluble in 40 % 
ethanol, and can be heated at 60 °C for up to 10 h without significant effects. These 
properties as well as its preferential uptake in tumor and inflamed tissue, its ready 
availability, its biodegradability, and its lack of toxicity and immunogenicity make 
it an ideal candidate for drug delivery. Serum albumins are important in regulating 
blood volume by maintaining oncotic pressure (also known as colloid osmotic pres-
sure) of the blood compartment. Recombumin also serves as a carrier for molecules 
of low water solubility, thus isolating their hydrophobic nature, including lipid solu-
ble hormones, bile salts, unconjugated bilirubin, free fatty acids (apoprotein), cal-
cium, ions (transferrin), and some drugs. Albumin molecules with the presence of 
different drug binding sites can entrap a significant amount of drug into the parti-
cle matrix. Albumin, being non-toxic, non-immunogenic, and with other favorable 
properties like greater stability and ease of preparation, makes it an excellent candi-
date for nanoparticulate delivery systems [101, 104].

Applications of albumin [99, 101, 102, 104–107].

1. Albumin as a drug carrier: This macromolecule finds its potential in provid-
ing various formulation strategies like drug conjugates, albumin binding drug 
derivatives, nanoparticles and drug adducts. Being a macromolecule, it shows 
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an EPR (enhanced permeability and retention) effect in the case of tumors. As 
the pore size of tumor micro vessels varies from 100 to 1,200 nm in diameter, 
macromolecules (e.g., serum albumin have an effective diameter of 7.2 nm) 
employed as carriers for the development of macromolecular prodrugs, allows 
extravasation into tumor tissue but not into normal tissue. Albumin exhibits 
various key roles by:

 (a) Improving the pharmacokinetic profile of a peptide molecule with the help 
of three advanced albumin based technologies: albumin fusion, drug affin-
ity complex, and preformed conjugate drug affinity complex.

 (b) Development of fatty acid derivative of peptide (myristic acid derivative 
of insulin) and conjugating it to albumin due to the presence of fatty acid 
binding sites on it also improves the stability profile of peptide.

2. It acts as a vehicle for the transport of metals, fatty acids, cholesterol, bile pig-
ments, and drugs. It is a key element in the regulation of osmotic pressure and 
distribution of fluid between different compartments.

3. 99mTc macroaggregated albumin has been used diagnostically for various indi-
cations including lymphoscintigraphy sentinel node detection in breast cancer 
and other solid tumors, as well as rheumatoid arthritis.

4. Nab technology (albumin based nanotechnology) is ideal for encapsulating 
lipophilic drugs into nanoparticles. An example is Nab-Paclitaxel (Abraxane) 
an FDA approved formulation for the treatment of breast cancer.

5. Albumin, the most abundant circulating protein in the plasma, exerts important 
antioxidant activities due to its free radical binding capacity.

The different uses of albumin as a drug carrier that have emerged so far are fasci-
nating and range from extending the half-life of therapeutically active proteins and 
peptides (e.g., Albuferon Levemir) and drug targeting (e.g., MTX-HSA, Abraxane). 
The development and market approval of the paclitaxel albumin nanoparticle, 
Abraxane, can be viewed as a landmark for Nab-technology. Albumin offers many 
other interesting perspectives such as photodynamic therapy, artificial blood substi-
tute, and ultrasound mediated drug release etc., which are yet to be explored.

Fibrin

Fibrin is a non-globular protein obtained from fibrinogen by the action of 
thrombin. It is also known as Factor Ia which plays a crucial role in blood clot-
ting mechanism. Commercially, fibrinogen and thrombin are available from 
different sources including human. These preparations are used to produce 
required fibrin. Homologous fibrin sealant systems are also readily available 
which are used to produce autologous fibrin components from blood plasma. 
Tisseel VH® (Baxter, Deerfield, Illinois, USA), Cryoseal® (Thermo Genesis, 
Rancho Cordova, California, USA), Vivostat® (Vivolution, Alleroed, Denmark) 
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are examples of commercially available fibrin sealant systems [76]. Even 
autologous thrombin obtained from a single donor can be utilized in producing 
fibrin components without any immunological and infectious effects [108]. The 
desirable characteristics of high adhesive and tensile strengths, biocompatibil-
ity and resorption make them applicable as sealants, hemostatic systems, bio-
adhesive, and matrix delivery systems [109]. The concentrations of fibrinogen 
and thrombin, local pH, and ionic strength influence various characteristics of 
fibrin clot like adhesive strength, strand strength, permeability, and stability of 
fibrin components. Varying the above parameters makes specific fibrin compo-
nents fit for a particular application. Low concentration of thrombin produces 
loosely woven fibrin strands, whereas higher concentration of thrombin pro-
duces tightly woven strands of fibrin [76].

These fibrin components find their application in tissue engineering and con-
trolled matrix systems for cell delivery. Due to their ability to improve cellular 
interactions, fibrin gels, beads, and scaffolds have been used for vascularization, 
peripheral nerve regeneration, and bone and cartilage engineering purposes. Rapid 
degradation of these fibrin matrices, however, presents a problem with shape-spe-
cific scaffolds, which can be overcome by optimization of fibrin composition [76]. 
Its physical and biomimetic characteristics allow fibrin gel to be used as a car-
rier in cell delivery. The bioavailability and controlled release of bone morphoge-
netic proteins (BMPs) can be achieved by using heparin loaded fibrin-fibronectin 
matrix in which heparin acts as reservoir for BMPs released by the gel degrada-
tion mechanism [110]. The approach of grafting fibrin matrix with the help of 
2-Hydroxy ethyl methacrylate has been explored for wound healing in burn vic-
tims; and it has shown to have better healing efficiency than non-grafted matri-
ces [111]. The ease of injectability and ability to avoid immunogenic reactions by 
autologous fibrin component makes it successful in demonstrating neovasculari-
zation, and myocardial regeneration in infracted myocardium using bone marrow 
mononuclear cell (BMMNCs) in incorporated fibrin implantation matrix [112]. 
The investigation of freeze dried tetracycline loaded fibrin disc as a biodegradable 
matrix for local antibiotic therapy demonstrates its suitability as a drug delivery 
implant [113]. Adipose derived stem cell (ADSCs) therapy is under investigation 
for future regenerative medicines, where the fibrin gel matrices are used as carri-
ers for ADSCs [114]. The above instances explain the potential applications of this 
fibrous, non-globular protein.

Silk Fibroin

Silk fibroin is a fibrous protein obtained by the larvae of Bombyx mori, other 
moth genera such as Antheraea, Cricula, and many other insects. The silk pro-
tein obtained from spiders and silk worms produces the toughest and strong-
est fibres [115]. Silkworms produce silk whose main components are fibroin 
and sericin amongst which fibroin constitutes the core of silk, and sericin 
is glue like protein surrounding the core. Fibroin is composed of various 
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components like fibroin H-chain (FH), fibroin L-chain (FL), and fibro hexam-
erin. Even transgenic silk worms are developed to produce the modified ver-
sions of fibroin, i.e., gene encoding fibroin L-chain fused with basic fibroblast 
growth factor (bFGF). This is used to produce fibroin layers which are com-
posed of natural fibroin protein and recombinant bFGF. These scaffolds have 
been investigated for seeding endothelial cells; the results suggest the use of 
this scaffold in tissue engineering [76]. The source of silk and the processing 
conditions influence certain properties of silk fibroin like conformation of pro-
tein, molecular weight, and amino-acid composition. These properties in turn 
have an impact on mechanical and biological properties such as the pore size of 
scaffold, cell adhesion, and inflammatory mediator production.

The properties of biocompatibility, slow biodegradability, mechanical strength, 
and elasticity make them suitable as surgical sutures, carriers in tissue engineer-
ing, drug delivery, artificial tendons, and coatings for metallic medicinal implants 
[116]. Electrospun nano fibres made from chitin and fibroin are applicable as 
tissue engineering scaffolds [115]. Novel nanocomposites of biocompatible 
hydroxyapatite-silk fibroin have been investigated as coatings on metallic (tita-
nium) orthopaedic implants which showed improved physicochemical and bio-
logical properties [116]. Poly (d,l-lactic acid) modified with silk fibroin and silk 
fibroin modified with peptide sequences enhance cell adhesion ability. 3-D porous 
silk fibroin matrix scaffolds have been investigated in cartilage tissue engineering 
[117]. One of the interesting subjects in the field of tissue reconstruction is the use 
of adipose-derived stem cells incorporated silk fibroin–chitosan (SFCS) scaffold 
[118]. Regenerated silk fibroin (RSF) and galactosylated chitosan (GalCS) scaf-
folds have been explored for hepatic tissue engineering applications; they dem-
onstrated superiority in hepatocyte growth, viability, and metabolic activity [119]. 
Regenerated silk fibroin has also been investigated for immobilization of enzymes 
like peroxidase [120].

Polymeric Resin

Shellac

Shellac is a natural bioadhesive resin secreted by lac insects (Lacciferlacca). 
It consists mainly of esters of aleuritic acid, butolic acid, jalaric acid, and 
shellolic acid. Due to its desirable film forming and protective properties, shel-
lac has been used in food and pharmaceutical products. It has been reported as 
an excipient in the development of matrix tablets for oral controlled release. It 
is also used in sugar-coating and enteric coating applications. High dissolution 
pH of shellac makes it suitable for colon delivery applications, whereas when 
used for enteric coating, additives that enhance drug release must accompany 
shellac [121, 122]. Lower stability of shellac makes it less attractive; how-
ever methods to enhance stability to make it suitable for various applications 
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The relative composition of guluronic to mannuronic acid residues within 
an alginate sample determines the strength of the complex which in turn 
influences the properties of designed delivery systems. Alginates forms 
more rigid and porous gels with a high guluronic acid content and randomly 
packed and less porous gels with low guluronic acid content.

have been developed. For instance, formation of composite film with gelatin 
inhibits the polymerization of shellac and thereby enhances the stability of the 
resin [123].

Natural Polymers of Microbial Origin

Polysaccharides

Alginate

Alginates are linear, anionic, water soluble heteropolysaccharides that form 
the cell wall constituents of brown algae like Laminaria sp., Macrocystis sp., 
Lessonia sp., belonging to the family Phaeophyceae. Alginates can be used 
to develop delivery systems for cationic polyelectrolytes and proteoglycans 
through simple electrostatic interactions due to its pH dependent anionic nature. 
It contains blocks of (1–4)-linked β-d-mannuronic acid (M) and α ± -l-gulu-
ronic acid (G) monomers, generally composed of three different forms of poly-
mer segments: consecutive G residues, consecutive M residues, and alternating 
MG residues [124].

The design of an alginate based delivery system is based on the sol-gel transition 
behavior of alginate in the presence of divalent cations like calcium, strontium, and 
barium. After this reaction, the water solubility of monovalent alginate is decreased 
and is converted to water insoluble salt. Alginic acid, its sodium, potassium, ammo-
nium and calcium salts, and propylene glycol alginate have been given INS numbers 
of 400–405 (E400–E405 in the EU). These salts have many applications in the food, 
textile, and pharmaceutical industries. For example, sodium alginate is being widely 
used as an emulsifier, stabilizer, and as an additive in dairy product preparation com-
peting with carrageenan. On the other hand, calcium alginate being water insoluble 
has been widely employed in the textile industry, production of bandages for wound 
healing, and preparation of beads to encapsulate certain chemicals in the presence of 
sodium alginate and calcium chloride solution. The glycosidic linkages of alginates 
are susceptible to both acid (acid hydrolysis) and alkali (alkaline β-elimination). No 
alginate degrading enzymes exist in humans, whereas alginate lyases that catalyze 
the beta-elimination of alginates are found in bacteria. Degradation of alginate chains 
applied as biomaterials in vivo takes place only by spontaneous beta-elimination. 
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Moreover, the degradation rate and mechanical properties of alginate-based biomate-
rials is influenced by the molecular weight (MW) of alginate. Basically, higher MW 
polymers exhibit a slower degradation rate due to the reduced number of reactive 
positions susceptible for hydrolysis.

Alginates form a distinct family of polysaccharides that allows tailoring of 
a variety of biomaterials suitable for tissue engineering. They have been inves-
tigated to develop different delivery vehicles like hydrogels, microspheres, 
microcapsules, sponges, foams, and fibers applicable in regeneration medicine, 
nutrition supplements, semi permeable separation, and repair and regeneration 
of various tissues and organs such as skin, cartilage and bone. The pH sensitiv-
ity of alginate based hydrogel is applied in the design of oral delivery of peptide 
or protein drugs. So far, alginates have been investigated for the entrapment of 
several proteins like IgG, fibrinogen, insulin, melatonin, heparin, hemoglobin, 
vaccines, etc. This polymer was blended with another natural polysaccharide 
like guar gum to overcome the rapid dissolution of alginate at high pH, a major 
limitation during delivery of peptide drugs. Use of alginate based delivery sys-
tems for the delivery of cell induction ligands, bioactive signaling molecules, 
functional DNAs or siRNAs proves the significance of this polyanionic polysac-
charide [53, 72, 124].

Dextran

Dextrans are hydrophilic polysaccharides characterized by their moderate to high 
molecular weight, good water solubility, low toxicity, and immunogenicity. Dextran 
is synthesized from sucrose by enzymatic conversion with help of dextransucrase 
present in certain lactic-acid bacteria, the best-known being Leuconostoc mesenter-
oides and Streptococcus mutans. Dextran obtained from Leuconostoc mesenteroides 
consists of α (1–6)-linked glucan comprising of side chains linked to the 3-positions 
of the backbone glucose units which is being commercially developed. Generally it 
is a complex, branched glucan (polysaccharide made of many glucose molecules) 
composed of chains of varying lengths in which the straight chain consists of α -1,6 
glycosidic linkages between glucose molecules, while branches begin from α -1,3 
linkages. Due to their uncommon poly-(α-D-1, 6-glucose) linkages, they are resist-
ant to cleavage by most endogenous cellular glycosidases. The physical and chemical 
properties of dextrans vary depending upon the source from which it is obtained and 
the type of production method [125, 126].

Dextrans are classified into three classes based on the structural features:

•	 Class 1 dextrans contain the α (1 → 6)-linked d-glucopyranosyl backbone 
modified with small side chains of d-glucose branches with α (1 → 2), α 
(1 → 3), and α (1 → 4)-linkage.

•	 Class 2 dextrans (alternans) contain a backbone structure of alternating α (1 → 3) 
and α (1 → 6)-linked d-glucopyranosyl units with α (1 → 3)-linked branches.

•	 Class 3 dextrans (mutans) have a backbone structure of consecutive α 
(1 → 3)-linked d-glucopyranosyl units with α (1 → 6)-linked branches.
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The property of dextran being degraded by colonic dextranases present in 
anaerobic gram-negative intestinal bacteria is being used to design dextran 
based colon specific drug delivery systems.

Dextran is used as an antithrombotic (anti-platelet) to reduce blood viscosity 
and as a volume expander in anemia. The antithrombotic effect of dextran is 
due to its capacity to bind with erythrocytes, platelets, and vascular endothe-
lium, thus reducing aggregation of erythrocytes and adhesiveness of platelets. 
Dextran is used as a blood substitute in case of emergency and as a lubricant in 
eye drops. It is used to treat hypovolemia that can result from severe blood loss 
after surgery, injury, or other causes of bleeding. Other uses include immobi-
lization in biosensors, fluorescent labeled dextran for endosomal identification 
under fluorescent microscope, and anterograde and retrograde tracers in neu-
rons. Dextran also finds application in the design of colloidal drug delivery sys-
tems. Nanoparticles prepared from dextran sulfate and quaternized chitosan are 
being investigated for the delivery of protein drugs to protect the protein mol-
ecule from the harsh environment of the stomach [127]. On the other hand, dex-
tran is being explored as an excellent material for colon-specific drug delivery. 
Glutaraldehydes cross linked dextran and colon degradable dextran fatty acid 
esters have been employed for this purpose. In another approach, this is utilized 
to develop prodrugs which release drugs after degradation by colonic bacteria. 
Examples are Naproxen-dextran, Ketoprofen-dextran, and Ibuprofen-dextran. 
Biodegradable dextran hydrogels have also been developed using diisocyanate 
as a crosslinking agent [125, 128–130].

Others

Other bacterial polysaccharides like xanthan, gellan and curdlan are worth 
mentioning. These are used mainly as food additives, i.e., thickeners and gel-
ling agents. Xanthan obtained from Xanthomonas species is comprised of 
β-(1, 4)-linked heteropolymer with pentasaccharide units. Curdlan obtained 
from Agrobacterium, Rhizobium and Cellulomonas species is a β-(1, 3)-linked 
homopolymer. Gellan obtained from Sphingomonas species is a β-(1, 3)-linked 
heteropolymer containing tetrasaccharide units [131].

Polyesters

Polyhydroxyalkanoates

These belong to a class of intracellular biopolymers synthesized by many bacteria 
and act as carbon and energy storage granules. They are composed of β-hydroxy 
fatty acids, where the R group changes from methyl to tridecyl. The main biopoly-
mer of the PHA family is the poly hydroxybutyrate (PHB), but many copolymers 
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have been synthesized based on PHB [poly (hydroxybutyrate-co-hydroxyvalerate) 
(PHBV), poly (hydroxybutyrate-co-hydroxyhexanoate) (PHBH), poly (hydroxy-
butyrate-co-hydroxyoctanoate) (PHBO) [132]. PHB is a highly crystalline poly-
ester (above 50 %) with a high melting point, Tm = 173–180 °C, compared with 
other biodegradable polyesters and with Tg around 5 °C. PHAs are generally 
classified into short-chain-length (4 or 5 carbons)-PHA (sCL-PHA) and medium-
chain-length (6 or more carbons)-PHA (mCL-PHA). Biocompatibility and bio-
degradability by simple hydrolysis of ester bonds in aerobic conditions as well as 
piezoelectric properties make them suitable for drug delivery, tissue engineering, 
and orthopaedic applications [133, 134].

Polyamides

Poly-γ-Glutamate

This is a water-soluble, anionic, biodegradable homo-polyamide produced by 
microbial fermentation. This is actually a copolymer composed of d- and l-glu-
tamic acid in various proportions. Apart from α-amide linkages between α-amino 
and γ-carboxylic acid groups, they exhibit other types of amide linkages that 
involve β- and γ-carboxylic groups as well as ε-amino groups. It has been inves-
tigated so far as a drug delivery vehicle (delivery of taxol using covalent immo-
bilization technique), scaffolds for tissue engineering application, and as a 
thermosensitive polymer. A surgical adhesive and haemostatic agent based on gel-
atin and poly (glutamic acid) has been developed [133, 135, 136].

Others

Other important polyamides include Cyanophycin from Cyanobacteria and 
ε-poly-l-lysine from Streptomyces albulus. The former is a repeating heteropoly-
mer comprised of dipeptide units of aspartate and arginine, whereas the latter is a 
homopolymer with lysine as the main component. Cyanophycin is used as a water 
softener and dispersant, whereas ε-poly-l-lysine is used as a food [133] preserva-
tive as well as an adsorbent [131].

Polyanhydrides

Polyphosphate

This is a linear, unbranched polymer of orthophosphate residues linked by phos-
phoanhydride bonds. Polyphosphate can be isolated from many species of bac-
teria, yeast, and plant and animal cells. This polymer accumulates in cells in 
response to environmental stress and nutritional status. It acts as a substitute for 



60 S. Doppalapudi et al.

ATP in many kinase reactions, plays a role in cellular regulation, and also partici-
pates in heavy metal detoxification based on metal chelating property [131].

Conclusions

Natural Polymers prove their immense potential in multifaceted applications. Also, 
they open up many interesting avenues for further development of new strategies 
and improvement of existing applications. Some drawbacks associated with stabil-
ity and immunogenicity aspects need to be overcome to make them prime materi-
als of investigation in various biomedical applications. Blends of natural polymers 
with other synthetic polymers to achieve suitable characteristics are also practised, 
which is another wide area of research with these attractive materials.
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Abstract Polymers have been widely used to develop innovative and high-through-
put solutions for biomedical applications. As a function of specific bio-functionali-
ties, they have been successfully employed to fabricate biocompatible devices (i.e., 
prostheses components, porous/nonporous scaffolds) with structural properties able 
to resist to external stimuli under physiological conditions (i.e., degradation from 
body fluids). This wide application field depends upon the peculiar polymer chemis-
try and physical properties (i.e., thermal, mechanical, etc.), which significantly con-
cur to define the ultimate properties of the polymer for a specific biomedical use. 
In this chapter, we aim at introducing the fundamental concepts regarding chemical 
and physical properties of polymers to provide the basic knowledge and better pre-
dict the structure occurring in manufacturing processes involving biomaterials. For 
this reason, we discuss the main correlations occurring between physical and chem-
ical structure to establish structure-property-function relationships. Meanwhile, we 
describe the methods for the estimation and prediction of properties of polymers 
(i.e., thermal, mechanical) at different physical state, which are essential to set pro-
cess conditions to properly design polymers in biomedical applications.
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E  Elastic modulus
E  Energy
Eo  Minimum energy
F  Force
Fa  Attractive force
Fr  Repulsive force
HA  Hyaluronic acid
IPN  Interpenetrating networks
Me  Average molecular weight of the polymer segments between two entan-

glements in solution
Mi  Molecular weight of speciesi

MK  A series of average molecular weights
MN  Average molecular weight
Mn  Polymer number average molecular weight
Mv  Viscosity average molecular weight
MW  Weight average molecular weight
ne,sol  Mn/Me ratio
Ni  Number of moles of speciesi

PAA  Polyacrylic acid
PAAm  Polyacrylamide
PCL  Polycaprolactone
PEG  Polyetheleneglycol
PEO  Poly(ethylene) oxide
PHA  Polyhydroxy acid
PLA  Polylactic acid
PMMA  Polymethylmetacrilate
PTFE  Polytetrafluoroethylene
PVA  Polyvinyl alcohol
PVP  Polyvinylpyrrolidone
ro  Equilibrium spacing
Tg  Glass transition temperature
TIPS  Thermally induced phase separation
Tm  Melting temperature
ε  Strain
η  Viscosity
σ  Standard deviation
σ  Stress
φ  Volume fraction

Introduction

Polymers are one of the major functional components in a number of biomedical 
devices for applications ranging from clinical diagnosis, extracorporeal procedures 
up to in vivo applications such as tissue engineering, biosensors and drug delivery. 
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Their application in medical surgery fall into three broad categories: (a) extracorpor-
eal uses (catheters, tubing, and fluid lines; dialysis membranes/artificial kidney; ocular 
devices; wound dressings and artificial skin) [1, 2], (b) permanently implanted devices 
(sensory devices; cardiovascular devices; orthopedic and dental devices) [3, 4], and 
(c) temporary implants (degradable sutures; implantable drug delivery systems; pol-
ymeric scaffolds for cell or tissue transplants; temporary vascular grafts and arterial 
stents; temporary small bone fixation devices, transdermal drug delivery) [5–7]. This 
incites chemists and materials scientists to increasingly investigate biopolymers with 
new functionalities to explore their properties under different biological conditions 
in order to satisfy the enormous demand in the area of medical science. Recently, a 
large number of biopolymers have been variously used in biomedical field, includ-
ing natural polymers such as polysaccharides (starch, cellulose, chitin, alginate, hya-
luronate, etc.) or proteins (collagens, gelatins, caseins, albumins) and/or synthetic 
and biodegradable polymers (Polyvinyl alcohol (PVA), Polyvinylpyrrolidone (PVP), 
Polyetheleneglycol (PEG), Polylactic acid (PLA), Polyhydroxy acid (PHA) etc.). 
However, despite the apparent proliferation of biopolymers in clinical surgery, the 
modern science and technology of biopolymers is still in its early stages of develop-
ment due to the large heterogeneity of chemical properties of polymers which makes 
difficult to completely understand dynamic structure-processing condition-property 
relationship required for the design of medical devices.

For instance, different approaches have been investigated to design novel 
devices which may be in turn able to directly or indirectly interact with the host 
tissues and to replace the functional tissue through the mimicry of morphological 
characteristics of natural systems [8]. Starting from the basic principle of “learn-
ing from nature”, polymers have been chemically designed to reproduce the native 
chemical/physical behavior of soft/hard tissues under the specific biomechanical 
and physiological conditions at the interface with the surrounding tissues. In par-
ticular, tailor-made polymers with different fluid transport and degradation proper-
ties have been synthesized to bio-molecularly interact with cells: they may finely 
control basic cell functions, guiding the spatially and temporally complex multi-
cellular processes of tissue formation and regeneration or facilitating the restora-
tion of structure and function of damaged or dysfunctional tissues [9, 10].

Still, several drawbacks of current synthesized polymers have been recog-
nized in terms of durability of mechanical response over time [11] so making 
their use in load bearing applications often unsatisfactory. This may be referred 
to a not efficient control of the material properties mediated by specific molecular 
interactions, i.e., side reactions coupled with the presence of un-reacted pendant 
groups and physical bonds—which unclearly affect degradation mechanisms thus 
compromising the biomechanical performance after implantation, with potential 
effects on the required response of materials to the external stimuli [12]. In this 
context, it is mandatory to identify and adequately investigate all the interactions 
which occur between macromolecules and macromolecular assemblies in order to 
properly address the properties to the specific application need.

As a general rule, it is possible to recognize two types of molecular inter-
actions generated by intramolecular and intermolecular forces respectively. 
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In detail, the macroscopic properties of polymer for biomedical use, are determined 
to a great extent by the physical/chemical characteristics of individual polymer 
chains, related to the presence of specific chemical moieties able to influence the 
elasticity or the mechanical stability of covalent bonds as well as of molecular 
conformations [13]. Meanwhile, intermolecular forces between adjacent poly-
mer chains in the bulk also contribute to the properties of the chains assembly, 
and influence the local interactions between specific groups along the backbone, 
thus negatively influencing and sometimes compromise the materials biocompat-
ibility for specific use. The intramolecular forces influence the properties of sin-
gle polymer molecules, which result from the entropic and enthalpic elasticity of 
the polymers, as well as from specific structural changes along the stretched poly-
mer chain, so, governing the elastic response of single polymer chains. Otherwise, 
intermolecular forces involve all processes in which the interaction is transmitted 
through the surrounding medium such as unbinding mechanisms of intermolecu-
lar aggregates based on non-covalent interactions (i.e., in ligand-receptor pairs, 
coordination complexes, hydrogen bonded systems, ion pairs or hydrophobically 
assembled structures). So, they govern the stability of intermolecular aggregates 
such as polymeric micelles or hydrophobic domains, folding of proteins or pol-
ymer crystals packing. In order to better understand the macroscopic properties 
of polymeric biomaterials and their potential use in biomedical applications, it is 
therefore necessary to properly frame the microscopic interactions occurring inter 
and intra molecular chains, so identifying the peculiar contribution of intramolecu-
lar and intermolecular forces which may optimize the ultimate properties of the 
biomedical device. In this chapter, it is proposed an accurate description of chemi-
cal and physical properties of biopolymers elucidating their origin from inter- or 
intra-molecular interactions (Fig. 3.1).

Fig. 3.1  Intramolecular and Intermolecular forces in polymers for biomedical use
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Intra and Inter Polymer Molecular Interactions

A correct understanding of many physical and chemical properties of polymeric 
materials is linked to the knowledge of the intra and inter molecular interactions. 
All matter is held together by force and its property results from the properties 
of individual molecules and from how they act collectively. Preeminently, it is 
necessary to distinguish the types of forces acting within and between molecules: 
including intramolecular interactions that occur between macromolecular groups 
itself that are responsible for the complex chemical properties and the intermo-
lecular interactions, responsible for the physical properties. At atomic level, con-
sidering the interaction between two isolated atoms as they are brought into close 
proximity from an infinite separation. At large distances interactions are negligi-
ble but as the atoms approach, each exerts forces on the other. These forces are 
of two types attractive force (Fa) and repulsive force (Fr) and the magnitude of 
each is a function of interatomic distance. The origin of attractive part depends on 
the particular type of bonding. The repulsion between atoms is related to the Pauli 
principle: when the electronic clouds surrounding the atoms, they start to overlap 
and the energy of the system increases suddenly. The sum of attractive and repul-
sive components is the net force F, and then when Fa and Fr become equal there is 
no net force and a state of equilibrium exists. Sometimes it is more convenient to 
work with potential energies between two atoms instead of forces considering that 
energy and force for atomic systems are mathematically related:

At equilibrium spacing ro, the force F is zero and net energy corresponds to mini-
mum energy E0 [14]. The binding energy require to separate two atoms from their 
equilibrium spacing to an infinite distance apart is the minimum energy E0. A 
large of material properties depend on E0, curve shape and bonding type [15].

As already said, the potential curve is the result of two terms: the contribution 
of attractive force at long ranges (Van der Waals force) and the repulsive term at 
short ranges. The curves indicate the strength of the bond based on the depth of 
the potential well: more deep is the well more stable is the molecule [15].

By chemical bonding is meant the effect that causes the energy of two atoms 
close to each other to be significantly lower than when they are apart. The effect 
arises from the sharing of the outer (valence) electrons of these atoms which, 
in the presence of two or more positively charged nuclei, rearrange themselves 
into spatial distributions (orbitals) where the electrons are, on the average, closer 
to the nuclei. The strength and length of a chemical bond are related to poten-
tial distance curve in which the minimum value of energy, the bond energy, is 
defined as the amount of energy required to increase the separation of the atoms 
forming the bond to infinity. However, what is lacking from the curves is the fact 
that chemical bonds, due to the redistributed electron clouds, have distinct direc-
tionality. The most widely used model for chemical bonding is the covalent bond 

(3.1)E =

∫

Fdr
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or shared electron model. Different elements have different tendencies to draw 
electrons toward their nuclei. This ability is called electronegativity. Thus, in 
general the shared electron cloud is not evenly distributed in the space between 
the bonding nuclei. The difference in the electronegativities of the bonding atoms 
quantifies the extent how evenly or unevenly the bond electrons are shared. 
A purely covalent bond (i.e., completely evenly shared electrons) can only be 
obtained when the bonding atoms are of the same element. The atom with a 
smaller electronegativity, can be viewed as having a partial positive charge +δ, 
as the positive charge of its nuclei is not fully screened anymore by the valence 
electrons. The formation of one or more chemical bonds allows atoms to form 
energetically stable molecules which are characterized by their structure and 
composition. Since chemical bonds result in increased localized electron densi-
ties, it can be assumed that the spatial regions associated with different chemical 
bonds repel each other electrostatically. As became apparent from the discussion 
on chemical bonds above, many molecules contain polar chemical bonds that 
can be associated with electric dipoles, comprising of atomic partial charges. 
The molecules, in turn, as collections of these partial charges, can be associated 
with electric dipoles, quadrupoles, and higher multipoles. Many chemical groups 
in molecules may also be charged, and then the electrostatic effects are impor-
tant in a wide range of molecular systems. It turns out that relating the intri-
cate intermolecular forces to simple electrostatic interactions between charges, 
dipoles, and higher multipoles works surprisingly well in understanding the 
structure and dynamics of condensed matter systems. The long chains are held 
together either by secondary bonding forces such as van der Waals and hydrogen 
bonds or primary covalent bonding forces through cross links between chains. 
In general, the intermolecular interactions could be or a dipole-dipole interac-
tion or dispersion (London) interaction. Dipole-dipole forces are referred to an 
electrostatic interaction acting between two permanent dipoles, averaged over 
different orientations due to the thermal motion of the molecules. These inter-
actions tend to align the molecules in order to increase the attraction reducing 
potential energy. London dispersion interactions, instead, are of purely quantum-
mechanical origin. They are caused by correlated movements of the electrons in 
interacting molecules. Finally, hydrogen bond occurs between molecules that 
have a permanent net dipole resulting from hydrogen being covalently bonded to 
relatively electronegative atoms (fluorine, oxygen or nitrogen). Hydrogen bonds 
are a stronger intermolecular force than either dispersion forces or dipole-dipole 
interactions. Inter and intramolecular interactions are generally present in several 
polymers largely used for biomedical applications, which have very long chain 
molecules, formed by covalent bonding along the backbone chain. In addition, 
each chain can have side groups, branches, and copolymeric chains or blocks 
which can also interfere with the long-range ordering of chains. In the case 
of branched polymers in which side chains are attached to the main backbone 
chain, chain packing is limited by the steric hindrance of side chains resulting in 
a not ordered structure.
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Molecular Weight Polidispersivity and Effects  
on Polymer Viscosity

Because polymers are long-chain molecules, their properties tend to be more 
complex than their short-chain counterparts. Thus, in order to choose a polymer 
type for a particular application, microscopic properties of polymers must be 
understood [16]. Among them, polymer molecular weight is important because it 
determines many physical properties. Some examples include the transitions tem-
peratures from liquids to rubbers, solids and mechanical properties such as stiff-
ness, strength, viscoelasticity, toughness, and viscosity. If molecular weight is too 
low, the transition temperatures and the mechanical properties will generally not 
be adequate for the use in commercial applications in terms of transition temper-
atures or mechanical properties for load bearing application. Unlike small mole-
cules, however, the molecular weight of a polymer is not one unique value. Rather, 
a given polymer will have a distribution of molecular weights that will depend on 
the way the polymer is produced. For polymers we should not speak of a molec-
ular weight, but rather of the distribution of molecular weight or of the average 
molecular weight. There are many ways, however, to calculate an average molecu-
lar weight. The question therefore is how ones can define the average molecular 
weight for a given distribution of molecular weights.

The answer is that the type of property being studied will determine the desired 
type of average molecular weight. For example, strength properties may be influ-
enced more by high molecular weight molecules than by low molecular weight 
molecules and thus the average molecular weight for strength properties should 
be weighted to emphasize the presence of high molecular weight polymer. The 
molecular weight of polymer is described by two statistically useful definitions: 
the number average and weight average molecular weights. The number average 
molecular weight is correlated to the number of molecules present in the mixture. 
This average molecular weight follows the conventional definition for the mean 
value of any statistical quantity. In polymer science is called the number average 
molecular weight (MN) that therefore is an average over the number of molecules.

where Ni is the number of moles of species, and Mi is the molecular weight of spe-
ciesi. By considering the polymer property which depends on the size or weight 
of each polymer molecule, it is possible to define the weight average molecular 
weight (MW). It represents an average over the weight of each polymer chain.

(3.2)MN =

∑

NiMi
∑

Ni

(3.3)Mw =

∑

NiM
2
i

∑

NiMi
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where Ni is the number of moles of speciesi, and Mi, is the molecular weight of 
speciesi [17]. In general, a series of average molecular weights can be defined by 
the equation:

where 

k = 0  gives MN

k = 1 gives MW

k = 2  gives Mz

k = 3 gives Mz+1

One average molecular weight which does not fit into the general expression 
of Mk is the viscosity average molecular weight, Mv that is given by the Mark-
Houwink and defined as:

Here a represents a constant that depends on the polymer/solvent pair used in the 
viscosity experiments.

For all synthetic polydisperse polymers, the various average molecular weights 
always rank in the follow order:

For monodisperse polymers all molecules have the same molecular weight, then 
all molecular weight averages are equal [18]. To measure an average molecular 
weight, it is possible to use a colligative property which yields MN or light scat-
tering which yields MW. A molecular weight distribution for a typical polymer is 
shown in Fig. 3.2; it seems like a probability distribution curve.

Standard deviation of molecular weight is used in order to characterize the 
spread of the distribution function.

A key term in the standard deviation is the ratio of MW to MN. This term is known 
as the polydispersivity index and it is used as a measure of the breadness of the 
molecular weight distribution. The polydispersity index or dispersity D is com-
monly used to measure the distribution of molecular mass in a given polymer 
sample:

(3.4)Mk =

∑

NiM
k+1
i

∑

NiM
k

i

(3.5)Mv =

(

∑

NiM
a+1
i

∑

NiM
a

i

)
1
a

(3.6)MN < Mv < MW < Mk < Mk+1

(3.7)σ = MN

√

MW

MN

− 1

(3.8)D =
MW

MN
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So, the dispersity calculated is the weight average molecular weight (MW) divided 
by the number average molecular weight (MN) indicating in this way the distribu-
tion of individual molecular masses in a batch of polymers [19].

Linear polymers used for biomedical applications generally have MN in the 
range of 25,000–100,000 and MN from 50,000 to 30,000. Higher or lower molec-
ular weights may be necessary, depending on the ability of the polymer chains 
to exhibit secondary interactions such as hydrogen bonding which may concur 
to additional strength. In general, increase molecular weight corresponds to an 
increase of physical properties [16] such as viscosity. Equally the intrinsic viscos-
ity can be related to the molecular weight of the solute and gives an idea of molec-
ular weight. For solutions of polymers with MN > 10,000 Dalton, it is possible to 
consider the Mark-Houwink relation:

where K and a are constants characteristic of the particular system investigated. K 
is referred to the particular solvent-solute pair and “a” is particularly related to the 
shape of the solute molecule.

Values of these parameters have been determined for a large number of 
 polymer-solvent pairs in the range of molecular weights normally of interest for 
characterization purposes [20]. For instance molecular weight of the polymer also 
has an important effect on morphologies of electrospun scaffold. Here, the electric 
field forces permit to modify the size scale of fibres from micro to nano-meter in 
order to obtain micro or nanostructured scaffolds. In these applications, molecular 
weight is correlated with the solution viscosity, then considering the same con-
centration of the same polymer increasing molecular weight is possible to switch 
from microspheres to fibres. Interestingly, during the electrospinning and elec-
trospraying process, the morphology from beads to fibres changes as the solution 
viscosity: droplet shape in the case of lower viscosity until smooth fibres when 
the sufficient viscosity is achieved [21], as shown in Fig. 3.2. In the case of inter-
mediate values of viscosities, Zong et al. [22] have demonstrated the formation 
of droplets (i.e., beads) along the fibres, also underlining the possibility to con-
trol the spacing between the beads as the viscosity changes. In particular, it has 
been observed that by properly choosing polymer molecular weight and concen-
tration, it is possible to discriminate between the formation of fibres or particles. 
In addition, chain entanglements may strongly affect size and morphology of the 
obtained particles, thus offering tunable release kinetics suitable for different drug 
delivery systems [23, 24]. It is well-known that particle morphology obtained by 
electrospraying is mainly determined by the competition between chain entangle-
ment and Coulomb fission within a single droplet. More in detail, as the solvent 
evaporates from the droplet, two competing factors occur: the increase of  polymer 
concentration and, consequently, of entanglements which stabilize the droplet 
from further subdivision thus preserving its spherical shape—and, secondly the 
increase of surface charge which can overcome the surface tension thus leading to 
droplet fission and the formation of ‘‘offspring droplets’’. Considering that poly-
mer chain entanglements oppose the Coulomb fission during the electrospraying 

(3.9)[η] = KM
a
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process, some researchers [25] have identified a not dimensional parameter to 
describe the transition between fibre and bead formation and, consequently, 
between electrospraying and electrospinning process—as a function of the entan-
glements forming among chains in solution. This parameter ne,sol is defined as the 
ratio between polymer number average molecular weight (Mn) and Me, which is 
the average molecular weight of the polymer segments between two entangle-
ments in solution. So, it is possible to distinguish three different regimes in the 

Fig. 3.2  Typical molecular weight distribution and viscosity dependence for biomedical poly-
mers. Effect of entanglement molecular weight and viscosity on the morphology of electrospin-
ning/spraying products
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electrospinning/spraying process of polymer solutions: ne,sol < 2, in this case, 
 particle formation occurs; ne,sol > 3.5, regular electrospinning with fibre formation 
appears. In the intermediate case, 2 < ne,sol < 3.5, a mixed regime yielding beads 
and fibres takes place [26] (Fig. 3.2).

Furthermore, molecular weight and viscosity are extremely important param-
eters for the processing of melt polymers at different temperatures. In scaffold 
design for tissue engineering, polymer blends have been largely investigated to 
obtain porous substrates with high control of pores interconnections and anisot-
ropy. The mixing and extrusion of immiscible blends composed of polymers with 
different molecular weight, i.e., polycaprolactone (PCL) and poly (ethylene oxide) 
(PEO) is an interesting example where the sage balance of viscosity and relative 
composition play a crucial role on the final morphology of the scaffold. In this 
case, to reach a co-continuous phase organization—i.e., fully percolation of poly-
mer phases,—it is possible to study ab initio the viscosity ratio, depending upon 
the relative volume fraction of components in the binary polymer blend as follows.

In agreement with basic rules of co-continuous blends, a viscosity ratio equal to 
1 should lead to a phase inversion at a 50:50 composition. However, when two 
components have different viscosities, the less viscous component (i.e., lower 
molecular weight) usually tends to encapsulate the more viscous one (i.e., higher 
molecular weight), thus pushing the phase inversion point toward a blend that is 
richer in the most viscous component [27]. In the case the viscosity gap between 
the blend components is relatively modest, a phase inversion point close to 50/50 
(% vol) may be expected. According to this idea [28], through the complex vis-
cosity curve, it is possible to reach the isoviscosity condition that represents the 
essential requirement to obtain an optimal mixing of the polymer blend.

Thermal Properties: Effect of Crystalline and Amorphous 
Phases

Molecular shape arrangements are important factors in determining the physical 
properties of polymers. The molecular structure, conformation and orientation of 
the polymers have a relevant effect on the organization of molecules on the micro 
and macroscopic scale as they aggregate into more ordered structures. In order to 
explain this phenomena, crystalline and amorphous phase are generally recognized. 
In particular, polymer whose molecular structure lacks a definite repeating form, 
shape or structure is called amorphous polymer and has no definite shape while 
the polymer in which a unit structure repeats itself is called crystalline and has a 
definite shape, form and structure. There are some polymers that are completely 
amorphous, but most are a combination with the tangled and disordered regions 
surrounding the crystalline areas, called semicrystalline polymers. The presence of 

(3.10)
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crystallites in the polymer usually leads to enhanced mechanical properties, unique 
thermal behavior, and increased fatigue strength. These properties make semicrys-
talline polymers desirable materials for biomedical applications.

As a function of the peculiar chain organization is possible to identify three 
important physical transitions: glass transition, melting point and crystallization. 
These phenomena are important with respect to the design and processing of 
polymeric materials and maybe controlled by thermal conditions. Crystallization 
is the process by which, upon cooling, an ordered solid phase is produced from 
liquid melt having a highly random molecular structure. The melting transforma-
tion is the reverse process that occurs when a polymer is heated and the glass 
transition occurs with amorphous or non crystallizable polymers. Of course, dur-
ing the physical steps of crystallization, melting and glass transition it is possi-
ble to observe changes in physical and mechanical properties of polymers. In the 
case of semi-crystalline polymers, the non-crystalline regions undergo the phe-
nomenon of the glass transition, while the crystalline regions are affected by the 
melt phenomenon. The understanding of the mechanism and dynamics of crys-
tallization in polymers is important since the degree of crystallinity affects the 
thermal and mechanical properties of these materials. Crystallization from a melt 
is the most fundamental of all phase transformations in materials that occurs 
through the nucleation and growth processes. Furthermore, the crystallization is 
a process associated with partial alignment of polymer molecular chains. These 
chains fold together and form ordered regions called lamellae, which compose 
larger spheroidal structures named spherulites. The crystallization proceeds with 
the formation of isolated spherulites, which then grow until their mutual impinge-
ment with further slow crystallization. In a sample of crystalline polymer there 
are billions of spherulities. There is an initial induction time required for the for-
mation of spherulitic nuclei, followed by a period of accelerated crystallization 
in which spherulites grow in radius. When the spherulites begin to touch each 
other, crystallization rates slow down again. Complete crystallinity is almost 
never achieved, and the final degree of crystallinity is molecular-weight-depend-
ent. Crystallization at low temperature nucleates a great number of spherulites 
which grow slowly while at high temperature crystallization results in rapid 
growth of relatively few spherulites, influencing in this manner the morphology 
of polymers.

Other two important parameters for polymers characterization are the glass 
transition temperature Tg and the melting point Tm. The term melting point, when 
applied to polymers suggests the transition from a crystalline phase or semi crys-
talline phase to a solid amorphous phase. The process of melting occurs in a spe-
cific range of temperature and not at a fixed temperature. Furthermore the melting 
behavior depends on the previous history of the polymers and, in particular, on 
the temperature at which crystallization occurs. Moreover, since the thickness 
of chain-folded lamellae depends on crystallization temperature; greater is the 
thickness of the lamellar structure much greater is also the melting temperature. 
Then, the polymeric materials react to thermal treatments with modifications of 
their structure and their properties. In addition, it is possible to get an increase 
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in the lamellae thickness annealing the piece just below the melting temperature. 
The process of annealing, consecutively, increases the melting temperature of the 
polymer.

The phenomenon of the glass transition, instead, occurs in amorphous and 
semicrystalline polymers. It is due to a reduction in motion of large segments of 
molecular chains as the temperature decreases. Upon cooling, the glass transi-
tion corresponds to the gradual transformation from a liquid into a rubbery mate-
rial, and then into a rigid solid; the last step corresponds to the glass transition. 
In particular, the temperature at which the polymer undergoes the transformation 
from a rubbery into a rigid state is called the glass transition temperature Tg. It 
is important to note that the glass transition does not occur suddenly, but usually 
takes place over a temperature range. The value of Tg depends on the mobility of 
the polymer chain, the more immobile the chain, the higher the value of Tg. Both 
melting temperature and glass transition temperature are very important param-
eters for the industrial applications of polymeric materials. They define, respec-
tively, the upper and lower temperature limits for many applications, especially 
for semicrystalline polymers. The glass transition temperature, moreover, defines 
the upper limit temperature for glassy amorphous materials. In addition, Tm and 
Tg also influence the fabrication and processing of polymers and polymer matrix 
composites. The temperatures at which the phenomena occur for polymer are 
determined by a plot where the specific volume (the reciprocal of the density) is a 
function of temperature (Fig. 3.3).

Fig. 3.3  Specific volume of polymers as a function of temperature for totally amorphous (a), 
semicrystalline (b), and crystalline (c) polymers and schematic representation of diffusion mech-
anisms of small molecules amorphous and crystalline domains
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For crystalline polymers, there is a discontinuous change in specific volume at 
the melting temperature. The curve for the totally amorphous material is continu-
ous but with a slight decrease in slope at the glass transition temperature. In the 
case of a semicrystalline polymer, there is the coexistence of crystalline and amor-
phous phases. The exact temperatures at which the polymer chains undergo these 
transitions depend on the structure of the polymer, which means that molecular 
chemistry and structure are factors able to influence melting and glass transition 
temperatures.

Both the melting and the glass transition temperatures are influenced from the 
molecular structure and the inter chain bonds of polymers. During the melting 
process, in fact, there is a rearrangement of the molecules in the transformation 
from ordered to disordered molecular states. Molecular chemistry and structure 
influence the ability of polymer chain molecules to make these rearrangements 
affecting the melting temperature. Chain stiffness also has a pronounced effect on 
melting temperature because of double bonds in the polymer backbone, in fact, 
rigid chains have higher Tm. Moreover, the melting temperature and glass transi-
tion temperature also depend on molecular weight. At low molecular weights Tm 
decrease, since low polymer molecular weight have shorter chain length compar-
ing to higher polymer molecular weight. Less significantly, even an increase of 
molecular weight generally is coupled to the increase of Tg.

The control of amorphous and crystalline domains by thermal process condi-
tions into a polymer system is extremely important to properly design the final 
properties of devices for biomedical use. For instance, polymer based carriers for 
drug delivery applications are generally designed by using different polymers in 
terms of degradability and crystallinity, which allows different drug and growth 
loading as a function of the relative crystalline/amorphous phase ratio. This is 
due to the ability of a crystalline polymer to degrade slowly than an amorphous 
one because of the uniform arrangement of its chains within the lattice struc-
ture. Therefore, polymers commonly used in drug delivery are usually a mixture 
of crystalline and amorphous forms [29]. Indeed, into a semi-crystalline polymer 
such as PCL, the water tends to easily penetrate only into the amorphous domains 
of the polymer matrix, thus facilitating the release of the water soluble drug by dif-
fusion, so promoting a more efficient encapsulation of drug as well as a controlled 
release through polymer amorphous regions.

The peculiar arrangement of polymer chains in crystalline and amorphous 
regions is also relevant on influencing mechanisms of phase separation induced 
by thermal cooling of polymer solutions to design scaffolds with multiscale pore 
network. In this case, the mechanism of phase separation is induced by lowering 
the solution temperature by a controlled thermal history or adding a non-solvent 
to extract the solvent by different thermodynamic affinity of components. Indeed, 
thermally induced phase separation (TIPS) of polymer solution is a complex pro-
cess, depending on the interplay between thermodynamic and kinetic evolution 
of the polymer solution cooling process. In particular, a liquid–liquid phase sepa-
ration occurs when the applied temperature is higher than the solvent crystalli-
zation temperature or higher than the freezing point, while a solid–liquid phase 
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separation takes place when the solvent crystallization temperature exceeds the 
coolant temperature. The strict control of physical transition of polymer compo-
nent by applying appropriate thermal histories can significantly influence the final 
aspect of the scaffold in terms of morphological and mechanical properties. For 
example, the cooling kinetics can affect the degree of crystallinity of the poly-
mer matrix, promoting the formation of scaffolds with high mechanical properties 
in comparison with products obtained by conventional techniques. During liq-
uid–liquid phase separation, the presence of semi-crystalline polymers in solution 
(e.g., polylactide and polycaprolactone) may frequently initiate a gelation process. 
This leads to the formation of small crystallites, which act as physical crosslinks; 
these can stabilize the 3D polymer network and may also enhance the mechani-
cal properties. The study of the behavior of binary systems becomes more com-
plex in the presence of a solid–liquid separation mechanism. This is because of 
the formation of microcellular domains, which grow preferentially during cooling 
of the polymer solution until the solvent crystallization temperature is reached. 
Moreover, solvent removal by freeze drying promotes the formation of macropo-
res as consequence of the solvent sublimation, preserving the crystal shape previ-
ously formed.

Mechanical Properties of Polymers

Basic Aspects: Toughness and Viscoelasticity

The mechanical response of polymers is the result of several force contributions: 
the properties of single polymer chains mediated by intramolecular forces and the 
properties of polymer chains assembly in the bulk system governed by intermo-
lecular forces. However, it is really complex to identify separately the contribution 
of different forces which often mutually concur to the final mechanical response 
offering a multiplicity of different behavior as a function to the specific force 
activity. From macroscopic point of view, the mechanical behavior of polymers 
is generally classified into three categories: brittle, ductile, and rubbery (Fig. 3.4). 
Brittle polymers show a high modulus and high ultimate tensile strength but low 
ductility and toughness and are generally characterized by a glass transition Tg 
that is much higher than room temperature, (i.e., Polymethylmetacrilate, PMMA). 
Ductile polymers are semicrystalline polymers such as polyethylene or polytetra-
fluoroethylene (PTFE) that have a Tg below room temperature for the amorphous 
polymer content. The intrinsic crystalline regions confer the strength to the poly-
mer while the amorphous regions determine the capability of energy adsorption 
before failure (toughness). These polymers have generally lower strength and 
modulus but greater toughness than brittle polymers. Finally, rubbery polymers 
show low moduli since they have a Tg well below room temperature, but they can 
return to their original shape following high extensions since cross-links prevent 
significant polymer chain translations.



82 V. Guarino et al.

According to this classification, it is possible to recognize three different 
groups of polymers namely thermoplastic, thermoset and elastomers, respectively 
(Fig. 3.4) which may be classified as a function of peculiar intra and inter molec-
ular interactions. Thermoplastic polymers are made of individual polymer chains 
that are held together by relatively weak van der Waals and dipole-dipole forces. 
They are generally processed into products by melt processing such as injection 
molding and extrusion, but may be also dissolved in solvents to form films and 
other devices by casting technique. Thermosetting polymers contain cross-links 
between polymer chains. Cross-links are covalent bonds between chains and can 
be formed using monomers with at least two free-functionalities during synthesis 
(i.e., polyurethanes, silicones). Depending on the cross-link density, thermosets 
can swell in certain solvents, whereas may degrade prior to reach the theoretical 
melting point. Sometimes, cross-links may be created after the polymer is formed 
(i.e., Vulcanization) with the support of cross-linking agent (i.e., sulfurs) but in 
this case they are named rubbers or elastomers. Their mechanical properties are 
strongly influenced by the peculiar organization/conformation of chains and their 
interactions at atomic, microscopic, and macroscopic scales, thus allowing to vari-
ously resist against stretching (i.e., tensile strength), compression (i.e., compressive 
strength), bending (i.e., flexural strength), sudden stress (i.e., impact strength), and 
dynamic loading (fatigue). As function of molecular weight and the level of intra-
molecular forces, polymers may display different mechanical properties under an 
applied stress. For instance, flexible polymers work better under stretching rather 
than a rigid polymer working better under compression. In the case of thermoset 
polymers, as cross-link density increases, the slope of the stress/strain line become 

Fig. 3.4  Stress versus strain curves of three different polymer classes characterized by different 
molecular interactions
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steeper, corresponding to higher elastic moduli, and ultimately, to higher polymer 
strength or stiffness. In the case of thermoplastic polymers as melt or viscous solu-
tions may be handled with more difficulty as their molecular weight increases due 
to the occurrence of topological interactions called entanglement, which limit the 
sliding of adjacent polymer chains.

The most part of polymers shows mechanical properties which are also highly 
strain rate and temperature dependent. In this case, polymers are no purely elas-
tic but are viscoelastic materials and stiffness increases with increasing strain rate 
and decreasing temperature. For an elastic solid, stress σ is a linear function of 
the applied strain, and there is no strain-rate dependence. Elastic modulus E is the 
slope of the stress versus strain curve. For viscous materials, instead, stress is pro-
portional to strain rate and unrelated to strain and viscosity η is the slope of the 
stress versus strain rate curve. Polymers generally exhibit both viscous and solid 
mechanical behavior simultaneously, namely viscoelasticity, and the degree of vis-
cous behavior depends on temperature and strain rate. Below the Tg, polymers will 
behave more or less as elastic solids with very little viscous behavior. Above Tg, 
polymers exhibit viscoelastic behavior until they reach their melting temperature, 
behaving as liquids. This is relevant on the design of polymer gels which are liq-
uid embedded network with liquid appearance but have to transform into relatively 
rigid network structures by a change in temperature or by addition of ionic cross-
linking agents. They are largely used for cell interaction studies due to their excel-
lent biocompatibility but mainly to fabricate injectable systems able to release 
molecular species in vivo.

Moreover, many polymers may deform differently with time when they are 
under a continuous load (creep mechanism). Ideal elastic solids do not show 
any creep since strain is proportional to stress, and there is no time dependence. 
Viscous materials (liquids) deform at a constant rate with a constant applied stress. 
Viscoelastic polymers may show both mechanisms so variously behave in terms 
of modulus, ductility, and strength as a function of the strain rate. This is the basic 
working mechanisms of hydrogels such as hyaluronic acid which are largely used 
as dumping systems in the place of damaged articular cartilage, for nucleus sub-
stitution in spine surgery or ocular therapies. For example, the physical properties 
of hyaluronic acid (HA) and its derivate compounds, including viscosity, elastic-
ity and highly negative charge, make it useful in various therapeutic uses includ-
ing tissue engineering and viscosupplementation for osteoarthritis treatment. HA’s 
structural characteristics hinge on this random coiled structure in solution. At very 
low concentrations, chains entangle each other, leading to a mild viscosity which 
is strictly dependent upon the molecular weight of polymer. On the other hand, 
HA solutions at higher concentrations are very highly viscous due to greater HA 
chain entanglement which confer to the polymer a shear-dependent mechanical 
behavior. Indeed, the most distinctive property of HA is its peculiar viscoelastic-
ity in the hydrated state as a function of shear rate stimulation. For example, the 
viscosity of a 1 % solution of HA, having a molar mass of 3–4 × 106 Da, is about 
500,000 times that of water at low shear rate, but can drop 1,000-fold when forced 
through a fine needle. As a consequence, high shear rates promote a reduction of 
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HA viscosity, which is reflected in the force required to overcome internal fric-
tion. This also increases the elasticity, namely stored energy, thus permitting the 
polymer chain recovery after deformation. In consideration of these peculiar vis-
cosity and elasticity properties, HA have been largely used in various surgical or 
medical preparations to replace the vitreous body after surgery, to manipulate the 
retina in retinal detachment surgery or protect the corneal endothelium in corneal 
transplantation (viscoprotection) [30, 31]. Indeed, HA solutions may be intraocu-
larly implanted by different surgical practices as a function of viscoelastic prop-
erties; high viscosity at low shear rate allows to maintain space and manipulate 
tissues; moderate viscosity at medium shear rates allows easily for the manipu-
lation of surgical instruments and intraocular lenses within the polymer solution. 
Very low viscosity at high shear rates allows to minimize the pressure needed to 
expel the solution through a thin cannula. Meanwhile, high degree of elasticity is 
fundamental to protect adjacent intraocular tissues, especially the endothelial cells 
of the cornea, from contact with surgical instruments. For example, highly visco-
elastic HA solutions (i.e., Healon®) are commercially available for therapeutic use 
in alleviating discomfort in “dry eye syndrome”. Although HA is not present in 
tears, in many aspects sodium hyaluronate is similar to mucin, a major compo-
nent of tears. Mucin with a mean molar mass of about 2 MDa shows, similarly 
to HA, typical visco-elastic and shear-thinning behavior. This glycoprotein plays 
an important role in the lubricating, cleansing, and water-retaining properties of 
tears. In this case, the usefulness of an HA solution as a tear substitute resides in 
its water-entrapment capacity (hydration) and its function as a visco-elastic barrier 
between the corneal and conjunctival epithelia. Indeed, the HA eye drops are elas-
tically deformed during eye blinking, but not removed from the surface of the eye 
with blinking movements.

HAs have been also successfully used to support the normal activity of patho-
logical articular cartilage when the synovial fluid in osteoarthritis joints lacks suf-
ficient shock absorption and lubrication properties mostly due to the not adequate 
viscosity of fluid at the interface (i.e., viscosupplementation) [30]. In particular, 
a large series of HA injectable preparations are commercially available to mod-
ify the local properties of the joint fluid with different viscoelasticity in order to 
stimulate the production of endogenous HA, to inhibit the effects of inflammatory 
mediators, and to decrease cartilage degradation also promoting cartilage matrix 
synthesis.

Referring to structural applications, viscoelastic properties of polymers are 
historically used to reproduce the mechanical properties of natural ligament 
into a synthetic prosthesis which have to develop the knee function after injury. 
Indeed, natural ligaments exhibit significant time and history dependent viscoelas-
tic properties with different strain-rate sensitivity as a function of the proximity 
to the bone tissue joint, which is crucial to preserve it from uncontrolled failure 
under different loading conditions [32]. The composite structure of native tissue 
also contributes to mediate the viscoelastic properties of natural ligaments, which 
regulate important biomechanical functions of the knee during dynamic loading 
[33]. In particular, the viscous dissipation evident at low strain and/or low loading 
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frequency is presumably due to the mechanical interaction (friction) between 
collagen fibres and the hydrated matrix of proteoglycans and glycoproteins [34] 
as suggested by the dependence of the loss modulus upon the static stress [35]. 
Current devices for ligament augmentation characterized by fibrous in woven non 
woven tissues made of monolithic polymers are suitable to replace many of its 
biomechanical functions due to the intrinsic viscoelastic properties of constituent 
materials [36, 37]. However, its simplified architecture does not reproduce com-
pletely the mechanical features of the natural tissue. Hence recently enabled to 
develop soft composite materials fabricated by reinforcing hydrogel-like matrixes 
with rigid polymeric fibres have been proposed alternatively [38]. In this case, 
the mechanical response is strictly controlled by the structural arrangement of 
the reinforcing fibres and by the properties of the components so that the static 
and dynamic mechanical behavior of natural ligaments can be reproduced [39]. 
Noteworthy, the viscoelastic response of device is also affected by intermolecu-
lar forces which concur to the macroscopic mechanical response including fibre 
hydration, fibre–matrix interaction, and fibre–fibre interaction, which influence the 
mechanical parameters (i.e., static, storage, loss moduli) of the composite materi-
als and preserve the same constitutive dependency upon the kinematics variables 
(i.e., strain, frequency) as natural tissues. More recently degradable polymers typi-
cally used for tissue engineering approaches [40] allow to design ligament devices 
where the viscoelastic response progressively changes as the polymer begin to 
degrade in vivo, opening new advantages in terms of biocompatibility for in vivo 
ACL reconstruction.

Mechanical Properties Mediated by Intermolecular Forces

Mechanical properties are among the most fundamental properties of polymeric 
materials [41] in biomedical applications. In traditional applications, polymers 
firstly have to meet the basic mechanical criteria such as strength (modulus), 
energy-dissipating capacity (toughness) and elasticity. With the tremendous 
progress made in polymer science in the last century, a wide range of synthetic 
polymers with excellent mechanical properties have been developed for various 
applications including plastic, fibre, and elastomers [42, 43]. Whereas synthetic 
polymers can be prepared to meet particular mechanical parameter one at a time, 
it is still challenging to design advanced polymeric materials that show peculiar 
mechanical properties as a function of the specific application.

In this context, the approach based on the learning for nature allows to design 
synthetic polymers mimicking the natural biopolymers on natural tissues that com-
bine important mechanical properties including strength, toughness, and elasticity. 
For example, cell adhesion proteins and connective proteins existing in both soft 
and hard tissues such as muscle [44], and bone [45] exhibit a remarkable combina-
tion of high strength, toughness, and sometimes elasticity as well—three proper-
ties that are rarely found in one synthetic polymer. Starting from this approach, 
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recent advanced structural analysis and single-molecule nanomechanical studies 
revealed that the combination of these mechanical properties in natural materi-
als originates from their unique molecular and nanoscopic structures [46]. These 
mechanistic understandings at molecular level provide inspiration to materials 
scientists for designing biomimetic polymers that have a balance of advanced 
mechanical properties.

One important strategy nature adopted to enhance mechanical properties is 
the use of non-covalent weak forces in addition to covalent bonds. By program-
ming weak forces, such as hydrogen bonds, hydrophobic interactions, and ionic 
interactions, etc., biopolymers can achieve combined mechanical performances 
that synthetic polymers still cannot rival. Among the weak forces, inter-molecu-
lar interactions among biopolymers chains are particularly interesting to enhance 
mechanical properties. For instance, the exceptional mechanical properties of 
silk produced by spiders have recently attracted much attention from scientists 
in various disciplines to investigate the molecular origin of its mechanical prop-
erties mainly ascribable to intermolecular forces. For example, natural silk pro-
duced by spiders shows an exceptional strength (tensile strength of 1.5 GPa) and 
toughness (150 MJ/m), which makes it stronger than steel compared on a weight 
basis and has a tensile strength similar to Kevlar. Moreover, it is also characterized 
by high elasticity and exceptionally high toughness values never attained in syn-
thetic high-performance fibres which are directly ascribable to the peculiar poly-
mer chain organization. Indeed, spider silk is a semicrystalline material made of 
amorphous segments reinforced by strong and stiff crystalline domains. Molecular 
studies [47] indicate that the crystalline domains are made of hydrophobic poly 
(alanine) and poly (alanine-glycine) repeat motifs whereas the amorphous seg-
ments are composed of glycine-rich peptides formed both inter- and intramolecu-
larly (Fig. 3.5). This peculiar microscopic organization explain the species-specific 
silk mechanical response well represented by a characteristic nonlinear stress–
strain (σ–ε) curve which show four distinct regimes characteristic of silk: (a) stiff 
initial response governed by homogeneous stretching; (b) entropic unfolding of 
semi-amorphous protein domains; (c), stiffening regime as molecules align and 

Fig. 3.5  a Spider silk microscopic model to reproduce chain arrangement of spider silk. b 
Stress–strain curve to describe the mechanical behavior of spider silk (adapted from [48])
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load is transferred to the β-sheet crystals; and (d) stick–slip deformation of β-sheet 
crystals until failure [48].

Based on X-ray evidence, spider silk is characterized by a large number of 
nanocrystallites separated by amorphous regions made of flexible chains. This 
allows to underline the important role of crystallites, which act as multifunctional 
crosslinks playing an analogous role of carbon black in carbon-reinforced elasto-
mers, creating inside the amorphous regions a thin layer with modulus higher than 
in the bulk. This is an excellent example of using a combination of inter and intra-
molecular weak forces (hydrogen bonds) to assemble polymers into more ordered 
structures for enhanced mechanical properties and have inspired many research-
ers to design biomimetic fibres that hopefully can mimic both its structure and 
mechanical properties. Sogah and coworkers [43] have proposed a synthesis of 
peptide and synthetic modules to imitate the crystalline and amorphous silk struc-
tures based on the assembly of phenoxathiin-templated parallel β-sheet peptide 
building blocks which are linked into polymers through polymerization. However, 
the design of a synthetic polymer that imitate both the structure and mechanical 
properties of spider dragline silk is still far due to the difficulty to effectively bal-
ance of various molecular parameters that control polymer secondary structures to 
achieve optimal mechanical properties.

In this direction, stimuli responsive polymers are emerging as a versatile solu-
tion to adapt the properties of materials to the biological context, by properly 
imparting external stimuli [49, 50]. Their recent success rises from the low costs 
of materials combined with the ease to tailor, better than tradition materials classes 
specific functionalities, by the responsive behavior to pH, temperature, ionic 
strength, electric or magnetic field, light and/or other chemical or biological stim-
uli. Indeed, this offers the opportunity to design highly customizable materials with 
a large variety of properties to be fruitfully used in biomedical applications from 
drug delivery to tissue engineering [51, 52].

Among them, crosslinked hydrogels based on interpenetrating networks (IPN) 
are extremely interesting for their peculiar mechanical properties. They consist 
of two covalently linked polymer networks which are bound together by physical 
entanglement as opposed to covalent bonds. This is possible by the polymerization 
of both networks simultaneously and results in two intermixed networks that can 
only be separated by breaking bonds. As a consequence, this confers to the poly-
mer the ability to improve the intrinsic mechanical properties by controlling two 
networks interactions or maintain two different properties when acting indepen-
dently. This approach is also particularly interesting in drug delivery application 
where the drug release may be controlled by thermosensitive properties of IPN gel 
[53]. Specifically, an interpenetrating network of polyacrylic acid (PAA) and pol-
yacrylamide (PAAm) above the transition temperature break the hydrogen bond-
ing among chains which assure the water retention at lower temperature, inducing 
the networks to swell thus giving the possibility of increasing drug release with 
increased temperature. Recent work on the same IPN with grafted β-cyclodextrin 
showed a faster response for lower transition temperature (35 °C) promoting a 
more efficient swelling at body temperature [54].
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Concluding Remarks

The basic mechanisms at molecular level used in nature to design natural materials 
are increasingly inspiring chemists and materials scientists to design biomimetic 
polymers to imitate both the structures and properties of their natural counterparts. 
Due to the complexity and subtlety of biopolymer structures, it remains a major 
challenge but the rapid improvement of advanced analytical techniques open new 
insights to develop truly effective synthetic polymers that can rival the biomimetic 
performance of their natural analogs. Despite many techniques are available to 
synthesize and process polymers for biomedical applications, there is still a need 
to either develop novel methodologies or expand their employment to more poly-
mers, in the light of knowledge of chemical and physical interactions and recent 
discovery of effects of micro environmental stimuli, thus giving the opportunity to 
design a greater variety of modified polymers that can be used as innovative sys-
tems in pharmaceutics and medicine.
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Abstract Biomaterials, a name given to express materials used as medical 
implants, indwelling devices, extracorporeal ones and other categories in sev-
eral medical fields, have increasingly played a significant role when aiming at 
improving the quality of life in humans. The behavior of a biomaterial with the 
surrounding physiologic environment is of major relevance for determining the 
in vivo performance and host acceptance of any device. Indeed, the biocompat-
ibility and bio-functionality of implantable devices remains a serious challenge in 
establishing the device’s function and lifetime. Several research efforts have been 
conducted to further understand and control the interactions between biomaterials 
and cell-mediated processes, aiming at the definition of the main guidelines that 
regulate materials biocompatibility. Several criteria should be met when consider-
ing a biomaterial for a specific application. On the materials’ perspective, its com-
position, mechanical, physicochemical, thermal, electrical properties must be well 
understood. In parallel, knowledge on the cell-biomaterial interaction mechanisms 
(including specific adhesion proteins and cell receptors, signal transduction, cell 
differentiation, tissue development, host immune response mechanisms, to name 
a few processes) must be attained, to better characterize, follow up and control 
cell-biomaterial interactions. This review attempts to define the basic phenomenon 
that take place when a biomaterial comes into contact with host living tissues. 
Numerous strategies have been investigated to overcome body reactions induced 
by the implantation of devices. These strategies, their advantages and limitations, 
along with the fundamentals underlying biomaterials-tissue interactions and cur-
rent research on biomaterial surface modification are discussed. Besides, the use 
of polymeric biomaterials for use in age-related macular degeneration will be pre-
sented as a case study.
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STM  Scanning tunnelling microscopy
UV  Ultra-violet
VCAM  Vascular cell adhesion molecule
VEGF  Vascular endothelial cell growth factor
θ  Contact angle

Biomaterials

Biomaterials are materials foreign to the human body that are used in medicine to 
replace, support and restore body function [1]. A great amount of materials with dis-
tinct features have been used for different biomedical purposes ranging from tissue 
engineering to drug delivery systems. These however, are still far from being “ideal” 
materials [1, 2]. Indeed, great demands are posed to materials that are ought to be 
used as biomedical implants or prostheses. Whereas the desired bulk properties in 
terms of strength or elasticity can often be achieved, tailoring the biomaterials sur-
faces for a perfect interaction with the human body is a complex task. The behaviour 
of a biomaterial with the surrounding environment is crucial for the performance and 
host acceptance of any device. Biocompatibility and bio-functionality of implantable 
devices remains a serious challenge in establishing the device’s function and lifetime.

Since biomaterials are intended to contact directly with living tissues and body flu-
ids, they are targets of the protective mechanisms within the body, including protein 
adsorption, hemostasis, inflammation and foreign body response [3]. In the past decade, 
it has been accepted that, independently of their nature, all implantable biomaterials 
invoke similar inflammatory and foreign body responses [4]. Therefore, it is crucial to 
understand and predict the interactions between biomaterials and tissues or body fluids.

Cell adhesion to a biomaterial surface is a critical step for the integration of 
implants since it precedes other events, such as cell spreading, cell migration, and 
often cell differentiation [5]. Most mammalian cells are anchorage-dependent, 
meaning that they must adhere to a surface in order to survive [6]. On one hand, 
this adhesion is mediated by serum proteins adsorbed onto the material surface, 
such as immunoglobulins, vitronectin, fibrinogen and fibronectin [7–9]. On the 
other hand, the conditioning of the biomaterial’s surface with serum proteins is 
greatly influenced by the physicochemical characteristics of the material and will 
determine the subsequent biological reactions [2, 10, 11].

Cell-biomaterial interactions involve cell adhesion and spreading (Fig. 4.1), and 
these are the consequence of a series of molecular events occurring in and around 
the cells that are regulated by trans-membrane receptors present in the extracellu-
lar matrix (ECM) [6, 12–14].

The biological molecules involved in cell adhesion and spreading, including 
ECM, cell membrane and cytoskeleton proteins, interact to induce signal trans-
duction, promote transcription factors and regulate gene expression [16, 17]. 
Controlling the interaction between these proteins and biomaterials surfaces is an 
important factor for the design of biocompatible surfaces [7, 14, 18].
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Cells Involved in the Immune Response

In order to understand and predict cell-biomaterial interactions it is important to 
know which cells circulating in the blood are actively responding to biomaterials. 
Red blood cells carry hemoglobin that contains iron and is responsible for oxy-
gen transport. White blood cells, known as leukocytes, are the ones involved in the 
body’s immune response. Generally, the occurrence of an infection is character-
ized by an increased number of leukocytes. These are grouped into granulocytes, 
monocytes and lymphocytes. Table 4.1 summarizes these groups of leukocytes, 
their abundance within the leucocytes’ population, function and relevance.

Among the granulocytes, which are the most representative group of white 
blood cells, the neutrophils are predominant. These cells provide a protective 
mechanism, as their function is to engulf and destroy foreign material.

Monocytes are also phagocytic cells capable of engulfing and destroying for-
eign substances. These cells change their morphology and differentiate into 
macrophages when going into the tissues. When the macrophage fails to phago-
cytize a given material, it coalesces with other cells and forms a multinucleated 
giant cell. Among the several types of giant cells, the Foreign Body Giant Cells 
(FBGCs, a collection of fused macrophages) is of major concern to biomaterials. 

Fig. 4.1  Mammalian cell adhesion onto a biomaterial. a Initial contact between the cell and the 
biomaterial conditioned with serum proteins. b Bonding between cell surface receptors and pro-
tein adhesion ligands. c Cell cytoskeletal reorganization with progressive cell spreading onto the 
biomaterial surface. (Adapted from Ratner et al. [15])

Table 4.1  Cells involved in the body’s immune response  (Adapted from Onuki et al. [3])

*Abundance within the leucocytes’ population

Leukocyte Abundance*(%) Function Relevance

Granulocytes

Neutrophil 65–70 Phagocytosis Body defense against bacteria 
and other foreign substances

Eosinophil 3 Allergic response

Basophil <1 Not well understood

Monocytes 10 Phagocytosis
Differentiation into 
macrophages

Formation of foreign body 
giant cells

Lymphocytes 20 Production and secretion  
of immune proteins

Immune system
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The presence of FBGCs indicates that the phagocytic system is incapable of 
eliminating the foreign matter from the body. Tissue destruction often occurs and 
results in loss of normal tissue, loss of function of the organ, or significant bone 
resorption, depending on the site of inflammation [3, 19].

The lymphocytes are responsible for our immune system that protects us from 
disease. These cells are active protein factories and have a large nucleus that 
almost completely fills the cell. The small amount of cytoplasm contains the fac-
tory components for making and secreting immune proteins.

Scattered throughout the blood cells are fragments called platelets that are 
important in the clotting mechanisms, forming a plug to prevent excessive bleed-
ing when the tissue is injured.

Extracellular Matrix

Normal cells respond to various environmental signals within the ECM. The inter-
action between cells and ECM is bidirectional and dynamic, meaning that cells 
are constantly accepting signals from the environment through the ECM, which 
in turn is often reshaped by the cells. At least three roles have been assigned to the 
ECM in the control of cell behavior, namely it (a) the provision of adhesion sig-
nals; (b) binding sites for growth factors; and (c) local protein breakdown for the 
occurrence of enzyme activity during cell migration [7, 16].

The ECM secreted by cells that populate a tissue or an organ, consists in a pol-
ymeric network of chemical and physical connections between several types of 
macromolecules. Its composition will be determined by factors like mechanical 
forces, oxygen requirements and gene expression patterns. Indeed, it is a complex 
mixture of structural and functional proteins (collagen and fibronectin), glycosa-
minoglycans (GAGs), glycoproteins and small molecules (Fig. 4.2) arranged in a 
unique, tissue-specific three-dimensional architecture [7, 16, 20].

Fig. 4.2  Schematic 
representation of the 
extracellular matrix
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Efforts have been conducted to mimic the ECM, i.e. by knowing its compo-
sition and how the components fit together, and how these will contribute to the 
advance of the biomaterials field. The rational division of the ECM into structural 
and functional components is not an easy task since many of these molecules pre-
sent both structural and functional roles [16]. The most important ECM proteins 
are briefly described below.

Collagen

Collagen is the most abundant protein within the mammalian ECM, representing 
over 90 % of the ECM dry weight in most of the tissues and organs. More than 
20 different types of collagen have been identified, each with a unique biological 
function [13–15]. Type I collagen is the main structural protein present in tissues. 
It is abundant in tendinous and ligamentous structures, and provides the necessary 
strength to accommodate the mechanical loading to which these tissues are com-
monly subjected. Furthermore, these tissues provide a convenient source of col-
lagen for many biomedical applications. Other types of collagens can be found in 
the ECM in much lower amounts than Type I collagen, although providing differ-
ent mechanical and physical properties to the ECM. One example is the Type IV 
collagen, which is present within the basement membrane of most vascular struc-
tures and tissues with an epithelial cell component [21].

Fibronectin

Fibronectin is the second most abundant protein in the ECM. It is a large dimeric 
glycoprotein that exists either in the soluble state or as a tissue isoform. The ECM of 
sub-mucosal structures, basement membranes and interstitial tissues contains great 
amounts of fibronectin. This protein possesses ligands for the adhesion of several 
cell types. Fibronectin is rich in the Arg-Gly-Asp (RGD) subunit, the most common 
adhesion motif, which is recognized by the cell surface receptors (integrins), thus 
being extremely important for cell adhesion [21]. When bound via integrins, this 
protein triggers a number of signal transduction pathways that activates events like 
cell spreading, proliferation, differentiation and migration [13]. The cell friendly fea-
tures of fibronectin have made it an attractive substrate for in vitro cell culture, but 
also for its use to coat synthetic scaffold materials to promote biocompatibility [22].

Laminin

Laminin is an adhesion protein that is present in the ECM in numerous forms 
depending on the specific combination of its peptide chains. This protein is one of 
the most critical ECM factors in the cell and tissue differentiation [13].
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Glycosaminoglycans

Depending on the tissue location, age of the host and microenvironment, several 
combinations of glycosaminoglycans (GAGs) can be found in the ECM. These 
macromolecules have various functions such as binding to growth factors and 
cytokines, promoting water retention and contributing to the gel properties of the 
matrix. Heparin and hyaluronic acid are examples of two GAGs that are present in 
the ECM [13].

Growth Factors

Although in small amounts, growth factors and cytokines are also present in the 
ECM and they act as potent cell behavior modulators. There is an extensive list of 
growth factors present in the ECM, including the vascular endothelial cell growth 
factor (VEGF), the fibroblast growth factor (FGF) family, and the epithelial cell 
growth factor (EGF), among others [23].

Cell Membrane Proteins—Integrins and Adhesion Proteins

The adhesion proteins are comprised of four main classes—selectins, immuno-
globulin super family, adhesins and integrins—and are capable of interacting with 
specific ligands located at the membrane of neighbor cells or on the ECM [24]. 
Among the adhesion proteins, the integrins are the main cell surface receptors for 
proteins within the ECM [24, 25].

Integrins are transmembranar proteins that can act as a bridge between surface 
adsorbed ECM proteins and interacting cells. The cellular recognition of bioma-
terials and the progression of subsequent cellular events are essentially based on 
integrin-mediated interactions.

Integrins are composed of two non-covalently associated glycoprotein subunits, 
namely α- and β- subunits [25]. Different types of α- and β- subunits and different 
combinations exist, thus a large variety of integrins with the ability to bind to differ-
ent types of ligands are available (Table 4.2) [26]. Many integrins are also capable of 
binding to more than one protein, whereas many proteins can act as ligands for more 
than one integrin [27, 28]. In the integrin structure, each subunit has a large extracel-
lular domain, a transmembrane domain and a short cytoplasmic domain [25].

Integrins bind specifically to ECM proteins binding sites, such as the RGD 
sequence that is present in most of them (e.g. fibronectin). The fact that many 
integrins recognize this sequence is probably the explanation for their overlap-
ping specificity [27, 29]. Besides, integrins can interact with components of the 
cytoskeleton and signaling molecules through their intracellular domain. Indeed, 
after binding to the ligand, the integrins also bind to several intracellular anchor-
age proteins including talin, α-actinin and filamin. Those anchorage proteins can 
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bind directly to actin or to other proteins like vinculin, thereby linking the integrin 
to actin filaments in the cell cortex. If the proper environmental conditions are in 
place, this linkage leads to a clustering of integrins and the focal adhesion between 
the cell and the ECM. The cytoskeletal attachment aids the formation of the integ-
rins cluster providing a stronger aggregate bond [30].

This interaction between integrins and ECM proteins will affect the signal 
transduction which can induce adhesion, spreading and migration, as well as the 
expression of transcription factors and specific genes [31]. Besides the recruitment 
of signaling molecules, integrin activation also leads to changes in the cytoskel-
eton organization, subsequently affecting cell adhesion and mobility. Signals from 
different ECM ligands can result in different signaling pathways.

Integrins are promising targets for manipulating cellular and host responses to 
biomaterials. For instance, controlled integrin binding at the biomaterial interface, 
in terms of specific integrin receptors may activate specific signaling pathways and 
adhesive activities that elicit desired cellular and host responses [32]. Therefore, 
regarding the interaction with a biomaterial, adhesive extracellular ligands for inte-
grins can be adsorbed in the surface from the surrounding environment (e.g. protein 

Table 4.2  Integrin types and respective ligands

Subunits Ligands

β1 α1 Collagens, laminins

α2 Collagens, laminins

α3 Laminins, fibronectin, thrombospondin

α4 Fibronectin, vascular cell adhesion molecule (VCAM)

α5 Fibronectin

α6 Laminins

α7 Laminins

α8 Fibronectin, tenascin

α9 Tenascin

α10 Collagens

α11 Collagens

αv Fibronectin, vitronectin

β2 αL Intracellular adhesion molecules (ICAMs)

αM Fibrinogen, ICAMs

αX Fibrinogen

αD VCAM, ICAMs

β3 αlib Collagens, fibronectin, vitronectin, fibrinogen, thrombospondin

αv Fibronectin, vitronectin, fibrinogen, thrombospondin, osteopontin, tenascin

β4 α6 Laminins

β5 αv Vitronectin

β6 αv Fibronectin, tenascin

β7 α4 Fibronectin, VCAM, Mucosal addressin cell adhesion molecule 
(MAdCAM)

αE E-cadherin

β8 αv Collagens, laminins, fibronectin
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adsorption from blood, plasma or serum), deposited by cells on the biomaterial (e.g. 
fibronectin and collagen deposition), or engineered at the interface [29, 31].

Protein-Biomaterial Interactions

After a biomaterial is implanted in the body, it takes seconds to minutes for pro-
teins to adsorb and cover its surface, forming the so-called conditioning film [11]. 
Therefore, instead of the original surface of the implanted material, the cells will 
recognize and interact with this protein layer. It is fair to assume that the adhesion 
proteins are responsible for converting the biomaterials into biologically recogniz-
able materials. The adsorption of these adhesion proteins is the basis for all the 
reactions that may further occur in the body [33].

The surface properties of the biomaterials will determine the type, amount and 
conformation of the adsorbed proteins [2]. The composition of this protein layer 
can be different, depending on the fluid composition and adsorption time [25]. 
Besides the composition of the protein layer, the conformation and the orientation 
of the protein can also change with time [8]. This conditioning protein layer will 
increase the cell adhesiveness, since the cells have receptors in their membranes 
that specifically bind to the adhesion proteins. Moreover, the protein layer also 
increases the cell spreading at the biomaterial surface [6, 10].

Cell-Biomaterial Interactions

Nowadays it is generally accepted that there are no inert biomaterials. Any foreign 
material that is implanted in the body triggers tissue responses during the healing 
process that will naturally depend on the nature of the biomaterial and the implant 
site [3, 34]. Indeed, the host-biomaterial interaction, that controls the biologi-
cal performance of the implanted device, is a very complex process. Upon device 
implantation in the body, a wound is formed and the healing process is initiated. 
The way the implant is more or less accepted by the host, and how well it heals, 
depends largely on the wound healing process. A cascade of events, common to the 
body’s reaction mechanism to an implanted material is summarized in Fig. 4.3a.

Blood-biomaterial interactions, provisional matrix formation, acute and chronic 
inflammation, granulation tissue development, foreign body reaction, and fibrosis/
fibrous capsule development comprise the series of host reactions occurring after 
device implantation (Fig. 4.3b) [3].

Inflammation

Inflammation is the first response of any vascularized tissue to tissue damage (sur-
gery trauma or presence of a foreign body). Injury and vascular damage triggers 
the two branches of the blood coagulation system. The first involves activation of 
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platelets, which stick to exposed surfaces or foreign objects and form a plug. The 
other involves a series of proteolytic reactions, starting with the activation of pro-
teins circulating in the blood by the exposure to a foreign object. This sequence 
results in the final pathway of conversion of fibrinogen to fibrin and the formation 
of a clot [8].

Several cellular and non-cellular responses will occur in the first 24 h after the 
implantation of a device. The first event corresponds to a non-cellular response; it 

Fig. 4.3  a Host reaction to an implanted biomaterial. (A) The biomaterial is implanted in the 
body. (B) A layer of serum proteins quickly adsorbs to the implant surface. (C) The neutro-
phils and macrophages approach and attack the biomaterial that is too large to be ingested. (D) 
Macrophages cannot digest the implant and fuse into giant cells to engulf it. The giant cells send 
out cytokines to attract other cells. (E) The fibroblasts arrive and start synthesizing collagen. (F) 
The implant is entrapped in a collagen bag. (Adapted from Castner and Ratner [8]). b Schematic 
summary of the sequence of events involved in inflammatory and wound healing responses lead-
ing to Foreign Body Giant cell formation. (Adapted from Anderson et al. [19])
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consists in the vasodilatation of the local vessels, which culminates with the increased 
permeability of the vascular endothelium and the edema formation. RBCs and fluid 
are present at this stage and can continue to appear with a maximum response in 
about 3–5 days after injury, which is characteristic of an acute inflammation). If the 
source of the injury is removed, then the response stops, and the tissue returns to a 
normal appearance. If the source of injury is not removed and the response continues, 
then inflammation progresses through various stages to chronic inflammation [4, 19].

Afterwards, a cellular response is observed corresponding to the recruitment 
of inflammatory cells through molecular signals that act as chemoattractants at 
the implant site. The first cells migrating to the injury site are the neutrophils, 
which are responsible for the phagocytosis, engulfing and degradation of the for-
eign body. Once the neutrophils initiate their function, the monocytes circulating 
in the blood enter the tissue and differentiate into macrophages, which are also 
responsible for the phagocytosis and the release of several biochemical factors that 
can activate other cells. The activated macrophages adhere to the biomaterial and 
spread on its surface, trying to phagocyte it. When they cannot do the job, they 
coalesce into very large, multinucleated giant cells, so called foreign body giant 
cells. This represents chronic inflammation and is usually associated with a large 
mass of tissue debris that can be harmful to the tissue. In some circumstances, the 
response is organized into a mass with a characteristic cellular response, including 
multinucleated giant cells, and is called a granuloma. These can be very painful, 
harmful, and a cause for concern [3].

It is important to keep these fundamental biological events in mind when evaluat-
ing materials for use in or on the body [35, 36]. Acute inflammation is a necessary 
response for tissue repair; however, a chronic response is harmful. If a material is 
not tolerated by the host or is toxic, then chronic inflammation will occur. Any bio-
material implanted into the body must be sterile; otherwise, an infection will occur. 
Sterilization methods may destroy or alter the material’s properties. This is a major 
issue in developing or adapting materials for use in the biological environment. 
Infection in the presence of an implanted material is of special concern because often 
to cure the infection it is necessary to remove the implant [1, 19, 37].

Wound Healing

Whenever there is an injury with destruction of tissue, there must be repair. The 
first step in the repair process is acute inflammation. Changes occur in the vascular 
system, and the polymorphonuclear leukocytes (PMN) go into the tissue to clean 
up the damaged tissue and the foreign material. The platelets get activated and 
form clots to prevent further leakage of blood into the site. The remaining debris is 
then phagocytized by the leukocytes. Finally, actual tissue repair begins. In order 
for the tissue to function, there must be a blood supply to the small vessels start-
ing to grow into the wound. Tissue cells, called fibroblasts, come in and start to 
synthesize collagen. This forms a structural network called granulation tissue [38].
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Healing in the Presence of a Biomaterial

Upon insertion of a biomaterial into the body, all the features above described are 
involved. First, there is damage to the tissue during the insertion, and then an acute 
inflammatory response occurs. This is followed by the wound healing response 
that can proceed normally if the biomaterial is there for a short period of time, 
otherwise the response is distinct. The normal tissue repair cannot take place since 
there is a foreign body in the way. The first reaction of the body is to try to elimi-
nate it. At this stage, the phagocytes come in and the acute inflammatory response 
may progress to chronic response. If it is not a degradable material or prone to 
phagocytosis, then the reaction will follow one of the two paths. The usual 
response consists in the formation of a fibrous capsule around the biomaterial by 
the fibroblasts in an attempt to eliminate it from the body. It is generally accepted 
that the thickness of the fibrous capsule is an indication of the material’s biocom-
patibility, i.e. a thinner capsule corresponds to a more biocompatible material [38]. 
There are two types of factors that can influence the wound healing process, the 
intrinsic factors and the extrinsic factors. The bulk nature of the biomaterial, its 
porosity, roughness and changes in the surface chemistry are intrinsic factors of 
the implant [39]. The extrinsic factors are, for example, the surgical procedure, the 
condition of the patient (diabetic, immunocompromised) and the anatomical loca-
tion of the implant [4]. The less common response is for the inflammatory pro-
cess to continue as a chronic inflammatory response and to progress to giant cells 
and granulomas. This occurs when the material is not biocompatible, and the host 
reaction is still trying to neutralize it.

At this stage some problems can occur associated with the host reaction to the 
biomaterial ultimately leading to infection. The formation of the fibrous capsule is 
an indication that the material is biocompatible and will occur as an early step in 
healing. Fibrous capsule formation needs to be considered when predicting device 
function [19]. For instance, if the device is to serve as a drug delivery system, 
the formation of the fibrous capsule may alter the permeability of the device and 
the diffusion of the drug so that the function of the device will not be anticipated 
from laboratory studies. Formation of a fibrous capsule generally does not occur 
with porous or textured materials [15]. If the interstices are large enough, local 
vascularized tissue will grow into the pores rather than form the capsule. Long-
term percutaneous catheters have been coated with velour to facilitate ingrowth 
and anchorage. Vascular prostheses made of fabric demonstrate ingrowth of vascu-
lar-like tissue [37]. Joint replacement prostheses are sometimes coated with metal 
beads or wire mesh to facilitate ingrowth of bone and biological anchorage [37]. 
It is important to notice that acute inflammation and wound healing are necessary 
steps in the implantation of biomaterials and devices that enter the body, hence the 
effect of these responses on the function of the device must be considered.
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Infection

Whenever there is damage to the skin or mucous membranes and bacteria can 
enter, there is the risk of infection [40]. The occurrence of infection will prevent 
the resolution of inflammation, and a chronic inflammatory response will arise. If 
there is a chronic inflammatory response, the wound healing response will not be 
completed. The combination of the injury and the presence of the foreign mate-
rial will initiate the inflammatory response. It is well known that the presence of a 
foreign body greatly increases the infection risk and markedly decreases the num-
ber of bacteria required to cause an infection from 106 to 102. Not only is there 
an increased risk of infection but also the infection will be difficult to cure, most 
often only through the removal of the device [3]. The consequences of this depend 
on the need for the device. Removal of sutures may cause little impairment to 
healing, whereas removal of the total artificial heart would result in death [15].

The issues related with implant site infection remain an active area of research 
in many different fields including microbiology, infectious diseases, material sci-
ence, device design, among others [37, 41].

Immune Response

The immune system is an important and complex protective system that reacts 
specifically and with memory [42]. As previously mentioned, the lymphocytes are 
the key element in the immune system. Although the immune system is an impor-
tant defence mechanism, sometimes it can cause harm to the host. These reactions 
are called allergy or autoimmunity [19].

Allergic responses occur to foreign substances through a variety of mechanisms. 
One type of allergy is called atopic or type I. An inflammatory response occurs, and 
the nature of the reaction depends on the site. This type of reaction must be avoided 
by minimizing use of materials with substances that stimulate the reaction [3]. The 
current concern in this area is with latex materials, such as surgical gloves, which 
contain a protein that may cause this type of allergy [4]. A second type of reaction 
is called contact dermatitis (type IV). It is important in evaluating biomaterials to 
determine that stimulation of allergic responses similar to this does not occur, and 
it is generally the degradation products from the materials that are of concern [1]. 
Care is taken to avoid the use of chemicals that are known to cause allergy or to 
minimize their release into the body. Some of the metals, such as nickel and chro-
mium, are common causes of allergy when contacted as metal salts [1]. Allergic 
reactions to metallic devices are a concern, but unless there is corrosion and release 
of metal ions, there will not be allergic responses.
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The issue of autoimmunity is also important in the selection of biomaterials and 
evaluation of responses. In autoimmune reactions, there is an immune reaction that 
causes damage to the host tissue. This occurs because the material altered the host 
tissue in some manner or the immune response to the biomaterial also reacted with 
the host tissue [19, 42].

Biocompatibility Determined by Cell-Material Interactions

Currently, a biocompatible material is defined as a material that is able to perform 
an appropriate host response in a specific application [1]. Nevertheless, for many 
years the term “biocompatibility” was associated to the biological “inertness” of the 
material. The main goal behind the design of such biological inert materials was to 
reduce or virtually eliminate any unfavorable immune response to the foreign body 
or biomaterial. However, for some applications it is required that cells interact with 
such biomaterials, for example to promote cell adhesion and proliferation [4], and 
to promote cells and tissue ingrowth. In these cases, the strategy adopted to improve 
the material’s biocompatibility is to incorporate specific bioactive molecules on the 
polymer surfaces in order to promote or support of a favorable cell-material interac-
tion [5, 10]. Therefore, for searching biomaterials able to provide the best perfor-
mance in each application it is crucial to understand the cell-material interactions, 
namely the chemical, biochemical, physiological, physical or other mechanisms 
involved in such interactions, as well as their consequences [2, 37, 41].

Effect of the Materials Properties on Cell Behaviour

Today, there are already several (bio)materials available for use in tissue engineer-
ing applications and as medical implants [43–45], these include dental fillings, 
coating for tablets or capsules, contact lenses, kidney dialyzers, vascular grafts, car-
diac pacemakers, maxillofacial prosthesis, to name a few examples. A wide variety 
of biodegradable polymers (natural or synthetic), bioactive ceramics, wear-resistant 
metal alloys have become available for use in a variety of human conditions [46–
50]. From the previous sections it is reasonable to assume that all materials to be 
used as biomaterials, medical devices, or prostheses inevitably undergo a host tis-
sue response, following implantation. This occurs as a consequence of the interac-
tion of cells and tissues with the outermost surface layers of the materials. One of 
the first phenomena observed in tissue culture assays was the response of cells to 
the topography of the substratum to which they were attached [51, 52], these sur-
faces exhibited a topography measured on the micro scale. Subsequent research has 
shown that, along with topography, the surface chemistry, microstructure, porosity, 
surface area, thermal, mechanical and electrical properties of the biomaterial play a 
significant role on cell behaviour [43, 44, 47, 50, 53–60].
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Morphological Properties

Surface Topography

Surface roughness (Fig. 4.4a) can essentially be divided into nano-roughness 
(<100 nm), micro-roughness (100 nm–100 μm) and macro-roughness (from 100 μm 
to several millimetres) [61]. The cells response to roughness will vary with the cell 
type and roughness scale (i.e. size, shape and distribution on the materials’ surface). 
Hence, surface roughness regulates the biological response of cells and tissues that 
are in contact with the implanted material. It provides cues to promote cell adhesion, 
orientation, migration and production of ECM. For instance, cells grown on micro-
rough surfaces spread more and differentiate better than on smooth ones, as shown by 
their gene expression [62–64]. Also, on grooved materials, cells can orient themselves 
in the direction of grooves and proliferate faster than on a smooth surface [43, 65–70].

Nanotopography may provide superior biomimetic cell-modulating cues, as it may 
further resemble the natural ECM environment in which cells reside and interact. It 
has been shown that nanopatterned surfaces can improve protein adsorption and cel-
lular response, since as on rougher surfaces, the focal adhesion points are located at 
cell edges, where the contact with the materials’ surface takes place [61, 71–77].

Porosity

Porous structures (Fig. 4.4b) typically consist of irregularly shaped voids with 
interconnecting channels (voids). The pore size, porosity (the fraction of void 

Morphological properties

Physicochemical properties

(a)

(b)

(c)

Fig. 4.4  Relevant properties of biomaterials. Morphological properties: a surface topography 
(etched surfaces can be obtained with either specific patterns (left) or irregular (right); b porosity 
(the white regions inside the squares represent the porous (void) fraction of the scaffolds); c sur-
face charge and hydrophobicity: a water droplet on a hydrophobic surface (Table 4.4) will have a 
higher contact angle (left) than on a hydrophilic surface (right)
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volume) and surface area (also presented as a surface-to-volume ratio parameter 
when characterizing a biomaterial), pore shape, wall morphology (tortuosity) and 
pore interconnectivity are important requisites for a scaffold in tissue engineering 
applications. The tailoring of these properties allows for rapid cell attachment and 
proliferation, improve nutrient and cell transfer to the scaffolds’ center (cell and 
tissue ingrowth), as well as metabolite dispersal and new tissue formation [78–84]. 
The open pore structure and interconnected porosity have also been found to dis-
rupt fibrous tissue deposition, minimize the formation of foreign-body capsules, 
improve tissue healing, and increase vascularization of the tissue surrounding the 
implant [85–90]. Pore size (microporosity: pore size <10 µm; macroporosity: pore 
size >50 µm) can be tailored to meet specific applications (Table 4.3); for instance 
the optimum size for neovascularization is around 5 µm; whereas for fibroblast 
ingrowth is in the range of 5–15 µm; for hepatocytes ingrowth close to 20 µm; for 
the regeneration of adult mammalian skin around 20–125 µm; for osteoid ingrowth 
around 40–100 µm and for bone regeneration around 100–350 µm. On the other 
hand, fibrovascular tissues require pores sizes greater than 500 µm for a rapid vas-
cularization and for the survival of the transplanted cells [91, 92].

Physico-Chemical Properties

Surface Hydrophobicity

One of the most common techniques used to measure the surface energy of a mate-
rial is the determination of contact angles, whereby the angle made by a drop of 
liquid deposited on a surface correlates with its hydrophobicity (Fig. 4.4c). The 
size and shape of the liquid droplet can be explained as a balance between the 
force with which the molecules of the liquid drop are being attracted to each other 

Table 4.3  Optimal pore size for cell infiltration and host tissue ingrowth (adapted from Chang 
and Wang [93])

aPLLA Poly(L-lactide); PLGA Poly(lactic-co-glycolic) Acid; PMMA Poly(methyl methacrylate); 
GAG Glycosaminoglycan

Cell/tissue type Optimal pore size 
(μm)

Scaffold materiala Reference

Human skin 
fibroblasts

<160 PLLA/PLGAa Yang et al. [94]

Bone 450 PMMAa Ashman and Moss 
[95]

Fibrocartilaginous 
tissue

150–300 Polyurethane de Groot et al. [96]

Adult mammalian 
skin cells

20–125 Collagen-
glycocaminoglycan

Yannas et al. [97]

Osteogenic cells 100–150 Collagen-GAGa O’Brien et al. [56]

Smooth muscle cells 60–150 PLLA Zeltinger et al. [98]

Endothelial cells <80 Silicon nitride Salem et al. [99]
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(designated by cohesive force) and, on the other hand, the attraction of the liquid 
molecules for the surface (adhesive force). The balance between these two oppos-
ing forces is expressed by the contact angle value (θ), which in turn translates the 
hydrophobicity of a given surface. Consequently, relatively more water wettable 
surfaces (i.e. exhibiting lower θ) are termed hydrophilic (high surface energy); con-
versely less wettable surfaces (with higher θ) are termed hydrophobic (low surface 
energy). To establish a borderline between these two terms, it is generally agreed 
that the criterion of a θ = 65° separates between the two regimes [100–105].

In the previous sections it was already explained that many proteins adsorb onto 
an implant surface immediately upon contact with it. This event modulates sub-
sequent cell adhesion and/or foreign-host response (protein adsorption is the first 
step in the integration of an implanted device with its surrounding tissues). The 
dominant response will depend largely on the hydrophobicity (also referred to as 
surface energy or wettability) of the scaffold. The materials hydrophobicity thus 
affects protein adsorption, platelet adhesion/activation, blood coagulation and cell 
and bacterial adhesion. For instance, the adsorption of serum proteins (fibrinogen, 
fibronectin or vitronectin) later affect the adhesion of leukocytes, macrophages 
or platelets by preventing ECM proteins adsorption, ultimately leading to fibrous 
encapsulation; thus delaying or even preventing proper cell adhesion. Also, surface 
wettability (hydrophobicity) was found to regulate cytoskeletal organization and 
cell morphology. As a general rule, the more hydrophilic a surface is, the more cells 
adhere to it. Conversely, hydrophobic surfaces are more prone to protein-adsorp-
tion. This occurs due to the strong hydrophobic interactions between the materi-
al’s surface and the protein’s hydrophobic groups [6, 93, 106–113]. With respect 
to contact angle values, literature shows that polymer surfaces exhibiting moderate 
wettability (i.e. θ in the range 40–70°) enhance cell adhesion [106, 114, 115].

In the biomedical field, protein-surface interactions play key roles for the assem-
bly of interfacial protein constructs, such as biosensors, activators and other func-
tional components at the biological/electronic interface. In analytical sciences, 
non-specific protein adsorption on sensor surfaces, protein chips, or assay platforms 
represents a serious problem as adsorbed proteins are responsible for the degrada-
tion and thus decrease of the device performance. For example, in biosensors for 
in situ monitoring of cell culture or blood glucose levels in diabetic patients, spec-
ificity and sensitivity levels, and durability depend greatly on the protein adsorp-
tion onto the sensor surface. Likewise, in polymeric drug matrix delivery systems 
the accumulation of adsorbed proteins may impair the diffusion of the drug. In the 
design of biocompatible materials for surgical implants, adsorption of fibrinogen in 
particular should be suppressed, to avoid blood agglutination [116–118].

Surface Charge

Surface chemistry is very important for the physiological interactions with bioma-
terials and it is closely related to surface energy (hydrophobicity); the surface free 
energy of a material originates from its surface functional groups and electrical 
charges. The material’s surface chemistry mediates cell response given that surface 
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chemistry directly impacts on protein adsorption and interaction (i.e. surface 
chemistry affects the amount and conformation of the adsorbed proteins). All these 
factors play crucial roles in the later cell interactions and functions [119–122]. 
Table 4.4 lists some of the material’s most common surface groups and describes 
how they affect proteins, cells and tissue interactions.

So far, no general principles allow the full prediction of the effect of surface 
chemistry on protein and cell behavior. However, some guidelines could be drawn 
from extensive research. Methyl (–CH3), nonpolar, hydrophobic groups allow 
strong binding of fibrinogen and IgG, which causes alterations in the conforma-
tions and denaturation of the protein structures, possibly leading to unfavorable 

Table 4.4  The effect of material surface functional groups on proteins, cells and tissue interac-
tions (adapted from Barbosa et al. [127], Faucheux et al. [128], Kamath et al. [129] Keselowsky 
et al. [120, 130], Kidoaki and Matsuda [131], Lan et al. [132], Lorenz et al. [133], Schmidt et al. 
[122], Tang et al. [134], Thevenot et al. [2], Verena et al. [135])

Functional 
group

Effect on proteins, cells and tissues

Neutral charge

Hydrophobic

–CH3 Promotes increased leukocyte adhesion and phagocyte migration
Promotes fibronectin adsorption and exposure of cell-adhesive domains, 
allowing cell growth
Promotes nanoparticle uptake
Reduces inflammatory response and fibrotic capsule formation
Enhances differentiation and increases osteoblasts mineralization

Hydrophilic

–OH Increases osteoblast differentiation

–COOH Increase osteoblast attachment
Promotes fibronectin adsorption and exposure of cell-adhesive domains, 
allowing cell growth
Increases nanoparticle uptake
Reduces inflammatory responses and fibrotic capsule formation
Enhances differentiation and increases osteoblast mineralization
Leads to thickened fibrotic capsule with high levels of cell infiltration in vivo

–CH2NH2 Enhance CHO attachment of Chinese hamster ovary cells

Positive charge

Hydrophilic

–NH2 Promotes myoblast and endothelial proliferation and osteoblast 
differentiation
Enhances fibronectin adsorption leading to increased endothelial cell growth, 
differentiation and osteoblast mineralization, and myoblast proliferation
Promotes focal adhesion formation, cell spreading, and matrix formation 
with fibroblasts
Increases particle uptake
Triggers acute inflammatory responses, thick fibrotic capsule formation, and 
cell infiltration in vivo
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cellular interactions. In vivo, methyl groups were also found to induce the recruit-
ment of inflammatory cells to the material’s surface. Contrarily, hydroxyl groups 
reduce the affinity for plasma proteins and induce conformational changes in 
fibronectin, allowing the exposure of adhesive domains for cell focal adhesion. 
While polar (hence hydrophilic), amine groups also induce an acute inflammatory 
response, despite promoting myoblast and endothelial proliferation and osteoblast 
differentiation. Carboxyl groups (negatively charged in blood serum) interact pref-
erentially with fibronectin and albumin [2, 5, 93, 122–126].

Surface Treatments for Improved Biocompatibility

The surface of a material is of prime importance in determining the in vivo 
acceptance and performance of an implant, once in contact with blood and tis-
sue. Several of the above-described categorical surface properties interplay, 
at the molecular, microscopic and macroscopic scale, during the in vitro and in 
vivo interaction of the materials with the surrounding environment. These surface 
properties can be further modified to a range of scales, to improve the material’s 
biocompatibility. The following sections will cover the gathered understanding 
on surface-modification methods to improve the materials biocompatibility. In 
essence, methods are divided into physical, chemical, mechanical, biological and 
radiation modifications, although in some cases more than one category applies, 
due to the use of combined methods for the surface modification of the materials. 
Table 4.5 summarizes some of the above categorical methods; however this is not 
an exhaustive description of the currently available techniques.

In general, thin surface modifications (in the range of 3–10 Å of the outermost 
molecular layers) are preferable. Modified surface layers that are too thick may 
change the mechanical and functional properties of the material in the bulk. Also, 
thick coatings are prone to delamination due to mismatch with the substrate in 
physical properties. However, thicker films are actually prepared to ensure that the 
original surface is uniformly covered when coatings and treatments are molecu-
larly thin. Also, extremely thin layers are more prone to mechanical erosion and to 
surface reversal (or rearrangement, whereby surface atoms can diffuse or translate 
into the bulk of the material, as a response to the external environment). However, 
there are cases where coatings intrinsically have a specific thickness. For example, 
the thickness of Langmuir-Blodgett (LB) films depends on the length of the sur-
factant molecules, and these usually comprise 15–40 Å.

Adsorption is the physical process of the adhesion of atoms, ions, biomol-
ecules, or molecules of a gas, vapour or liquid onto the surface of a solid sub-
strate. Adsorption has been used to modify the surface of polymeric biomaterials 
by immobilizing a bioactive compound via electrostatic interactions or ligand–
receptor pairing. Hydrophilic coatings (with natural or synthetic macromolecules 
and proteins) promote the formation of a hydration layer through hydrogen bond-
ing between the surface and the solvent, thus acting as anti-biofouling agents. 



110 S. Gonçalves et al.

This layer of tightly bounded water molecules will not only act as a physical 
barrier, but also as an energetic barrier that the proteins have to overcome before 
adsorbing onto the device surface [107, 136, 137, 139–143].

A major challenge in surface modification is the precise control over functional 
groups. Many surface modification schemes produce a spectrum of functional 
groups such as hydroxyl, ether, carbonyl, carboxyl, and carbonate, in contrast to 
one functional group that was perhaps intended for the surface. Glow-discharge 
plasmas, corona or chemical oxidation are examples of methods often yielding 
non-specific reactions. In other surface modifications, post-oxidation and reac-
tion may occur at the material’s surface. Glow discharge (plasma) deposition is 
a technique where thin films can be deposited on most solid substrates through 
microwave, radio-frequency and acoustic activation. These surface modifica-
tion techniques can be used to modify surfaces for better cell growth, fractionate 

Table 4.5  Methods for polymer surface modification (adapted from Goddard and Hotchkiss 
[107], Guney et al. [136], Hoffman [137] and Ratner [138])

aRFGD Radio Frequency Gas Discharge; UV ultra-violet; IPNs Interpenetrating Polymer 
Networks; SAMs Self-Assembly Monolayers; AFM Atomic Force Microscopy; STM Scanning 
Tunnelling Microscopy; ATRP Atom Transfer Radical Polymerization

I. Physico-chemical methods

(A) Treatment with active gases and vapours, or radiation

Deposition of polymers from active gases and vapours (e.g., RFGDa, chemical vapour, flame 
spray)
Active gas or accelerated ion treatments (e.g., etching, ablation or oxidation using RFGD, 
corona discharge or ion beam; ion implantation, surface micro- and nanopatterning)
Crosslinking of surface molecules (e.g., RFGD, ionizing radiation, UV)
(B) Solution treatments or bulk phase desorption

Solution deposition of polymers and amphiphiles (e.g. polymer coatings such as Langmuir–
Blodgett film deposition, IPNs, surfactants, SAMs)
Desorption of surface active compounds from bulk (e.g. desorption of surfactants from bulk to 
surface)
Chemical treatments to modify surface groups (e.g. oxidation, sulfonation, chlorination, acetyla-
tion, quaternization)
Chemical conjugation of molecules to surface groups (e.g. silanating agents, PEG, ATRP)
(C) Combinations of (A) and (B)

Grafting or IPN polymerization (e.g., initiation by ionizing radiation, UV, 0 3, or RFGD, fol-
lowed by polymerizations)
Patterning or domains of the above(e.g. microlithographic techniques)
II. Mechanical methods
Roughening(e.g., from micro-rough to porous surfaces)
Micromanipulation (e.g. using STM, AFM probes)
III. Biological methods
Physical adsorption of biomolecules (e.g. proteins, peptides, ligands, receptors, drugs, lipids)
Physical adsorption and self-crosslinking of biomolecules (e.g. same biomolecules as above, 
where feasible)
Chemical conjugation of biomolecules to surface groups (e.g. same biomolecules as above)
Cell seeding and growth to confluence
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specific proteins, minimize both blood platelet activation and accumulation of pro-
teinaceous and cellular films.

Plasma (Fig. 4.5a) allows to modifying only the top nanometer depth of a poly-
mer surface, without the need for solvents or generating chemical waste, without 
degrading or roughening the material’s surface. The targeted functionalization can 
be defined by the selection of the plasma gas (Ar, N2, O2, H2O, CO2, NH3) and 
operating parameters (such as pressure, power, time, gas flow rate). Plasma spray-
ing (like thermal spraying) uses a high temperature plasma jet that projects parti-
cles onto the surface of an implant; these particles condense and fuse together thus 

(a) 

(b) 

(c) 

(d) 

Fig. 4.5  Summary of the examples of surface treatments to improve the biomaterial’s biocom-
patibility. a O2 plasma etching, with (left) or without (right) the placement of a template for spe-
cific surface design (grey dashed line aims to show the decrease in the scaffolds thickness due to 
etching); b surface-ATRP (“grafting from approach”); c “Grafting to” surface modification; poly-
mers can also be bound to the scaffold’s surface by physisorption; d Bio-coating: specific pro-
teins such as peptides or peptide sequences (RGD) and other biological molecules can be bound 
onto surfaces
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coating the surface. This technique allows for the structuring of implant surfaces 
in the range of micron-scale level. In the case of biomedical applications, bio-inert 
ceramics, such as titania, zirconia or alumina, can be deposited mostly onto tita-
nium based alloys by plasma spraying. This leads to an increase of the surface 
roughness and also enables changing the surface chemistry. The choice of alumina 
and zirconia coatings for clinical applications is related with their high wear resist-
ance. However, these coatings cannot bind directly to bone tissues since they are 
bio-inert. In the case of plasma spraying of titania, coated implant surfaces may 
show average roughness values of 20 µm. In general, plasma sprayed surfaces are 
often used in combination with other modification methods such as blasting or 
etching [107, 136, 137, 139–143].

Another approach to create anti-fouling surfaces is by reducing the diffusive trans-
port region in the protein adsorption process (i.e. by reducing protein adsorption), thus 
minimizing the amount of proteins arriving at the surface. This can be achieved by sur-
face micro- and nanopatterning, for instance through lithography techniques, micro-
contact printing or by printing biomolecules onto the surface of the biomaterial. These 
techniques can change the topography of a surface in an ordered or random manner.

By using UV radiation, it is also possible to generate reactive sites on poly-
meric surfaces; once the surface becomes activated, the functional groups created 
can be further exposed to gas or used to initiate UV-induced graft polymerization. 
Contrarily to ionized gas treatments, this technique has the ability to tailor the 
depth of surface reactivity by varying wavelength and exposure time.

Controlled surface modification is as a very interesting approach to modu-
late the chemical and physical properties of a substrate biocompatibility, wetta-
bility and mechanical properties (such as wear and corrosion resistance). The 
surface functionalization with polymer brushes can be achieved by two strate-
gies: the “grafting to” and “grafting from” techniques (Fig. 4.5b, c). Surface-
functionalization using a “grafting from” approach consists of grafted polymer 
chains (previously prepared) tethered from one of their extremities to a surface 
by a covalent bond. The “grafting to” approach, also called Surface-Initiated 
Polymerization” (SIP) takes better control of the nature and amount of monomer, 
the grafting density, the chain length (i.e. de molecular weight of the final poly-
mer), which in principle, allows the tailoring of a surface to any specific desired 
functionality. This control can be achieved by a living/controlled radical polym-
erization process. From the several possible approaches available, surface-ini-
tiated ATRP (Atom Transfer Radical Polymerization) is based on the reversible 
activation/deactivation between alkyl halides (R-X) by means of a metal catalyst 
complexed with ligands (Mtn/2L). This dynamic equilibrium results in the for-
mation of growing radicals (R*) that propagate by the addition of the monomer 
(M). Control is achieved by fast initiation relative to slower polymerization rates. 
In addition, the terminal monomer of the polymerized chain is “dormant”, i.e. it 
has the potential to allow further polymerizations (yielding co-copolymers with 
region-specific properties such as pH sensitivity, temperature sensitivity, hydro-
phobicity/hydrophilicity ratio) or even further covalently bind specific bioactive 
molecules.
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Biochemical surface functionalization methods have also been widely investi-
gated in order to immobilize biologic molecules (such as specific proteins, pep-
tides (e.g. RGD-peptides), antibodies, enzymes (such as glucose oxidase (GOD), 
glutamate oxidase, lactate oxidase), polysaccharides (e.g. chitosan, heparin), 
DNA) onto surfaces, and regulate specific cell and tissue responses (Fig. 4.5d). 
Methods for the immobilization of biomolecules onto implant surfaces can be 
categorized by physical adsorption (via non-specific interaction forces (van der 
Waals forces or electrostatically), physical entrapment for the controlled release 
of bioactive substances and covalent immobilization using cross-linker molecules. 
Typical molecules that can self-organize on surfaces consist of a polar head group 
(–SH, –NH2, –COOH) that may bind to charged surfaces (previously activated for 
instance by UV treatment or plasma) as described above, or at least interact by 
van der Waals forces. Physical adsorption lacks the ability to properly control the 
bioactive release kinetics and thus its delivery; retention and proper orientation of 
the adsorbed molecules are hampered, which in case of proper exposure of focal 
adhesion points, limits a proper cell attachment. These drawbacks coupled with 
external parameters such as micro-movements of the implant, pH and temperature 
changes in the host tissue, lead to a reduction of the implants effective purpose. 
Alternatively, covalent binding of biomolecules onto surfaces, while requiring a 
more complex surface chemistry, allows higher loading capabilities and, since the 
bioactive agents are covalently attached onto the surface, show relatively low-loss 
rates. For the successful covalent surface immobilization of biomolecules, the sur-
face of the materials must first be modified to provide reactive groups (such as 
–OH, –NH2, –COOH) for the subsequent immobilization steps to occur. Today, 
there are various methods for the covalent immobilization of biomolecules onto 
biomedical material surfaces. Common denominators of successful methods 
(regarding binding and functionality of the modified surface) include the need for 
a linker molecule that binds covalently both onto the surface and onto the biomol-
ecules (bi-functional cross-linkers), a pre-conditioning (activation or functionaliza-
tion) of the substratum and finally, the preservation of the biological activity of the 
bioactive molecules [107, 136, 137, 139–143].

Biomaterials for Treatment of Age-Related Macular 
Degeneration (AMD)

As a follow up of the previous sections, the following sections will cover a spe-
cific scenario, concerning the use of biomaterials for the treatment of AMD. 
Background information regarding this disease will be provided, followed by an 
overview on the use of biomaterial scaffolds as supports for retinal pigment epi-
thelium (RPE).

Worldwide, visual impairment is one of the leading causes of human disabil-
ity. A total of 285 million people are visually impaired, 13.7 % of which are blind 
and the remaining 86.3 % have low vision (these include severe or moderate visual 
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impairment). A total of 65 % of the visually impaired and 82 % of the blind people 
are over 50 years of age (this age group representing 20 % of the World population). 
Roughly 90 % of the World’s visually impaired people live in developing countries. 
Uncorrected refractive errors were identified as the main cause of visual impairment, 
whereas cataracts represented the leading cause of blindness [144]. Age-Related 
Macular Degeneration (AMD) comprises a heterogeneous group of disorders that 
affects central area of vision (macula) and can lead to blurred vision, visual distor-
tions and the appearance of dark spots in the central vision field, ultimately lead-
ing to blindness. This disorder affects mostly the macula of elderly individuals. The 
major sites of AMD pathology are the retinal neurons, including photoreceptors. It 
is considered a complex disease, in which multiple genes, as well as environmental 
factors are considered to play key roles in its pathogenesis [145–149].

Anatomy of the Human Retina

In the animal kingdom, perception of the physical World is achieved through the 
visual system, a set of two functional organs, the eye and the brain, linked by con-
necting pathways through to the visual cortex. The three major components/of the 
eye include the external layer (sclera and cornea), a middle layer (a vascular layer 
divided into choroid, ciliary body and iris) and a inner layer of nerve tissue (the 
retina). The retina (Fig. 4.6a), a 0.4 mm thick tissue, is responsible for the capture 
and conversion of light energy into neural signs that are transmitted to the brain 
via the optic nerve (phototransduction). At the center of the retina, in the optical 
axis of the eye, it is located the macula lutea, also known as the yellow spot. The 
macula is responsible for the central vision and contains the fovea, the region of 
highest visual acuity and high cone cell density. The neuronal layers (Fig. 4.6a) 
are involved in signal transduction [150–153].

Fig. 4.6  a Schematic representation of the human retina (the large black arrow indicates the 
direction of the light path); b major functions of the RPE. (Adapted from Edward [151])
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Retinal Pigment-Epithelium (RPE)

The retinal pigment epithelium (Fig. 4.6b) consists of a monolayer of hex-
agonally cuboidal cells located at the outermost layer of the retina, between the 
neural retina and the choroid. RPE cells are differentiated into apical and basal 
configurations. The apical side faces the photoreceptor outer segments, whereas 
its basolateral surface faces the Bruch’s membrane, a pentalaminar, 1–4 μm thick 
structure adjacent to the choroidal capillaries (or choriocapilaries; a capillary bed) 
of the eye. The RPE’s apical side contains long microvilli enveloping the outer 
segments of the photoreceptors. In turn, the basal membrane has numerous convo-
luted infolds to increase the surface area for the absorption and secretion of mate-
rial. RPE is strongly involved in the maintenance of the visual function by closely 
interacting with photoreceptors cells. This layer regulates the transport of fluid, 
ions, and metabolites between the neurosensory retina and the retinal vasculature, 
phagocytose the rods and cones outer segments as they are renewed. RPE can 
phagocytose roughly 10 % of the photoreceptor outer segments on a daily basis, to 
maintain optimum function of the photoreceptors. The by-products of this process 
consist of toxic radicals, photo-damaged proteins and lipids, including lipofuscin 
and melanin. Both RPE cells and photoreceptors form the functional unit crucial 
to vision; their layered organization and correct orientation is critical for normal 
function and survival [154–161].

Bruch’s Membrane (BM)

The human BM (Fig. 4.6b) is a thin (2–4 µm thick), acellular, extracellular ECM 
pentalaminar membrane located between the retina and the choroid. It separates 
the RPE from the underlying choriocapillaries. BM provides physical support for 
RPE cell adhesion, migration and differentiation. It also acts as a natural molecu-
lar sieve regulating the exchange of biomolecules, nutrient, oxygen and metabolic 
wastes between the retina and choriocapillaries [162–165].

Age-Related Macular Degeneration (AMD)

It is believed that dysfunction of the RPE interrupts the normal health and function 
of the neurosensory retina, leading to the appearance of several diseases such as 
AMD (and others), and to reduced visual function. For instance, with aging, mela-
nin, which is packed in melanosomes in the apical part of the RPE cells, becomes 
oxidized, allowing the increase (accumulation) of granules (melanolysosomes) 
containing melanolipofuscin. This phenomenon is accelerated because, the num-
ber of RPE cells decreases with age, thus increasing the metabolic burden of the 
live ones.
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While its full composition is still unknown, lipofuscin is a heterogeneous mate-
rial consisting of a mixture of lipids, proteins and several fluorescent compounds. 
Along with other by-products from the phagocytic process, lipofuscin generates 
free radicals, such as the superoxide anion, singlet oxygen and hydrogen peroxide, 
which damage the DNA of RPE cells leading to their apoptosis [166–171].

As previously mentioned, AMD is considered to be the leading cause of blind-
ness among adults. Its causes are still the focus of intensive research; however, 
based on both animal and human model studies, development of AMD is a multi-
factorial disease process, resulting from a combination of intrinsic (i.e. genetic 
origin) and extrinsic factors (photooxidative damage). The decrease in RPE cell 
number, the build-up of partially metabolized by-products and drusen (lipid-rich 
extracellular deposits) lead to the progression of AMD. In parallel, choroidal neo-
vascularization, originating from choroidal blood vessels and progressing through 
Bruch’s membrane into the sub-retinal RPE space, leads to the accumulation of 
blood and serum beneath the RPE. This causes the detachment of the RPE layer.

Two major forms of AMD exist, namely the “dry” (non-exudative) and the “wet” 
(exudative). The dry type affects the majority of the patients and is briefly charac-
terized by the occurrence of drusen and atrophy of certain regions of the RPE layer. 
Over time, dry AMD can progress to the exudative form, where patients lose all 
central vision caused by the gradual thinning of the macula’s photoreceptors and 
choroidal neovascularization, leading to atrophy and tissue death [147, 154, 166, 
172–174]. A recent and extensive review on the ultrastructure of the human retina 
in aging and various pathological states can be found in Nag and Wadhwa [175].

To date, no curative treatment exists for AMD. Several therapeutic strategies 
have been proposed based on the possibility of neuroprotection, prevention of oxi-
dative damage and suppression of inflammation. As prophylactic measures against 
early AMD and the conversion from nonexudative to exudative AMD, possible 
treatments include supplementation of vitamins and antioxidants (vitamin C, vita-
min E, beta-carotene, zinc oxide and cupric oxide) and laser photocoagulation and 
photodynamic therapy. Intravitreal injections of vascular endothelial growth factor 
inhibiting pharmacotherapeutics (or anti-VEGF therapies) have recently allowed 
patients a significant visual improvement and stability (i.e. not only stop disease 
progression but to reverse its pathologic effects) [172, 176, 177].

Scaffolds for RPE Replacement

A fundamental strategy to improve cell-based RPE therapies consists of using a 
carrier scaffold on which RPE cells can be cultured and then transported to the 
implantation site (the sub-retinal space). The scaffold can add the proper structural 
support, allowing the development of a monolayered organization of RPE cells 
and with the correct orientation, a critical step for their long-term survival (RPE 
cells are anchorage-dependent and must quickly re/attach to a support following 
transplantation) [178, 179]. A key goal is thus to mimic the architecture of the 
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Table 4.6  Scaffolds for RPE transplantation (adapted from Hynes and Lavik [183])

Polymer In vitro/in vivo (ani-
mal model)

Cell type Transplanted result

Collagen In vivo (New Zealand 
albino rabbit)

Human RPE Collagen supported 
RPE integrated with 
host RPE

In vitro Porcine RPE and IPE RPE cells formed a 
monolayer with appro-
priate phenotype

Adult human RPE 
(ARPE-19)

RPE cells formed 
a monolayer with 
appropriate phenotype 
and could phagocytose 
OSs
RPEs cells formed a 
monolayer; collagen 
demonstrated upregu-
lation of angiogenic 
molecules

PLGA In vitro Fetal human RPE RPE cells formed a 
monolayer with appro-
priate phenotype

PLGA/PLLA In vitro Fetal human RPE RPE cells formed 
a monolayer with 
appropriate phenotype 
on PLGA, PLLA 
scaffolds demonstrated 
decreased attachment

Adult human RPE 
(D407)

RPE cells formed a 
monolayer with appro-
priate phenotype
RPE adhesion and cell 
morphology is influ-
enced by micropat-
terned scaffolds

Adult human RPE; 
porcine RPE rabbit 
corneal epithelium

RPE cells formed a 
monolayer with appro-
priate phenotype

RPE-ECM In vitro Human RPE; Bovine 
corneal endothelial 
cells

RPE ECM promotes 
RPE attachment and 
inhibits apoptosis

RPE-ECM and adult 
human BM

In vitro Adult human RPE Aged BM demon-
strated decreased RPE 
attachment

Descemet’s 
membrane

In vitro Porcine RPE; IPE 
bovine RPE and IPE

RPE and IPE cells 
formed a monolayer 
with appropriate 
phenotype

(continued)
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human BM (by developing a BM substitute, as this structure is responsible for 
maintaining the healthy homeostasis of the retina). Among the bulk and surface 
properties that are necessary for a scaffold to ensure the attachment and survival 
of RPE cells, it is important that it is extremely thin (5–90 μm) in order to reflect 
the size of the subretinal space. This further requires proper mechanical properties, 
not only to hold the monolayer of RPE cells, but also to withstand the surgical 
manipulation during transplantation. In addition, the ideal scaffold should allow 

BM—Bruch’s membrane; CCMS/IPAAm—4-(N-cinnamoylcarbamide)methylstyrene (CCMS) 
and N-isopropylacrylamide (IPAAm); Fn—Fibrinogen; IPE—iris pigment epithelium; HLC—
human lens capsule; RPE-ECM—retinal pigment epithelial (RPE) cells to provisional extracel-
lular matrices (ECM); OSs—photoreceptor Outer Segments; PDMS—Polydimethylsiloxane; 
PLC—porcine lens capsule; PLGA—poly(lactic-co-glycolic) acid; PLLA—poly(l-lactide)

Table 4.6  (continued)

Polymer In vitro/in vivo (ani-
mal model)

Cell type Transplanted result

CCMS/IPAAm In vitro RPE RPE cells formed a 
monolayer with appro-
priate phenotype

Adult HLC; PLC In vitro Porcine RPE; IPE RPE IPE cells formed 
monolayer with 
appropriate phenotype. 
Collagen support 
was required for 
RPE but not IPE cell 
proliferation

Fn In vitro/in vivo 
(albino and pig-
mented rabbits)

Fetal human RPE RPE adhered to fibrin-
ogen and survived 
in subretinal space 
for up to 1 month; 
retinal degeneration 
was noted in areas of 
particles

PDMS Adult human RPE 
(ARPE 19)

Scaffolds with micro-
fabricated architec-
tures demonstrated 
less cell contracts; 
substrate topography 
influences RPEs

Gelatin In vivo Porcine RPEs RPEs survived with 
no inflammation for 
3 months. Scaffold 
did not transplant 
uniformly, overlapping 
areas of RPE death

BM In vivo Human fetal & 
Adult human RPE 
(ARPE-19)

Cleaning and coating 
of aged BM improves 
adherence of fetal 
RPEs, but not adult 
RPEs
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for fluid transport, thus possessing a porosity comparable to the native BM 
(as a reference, molecules of up to 350 kDa should be able to pass through the 
scaffold). As with many biomaterials, the scaffold should also be biodegradable or 
biointegrated over time. The identification of natural or artificial matrices for the 
attachment and delivery of RPE cells is a topic under intense research (Table 4.6) 
[179–182].

Gelatin has a long history of use in cell transplantation to the eye and has been 
shown potential in improving the delivery of retinal tissue, without significant 
adverse cell reactions. Collagen, being a major component of the BM, was one 
of the first scaffolds ever tested for RPE transplantation. The successful culture of 
RPE cells on thin cross-linked collagen films was recorded by the formation of a 
monolayer of RPE cells, having also the appropriate cell morphology (hexagonal, 
cobblestone like and closely packed). However, collagen was found to promote an 
upregulation of angiogenic factors in in vitro RPE cultures. This effect could cause 
a neovascular response, thus ending in subretinal haemorrhaging and detachment 
of either the RPE or retina. Descemet membrane, lens capsule, aged BM, amniotic 
membrane, PMMA, PLLA, PDMS, PLGA, collagen, are also among the many dif-
ferent types of scaffolds prepared for RPE transplantation assays [178, 183–188]. 
While natural scaffolds are biocompatible, allow obviating host immune response 
and can better mimic the mechanical properties of native tissues, their availability 
is limited and have the risk of possible transmission of disease (as is the case with 
collagen); also their absorption profile cannot be tailored. Contrarily, synthetic 
matrices are a much more appealing approach given the greater control over the 
scaffold’s properties. Porous PLLA/PLGA films have been shown to be a potential 
matrix with proper mechanical properties for RPE monolayer formation. However, 
they are too rigid for proper manipulation during surgical insertion into the sub-
retinal space. Ultra-thin, micro-machined scaffolds of PMMA were used with 
murine retinal progenitor cells (RPCs). These cells were shown to grow and dif-
ferentiate well on these scaffolds both in vitro and in wild-type C57BL/6 mice. 
Porous, ultrathin and elastic scaffolds of poly(ε-caprolactone) and Poly(glycerol 
sebacate), successfully enabled the growth of murine RPCs, both in vitro and 
wild-type and degenerative mouse models. Thin (6–100 μm), porous (11–50 μm 
diameter) and grooved (20–40 μm wide) scaffolds have been fabricated from 
poly(methyl methacrylate) (PMMA), blends of PLGA and poly(hydroxybutyrate-
co-hydroxyvalerate) (PHBV8), and poly(glycerol sebacate) (PGS). The porous 
scaffolds (PMMA and PGS) showed better cell retention by protecting attached 
cells during surgical implantation [178, 183–188].

Concluding Remarks

This chapter provided a broad conceptual background on the key principles 
underlying cell-biomaterial interactions, both from the cellular and from the 
material’s perspective. The chronological chain of events that mediate a biologic 



120 S. Gonçalves et al.

response occurring when cells (in vitro and in vivo) come in contact with a foreign 
body (scaffold); as well as the material’s properties that most impact biocompatibility 
and major strategies to improve the bio-functionality of the (bio)materials were 
discussed.

Although important achievements have been reported in the biomaterials field, 
there are still many unsolved issues. In the case of macular regeneration via tis-
sue engineering approaches, the design of a scaffold, thin but mechanically strong, 
with adequate porosity that not only supports the growth of a well aligned and ori-
ented RPE cell layer, but withstands surgical manipulation and further contributes 
to maintaining the healthy homeostasis of the retina, remains a challenge. This 
chapter reviewed the ground breaking approaches used in the design of such mate-
rials, as well as the major results obtained so far.
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Abstract Polymers have been used as biomaterials in Orthopaedic Surgery for 
decades. Despite reports of complications with some polymeric materials, most 
are biocompatible and have been used successfully in total joint replacements, for 
soft tissue reconstruction, for joint fusion, and as fracture fixation devices. In this 
chapter we will describe the types of polymers used in commercially-available 
orthopaedic implants, and then give a breakdown by clinical application.
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Introduction

When selecting a biomaterial for orthopaedic applications, special consideration 
must be given to the structural properties of the material, since orthopaedic implants 
must be able to withstand significant and repeated mechanical loads. Ultimate 
strength, fatigue resistance, and wear are more critical than in other clinical applica-
tions since materials used in total joint replacements, fracture fixation plates, and 
spinal cages must be able to withstand millions of cycles of loading several times 
body weight. Although metals were the first biomaterials to be used in orthopaedic 
surgery and are still widely used today, polymers have been used successfully for 
more than half a century. Currently, polymers are widely used in total joint replace-
ment, sports medicine, spine, and orthopaedic trauma applications. There are many 
ways to categorize the polymers used in orthopaedics: absorbable versus nonab-
sorbable, synthetic versus naturally-occurring, commercially-available versus in-
research-use only, or by the clinical application. In this chapter we will first discuss 
the polymers currently used in orthopaedic implants, and then discuss the clinical 
applications of the polymers in commercial use.

ASTM International publishes several standard specifications that relate spe-
cifically to polymers used in medical applications. Table 5.1 gives a list of the 
ASTM standards that describe the standard specification of polymers used in 
orthopaedic surgery implants. Similar standards are published by the International 
Organization for Standardization (ISO), but are not listed here.

Nonabsorbable Polymers

Polymethylmethacrylate

Otto Rohm is credited with the development of perhaps the most widely used pol-
ymer in orthopaedic surgery—poly(methylmethacrylate) (PMMA)—in 1901 [1] 
but the material did not come into widespread use in orthopaedics until Sir John 
Charnley described its use for bonding prostheses to bone in the early 1960s [2]. 
A good review of the early work in characterizing PMMA including the evolution 
of the use in orthopaedics can be found in the article by Dennis Smith where he 
describes his collaboration with Charnley [3].

PMMA is composed of a powder polymer and a liquid monomer, which is usu-
ally mixed in a 2:1 ratio just prior to implantation. The liquid monomer is mainly 
(approximately 97 %) methylmethacrylate, but also contains an accelerator and a 
stabilizer [4]. The composition of the powder component varies by brand but con-
tains mainly microspheres of ground PMMA or copolymer with small amounts of 
radiopaque substances and an initiator. Some formulations also contain a dye or 
antibiotics. Mixing of the polymer and the monomer creates an exothermic reaction, 
which can have a necrotic effect on surrounding musculoskeletal tissues. The result-
ing polymer will progress through several stages during curing, usually reaching 
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a workable, dough-like consistency within a few minutes followed by the harden-
ing phase where peak temperatures are reached. There is a published standard that 
describes the required characteristics of all acrylic bone cements including setting 
time, material properties, and maximum temperature of polymerization (Table 5.1).

PMMA is strongest in compression and weakest in tension and under shear 
stresses with the ultimate compressive strength lying between trabecular and corti-
cal bone [5]. The addition of antibiotics to the cement, commonly done to prevent 
or treat infections, can significantly impair the strength of the cement [5, 6]. There 
are numerous other factors that can affect the mechanical properties of PMMA 
including molecular weight, mixing method, and sterilization [7–11].

Despite its widespread and successful use, relatively rare complications have 
been documented with the use of PMMA in orthopaedic surgery. Tissue necro-
sis can be caused by the high heat of polymerization or by the chemicals them-
selves [12, 13]. Bone cement implantation syndrome (BCIS) is usually associated 
with total hip arthroplasty and can be fatal for the patient. Clinical manifesta-
tions include hypoxia, hypotension, cardiac arrhythmias and in some cases 

Table 5.1  ASTM standards related to polymeric materials used in orthopaedic surgery

Designation Title

F451-08 Standard specification for Acrylic Bone Cement

F639-09 Standard specification for Polyethylene Plastics for medical applications

F648-14 Standard specification for Ultra-High-Molecular-Weight Polyethylene Powder 
and Fabricated Form for surgical implants

F755-99(2011) Standard specification for selection of Porous Polyethylene for use in surgical 
implants

F1925-09 Standard specification for Semi-Crystalline Poly(lactide) Polymer and 
Copolymer Resins for surgical implants

F2026-14 Standard specification for Polyetheretherketone (PEEK) Polymers for surgical 
implant applications

F2033-12 Standard specification for Total Hip Joint Prosthesis and Hip Endoprosthesis 
Bearing Materials Made of Metallic, Ceramic, and Polymeric Materials

F2313-10 Standard specification for Poly(glycolide) and Poly(glycolide-co-lactide) 
Resins for surgical implants with mole fractions greater than or equal to 70 % 
Glycolide

F2565-13 Standard guide for Extensively Irradiation-Crosslinked Ultra-High Molecular 
Weight Polyethylene Fabricated Forms for surgical implant applications

F2579-10 Standard specification for Amorphous Poly(lactide) and Poly(lactide-co-
glycolide) Resins for surgical implants

F2695-12 Standard specification for ultra-high molecular weight Polyethylene Powder 
Blended with Alpha-Tocopherol (Vitamin E) and Fabricated Forms for surgical 
implant applications

F2759-11 Standard guide for assessment of the Ultra High Molecular Weight 
Polyethylene (UHMWPE) used in Orthopedic and Spinal Devices

F2820-12 Standard specification for Polyetherketoneketone (PEKK) Polymers for surgi-
cal implant applications

F2902-12 Standard guide for assessment of Absorbable Polymeric Implants
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cardiovascular collapse [14]. Extravasation of the cement from the site of implan-
tation can lead to a so-called “cement emboli”, which although rare is a potentially 
fatal complication. [15–18] The cement can fail mechanically, leading to loosen-
ing of the implant it is meant to stabilize [5, 19, 20] or osteolysis due to the accu-
mulation of wear particulates [21].

Polyethylene

After PMMA, the most commonly used polymer in orthopaedic surgery is poly-
ethylene (PE). For several decades, this material has been the gold standard for 
bearing surfaces in total joint replacement devices. In general, the type of PE 
used in total joint replacements is ultra-high molecular weight polyethylene 
(UHMWPE) or highly cross-linked polyethylene (HXPE) [22]. Implant bearing 
surfaces are usually machined from ram-extruded bar stock, and then packaged 
and sterilized prior to shipment. Table 5.2 includes a list of some of the types of 
stock PE used by orthopaedic implant manufacturers.

The method of sterilization has critical effects on the mechanical properties of 
PE. Sterilization using gamma radiation produces free-radicals. If oxygen is present, 
the free-radicals produce chain scission and significant degradation of the mechani-
cal strength of the implant. On the other hand, gamma irradiation without the pres-
ence of oxygen results in cross-linking of the polymer chains and can produce 
implants with improved wear properties [22, 23]. The addition of vitamin E, a natu-
ral antioxidant, is also thought to counteract the oxidative degradation of PE, and 
currently there are commercially-available PE implants containing vitamin E [24].

One of the greatest concerns about the use of PE in joint replacement bearing 
surfaces is the wear of the material and the effect the wear debris has on the sur-
rounding tissues. For many years, it has been demonstrated that this wear debris 
leads to osteolysis and loosening of the prosthetic components [21, 25]. Wear 
of the polyethylene or loosening of the implants, which may be related to wear 
debris, remains a common reason for revision surgery after total hip [26, 27] or 
total knee arthroplasty [28].

Polyetheretherketone

Polyethertherketone (PEEK) is a member of the polyaryletherketone (PAEK) fam-
ily. PEEK possesses excellent chemical and thermal resistance, and its biocompat-
ibility, mechanical wear characteristics and stability under gamma irradiation makes 
it a good candidate material for orthopaedic implants. PEEK is a relatively ductile 
material, with a flexural modulus and ultimate tensile strength higher than that of 
UHMWPE or PMMA. For some applications, chopped carbon fibers are added to 
reinforce the PEEK material, further increasing it stiffness and strength [29, 30].
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Table 5.2  Sample of commercially available polymer products used in orthopaedic surgery

Company Product type/trade name Polymer type Polymer detail

Arthrex Interference screws Bioabsorbable PLLA

Arthrex Interference screws Bioabsorbable 70 % PLDLA 30 % 
Biphasic Calcium 
Phosphate

Arthrex Interference screws Nonabsorbable PEEK

Arthrex Tenodesis screws Bioabsorbable PLLA

Arthrex Tenodesis screws Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex Tenodesis screws Nonabsorbable PEEK

Arthrex Transfix Bioabsorbable PLLA

Arthrex Transfix Bioabsorbable 70 % PLDLA 30 % 
Biphasic Calcium 
Phosphate

Arthrex Graftbolt Bioabsorbable 70 % PLDLA 30 % 
Biphasic Calcium 
Phosphate

Arthrex Graftbolt Nonabsorbable PEEK

Arthrex Compression screw Bioabsorbable PLLA

Arthrex Corkscrew Bioabsorbable PLDLA

Arthrex Corkscrew FT Bioabsorbable PLLA

Arthrex Corkscrew FT Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex PushLock Bioabsorbable PLLA

Arthrex PushLock Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex PushLock Nonabsorbable PEEK

Arthrex SwiveLock Bioabsorbable PLLA

Arthrex SwiveLock Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex SwiveLock Nonabsorbable PEEK

Arthrex FASTak Bioabsorbable PLDLA

Arthrex SutureTak Bioabsorbable PLDLA

Arthrex SutureTak Bioabsorbable PLLA

Arthrex SutureTak Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex SutureTak Nonabsorbable PEEK

Arthrex SwiveLock tenodesis Bioabsorbable 85 % PLLA 15 % 
β-Tricalcium Phosphate

Arthrex SwiveLock tenodesis Nonabsorbable PEEK

BioMet Active articulation™ 
Dual mobility hip

Nonabsorbable E1® Antiosidant infused 
PE

DePuy Synthes Plivios revolution cage 
for posterior lumbar 
interbody dusion (PLIF)

Nonabsorbable PEEK

(continued)
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PEEK lends itself to a variety of commercial processing techniques, including 
molding, extrusion, injection molding and compression molding, making it 
attractive to use as an implant material. In 1998, Invibio, LTD, offered PEEK 

Table 5.2  (continued)

Company Product type/trade name Polymer type Polymer detail

Medtronic Prevail cervical interbody 
device

Nonabsorbable PEEK

Medtronic Bryan cervical disc Nonabsorbable Polyurethane

Small Bones 
Innovations

STAR™ ankle Nonabsorbable UHMWPE

Small Bones 
Innovations

rHead™ recon Nonabsorbable UHMWPE

Small Bones 
Innovations

RE-MOTION™ total 
Wrist

Nonabsorbable UHMWPE

Small Bones 
Innovations

Avanta CMC Nonabsorbable UHMWPE

Smith & Nephew Healicoil regenesorb Bioabsorbable PLGA, β-TCP, Calcium 
Sulfate

Stryker Mobile bearing hip™ 
system

Nonabsorbable Polyethylene

Stryker X3 bearing Nonabsorbable Polyethylene

Stryker Crossfire polyethylene Nonabsorbable Polyethylene

Stryker Solar shoulder Nonabsorbable UHMWPE

Stryker Biosteon® Wedge inter-
ference screw

Bioabsorbable 25 % Hydroxyapatite 
(HA), 75 % amorphous 
PLLA

Stryker Bioabsorbable interfer-
ence screw

Bioabsorbable PLLA

Stryker BioZip absorbable 
anchor

Bioabsorbable PLLA

Stryker Intraline, Zip, Twinloop, 
ReelXAnchors

Nonabsorbable PEEK

Stryker AVS AL spacer system Nonabsorbable PEEK

Synthes ProDisc Nonabsorbable Polyethylene

Zimmer Conventional 
polyethylene

Nonabsorbable GUR 1050 polyethylene 
resin or bar stock

Zimmer Sulene® Nonabsorbable GUR 1020 polyethylene 
bar stock

Zimmer Prolong® Highly 
crosslinked polyethylene

Nonabsorbable GUR 1050 polyethylene 
bar stock

Zimmer Longevity® Highly 
crosslinked polyethylene

Nonabsorbable GUR 1050 polyethylene 
bar stock

Zimmer Durasul® Highly 
crosslinked polyethylene

Nonabsorbable GUR 1050 polyethylene 
bar stock/pre-forms

Zimmer Vivacit-E® Vitamin 
E highly crosslinked 
polyethylene

Nonabsorbable GUR 1020 polyethylene 
resin, VitE
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commercially as an implant material [30], which has allowed for increased 
research into the applicability of this material for orthopaedic trauma, spine and 
adult reconstruction implants. Currently, the orthopaedic application of PEEK 
is concentrated in fusion cages (both spine and foot and ankle) [30–33] and for 
interference screws in sports medicine applications [34–36].

Absorbable Polymers

Bioabsorbable polymers are becoming increasingly popular in orthopaedic surgery 
and several review articles have been written to describe their use [37–41]. Absorbable 
implants have several advantages over traditional metallic implants or those made 
from nonabsorbable polymers. First, absorbable implants reduce stress shielding 
and the resulting bone weakening since the degradation profile of the material can 
be optimized to allow a gradual increase in the load transferred to the healing tissue. 
Second, although there are instances where bioabsorbable implants have had to be 
removed due to adverse tissue reactions, the incidence of a required second surgery 
to remove these implants is lower than with metallic implants [42]. Finally, bioab-
sorbable implants can be manufactured to include drugs or growth factors which are 
gradually released as the implant degrades, making them function as both a structural 
component and a drug delivery system [43, 44]. Bioabsorbable implants do have sev-
eral disadvantages when compared to metallic or nonabsorbable polymeric implants 
including lower strength, higher cost, and in some cases, a sterile, non-specific inflam-
matory response.

The most commonly used absorbable polymers used in orthopaedic surgery are 
those made from polylactide (PLA), polyglycolide (PGA) or combinations of the 
two. PLA has two isoforms, a D and an L, and is usually listed using the acronyms 
LPLA or DPLA, or DLPLA if a combination is used. As these polymers degrade 
into acidic products that are easily eliminated, the host reaction to the implant is 
usually negligible. However, in cases where the degradation products accumulate, 
such as in tissues with poor blood flow, the reaction can be severe and may require 
a second surgery to remove the implant [39]. Many factors affect the degradation 
of the implant and the resulting biological reaction, including the implant mate-
rial, implant geometry (surface area to volume ratio), site of implantation, and the 
method of sterilization.

Resorption of polymers generally occurs in two phases. First, the polymer 
chains are broken down through hydrolysis and the molecular weight of the poly-
mer drops, followed by loss of mechanical strength and loss of mass in the implant. 
Second, the implant loses its form and breaks into particles, which are attacked by 
macrophages and the by products are excreted by the kidneys and lungs [45].

Animal studies indicate that implants made from PGA fully degrade in 3–9 months. 
Since most instances of adverse tissue response in humans have been reported to occur 
between 2 weeks and 6 months, this is consistent with the theory that the adverse tis-
sue reaction is related to the accumulation of acidic degradation products during the 
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final stages of implant resorption. The rate of adverse tissue reaction varies but has 
been reported to be as low as 3 % in trauma applications to as high as 60 % when 
implants are used for treating wrist fractures [39]. The clinical presentation of the reac-
tion is that of a sterile, non-specific inflammatory response with multinucleated foreign 
body giant cells seen in histological sections. Polymeric debris is also usually visible 
both extra- and intra-cellularly and osteolytic lesions are often present.

Implants made from LPLA degrade much more slowly in vivo, taking up to 
several years. In animal studies the degradation time was shown to be between 
2 and 3 years depending on the polymer, and in a few human trials the degrada-
tion was reported to take between 10 and 68 months. The reports of adverse tissue 
reaction to these implants indicate that most reactions occur between 5 months and 
5 years, again consistent with the theory that the reactions occur at the final stages 
of implant degradation, if these reactions are going to occur [39, 40].

In some cases hydroxyapatite or calcium phosphate are added to PGA or PLA 
implants. The addition of these materials helps to increase the mechanical strength 
of the implants and is thought to decrease the accumulation of acidic degradation 
products during polymer resorption, which may decrease the incidence of adverse 
tissue reactions. Long-term clinical trials are needed to determine if implants made 
from these materials lead to better patient outcomes.

Applications of Polymers in Orthopaedic Surgery

Table 5.2 contains a partial listing of commercially available polymer products 
used in orthopaedic surgical procedures. Here we describe the general applications 
of polymers in orthopaedic surgery.

Joint Replacement

The 1960s hip replacement implant developed by Sir John Charnley resembles 
many joint replacement implants used today. His prosthesis consisted of a metal 
femoral component and PE acetabulum, with the implants bonded to the bone 
using PMMA [46]. The low friction design of the articulating surfaces gave good 
surgical outcomes and because of this design joint replacement surgeries are con-
sidered some of the most successful orthopaedic surgeries [47].

Since PMMA has mechanical properties that are similar to bone, its use in 
joint replacement devices may allow a more physiologic transfer of loads from the 
prosthesis to the remaining bone, which may in turn reduce stress-shielding and 
the resulting bone loss. PMMA stabilizes implants within the surrounding bone, 
reducing unwanted micromotions and can act as a load damper [5].

PE remains the workhorse of joint replacement liners as it functions as a 
low-friction implant articulating surface. There have been many adaptations and 
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modifications made to PE over the years in attempts to improve its wear prop-
erties. Today’s highly cross-linked PE provides a durable low friction surface 
between metal surfaces of hip, knee, shoulder, and ankle arthroplasty implants 
(Figs. 5.1 and 5.2).

Particle formation from arthroplasty implants can lead to complications in the 
post-operative period. It has been shown that wear particles from implants induce 
a systemic reaction that stimulates an immune response to the implants and joint. 
This immune reaction brings activated macrophages into the joint that medicate a 
process of osteolysis and bone resorption from the implants [25]. The end prod-
uct of this devastating complication is implant failure and revision arthroplasty 
surgery. Ideal implants have minimal to no wear particle formation and therefore 
would not stimulate the immune response that causes failure.

Although some commercially available systems for spinal disc replacement 
are metal-on-metal or metal-on-ceramic systems, there are commercially avail-
able systems with either polyurethane or PE articulating surfaces. The review 
article by Cason gives a good overview of the implant systems available for cervi-
cal disc replacement [48] and discusses the existing evidence for their use. The 
2013 Cochrane Review by Jacobs describes the available evidence for lumbar disc 
replacement systems [49]. Both reviews suggest that the evidence for or against 
these devices is limited and further long-term randomized clinical trials are needed 
to fully evaluate them.

Fig. 5.1  Example total hip 
replacement systems.  
a is the Continuum™ 
Acetabular System made  
by Zimmer. In this example 
the liner, made from  
highly-crosslinked 
polyethylene, is shown 
positioned between a 
porous metal acetabular 
cup and a ceramic femoral 
head. b shows the ADM™ 
and MDM™ acetabular 
systems with an Acolade 
II™ femoral stem made by 
Stryker. Highly-crosslinked 
polyethylene liners are shown 
between both metal and 
ceramic femoral heads and 
the metal acetabular cups
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Joint Fusion

An alternative approach to treating degenerative joints and the resulting pain is joint 
fusion. Porous cages are often used in these surgeries to preserve the spacing between 
the previously articulating bones while allowing for fusion between the segments. 
Commercially available spine cages using polymers are included in Table 5.2 and some 
example cages are shown in Figs. 5.3 and 5.4. While there are studies suggesting that 
the clinical outcomes with polymeric cages are superior to that when metallic cages are 
used [32] other studies suggest that the differences are not clinically significant [33].

Fig. 5.2  Example total knee replacement system. The top portion of the figure highlights the 
polyethylene components available for the Persona™ personalized knee system manufactured by 
Zimmer, which includes both the tibia trays and the patellar resurfacing components. These liners 
are made from highly-crosslinked polyethylene with vitamin E added. In the bottom portion of 
the figure tibial trays are shown in their articulating position between the femoral and tibial metal 
components
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Fig. 5.3  Examples of PEEK cages made by Nuvasive for intervertebral body fusion procedures. 
The cages are meant to be filled with materials to promote bone fusion, such as bone graft taken 
from the patient’s pelvis

Fig. 5.4  Example of a PEEK 
cage filled with bone graft 
ready to be inserted into a 
patient. In this case the cage 
is the Opal™ spacer system 
made by Depuy Synthes
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Bone Void Filling

Traumatic injuries or cancer treatment often requires bone resection, which can 
result in extensive voids in the skeleton. PMMA can be used to fill the voids, but the 
hope is that tissue engineering will be able to replace the missing bone material with 
the patient’s own tissue. Spinal compression fractures are also a common conse-
quence of traumatic injury or bone degeneration due to cancer or metabolic diseases 
such as osteoporosis. Although these fractures can be asymptomatic, they can also 
be painful and lead to difficulty with breathing or digestion if the resulting kyphosis 
becomes severe. Both vertebroplasty and kyphoplasty surgeries have been used to 
treat vertebral body compression fractures. These are both percutaneous procedures 
that aim to restore vertebral body height through injection of PMMA into the col-
lapsed body; however, in kyphoplasty procedures, a balloon is inserted and inflated 
to restore body height prior to the introduction of the PMMA. As was mentioned 
previously in Sect. “Polymethylmethacrylate”, extravasation of PMMA can lead 
to adverse consequences [15, 18, 50, 51]. Recently, guidelines were the American 
Academy of Orthopaedic Surgeons recommends against the use of vertebroplasty 
for patients with an osteoporotic spinal compression fracture [52].

Fracture Repair

Both absorbable [37, 38, 53] and nonabsorbable [30] polymers have been used 
to manufacture plates and screws for the fixation of bone fractures [54]. Metallic 
implant systems are more commonly used however, and are better suited to most 
applications due to the required mechanical strength needed for these applications 
[37, 55].

Soft Tissue Repairs

In general, surgery for soft tissue injuries involves either repair or reconstruction 
of the injured tissue. Intra-substance repairs of injured ligaments and tendons often 
involve suture fixation and apposition of the injured ligaments. When injuries 
occur near tendon or ligament insertions or origins, bony fixation constructs are 
typically used to fix the soft tissue in the anatomic origin or insertion site. Devices 
employed to repair and reconstruct soft tissues range include both interference 
screws used to constrain soft tissues within bony drill hole sites and suture anchors 
that secure soft tissues to bony surfaces with suture material attached to anchors 
that are fixed into bone.

Interference screws and suture anchors have evolved over time and now 
come in a variety of sizes, materials and designs (Figs. 5.5 and 5.6). The various 
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polymers that are used in these procedures offer advantages and disadvantages 
over other options of fixation [56–58]. Metal implants have been used for these 
procedures and still offer the advantage of superior strength and fracture resist-
ance. Polymers are also in frequent use for these soft tissue repair procedures 
and offer their own advantages. Although complications have been reported with 
the use of absorbable implants, particularly in shoulder surgery [59, 60], a recent 
review suggests that there is not a relevant clinical difference in outcomes when 
either polymeric and metallic implants are used [61].

Fig. 5.5  Two example 
systems of interference 
screws made by Stryker.  
a shows screws made from 
PLLA and b shows the 
Biosteon™ screws made 
from a mixture of PLLA and 
hydroxyapatite
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Other Applications

Composite bone models are used in orthopaedic research and education in place 
of cadaveric material as these models are uniform, relatively inexpensive, do not 
require special handling or storage, and are easy to obtain [62–64] Although these 
models, made from short-glass fiber-reinforced polyepoxide shells surrounding 
polyurethane cores, are not used clinically, they have been used in numerous pub-
lished research studies and also for teaching surgical techniques to medical stu-
dents and residents. In addition, polymers are used for drug delivery [6, 44, 65–67] 
and tissue engineering applications [68–71] in orthopaedic surgery. These topics 
are will not be fully discussed in this chapter as they are covered in other chapters 
in this volume.

References

 1. Rohm, O.: On the polymerization products of acrylic acid. Chemistry (dissertation). 
University of Tubingen, Tubingen (1901)

 2. Charnley, J.: The bonding of prostheses to bone by cement. J. Bone Joint Surg. Br. 46, 518–
529 (1964)

 3. Smith, D.C.: The genesis and evolution of acrylic bone cement. Orthop. Clin. North Am. 36, 
1–10 (2005)

 4. Jaeblon, T.: Polymethylmethacrylate: properties and contemporary uses in orthopaedics. J. 
Am. Acad. Orthop. Surg. 18, 297–305 (2010)

Fig. 5.6  Example suture anchors systems made from polymers. a shows both the Biozip™ 
(PLLA) and Intraline™ (HA-PLLA) anchors made by Stryker. b shows the Arthrex PushLock® 
instrumentation with a BioComposite® anchor made from biphasic calcium phosphate and 
PLDLA. Anchors are also available from Arthrex made from PLLA or PEEK



1435 Polymers in Orthopaedic Surgery

 5. Lewis, G.: Properties of acrylic bone cement: state of the art review. J. Biomed. Mater. Res. 
38, 155–182 (1997)

 6. Lewis, G.: Properties of antibiotic-loaded acrylic bone cements for use in cemented arthroplas-
ties: a state-of-the-art review. J. Biomed. Mater. Res. B Appl. Biomater. 89, 558–574 (2009)

 7. Harper, E.J., Braden, M., Bonfield, W., et al.: Influence of sterilization upon a range of prop-
erties of experimental bone cements. J. Mater. Sci.: Mater. Med. 8, 849–853 (1997)

 8. Lewis, G., Mladsi, S.: Effect of sterilization method on properties of Palacos R acrylic bone 
cement. Biomaterials 19, 117–124 (1998)

 9. Lewis, G.: Apparent fracture toughness of acrylic bone cement: effect of test specimen con-
figuration and sterilization method. Biomaterials 20, 69–78 (1999)

 10. Graham, J., Pruitt, L., Ries, M., Gundiah, N.: Fracture and fatigue properties of acrylic 
bone cement: the effects of mixing method, sterilization treatment, and molecular weight. J. 
Arthroplasty 15, 1028–1035 (2000)

 11. An, Y.H., Alvi, F.I., Kang, Q., et al.: Effects of sterilization on implant mechanical property 
and biocompatibility. Int. J. Artif. Organs 28, 1126–1137 (2005)

 12. Mjoberg, B., Pettersson, H., Rosenqvist, R., Rydholm, A.: Bone cement, thermal injury and 
the radiolucent zone. Acta Orthop. Scand. 55, 597–600 (1984)

 13. Urrutia, J., Bono, C.M., Mery, P., Rojas, C.: Early histologic changes following polymethyl-
methacrylate injection (vertebroplasty) in rabbit lumbar vertebrae. Spine 33, 877–882 (2008)

 14. Donaldson, A.J., Thomson, H.E., Harper, N.J., Kenny, N.W.: Bone cement implantation syn-
drome. Br. J. Anaesth. 102, 12–22 (2009)

 15. Chen, Y.J., Tan, T.S., Chen, W.H., et al.: Intradural cement leakage: a devastatingly rare com-
plication of vertebroplasty. Spine 31, E379–E382 (2006)

 16. Zhang, J.D., Poffyn, B., Sys, G., Uyttendaele, D.: Comparison of vertebroplasty and kyphop-
lasty for complications. Orthop. Surg. 3, 158–160 (2011)

 17. Wang, L., Gardner, A.W., Kwek, E.B., Naidu, G.R.: Retrograde cement arteriovenogram of 
nutrient vessels following hemiarthroplasty of the hip. Acta Orthop. Belg. 78, 431–435 (2012)

 18. Corcos, G., Dbjay, J., Mastier, C., et al.: Cement leakage in percutaneous vertebroplasty for 
spinal metastases: a retrospective evaluation of incidence and risk factors. Spine 39, E332–
E338 (2014)

 19. Krause, W., Mathis, R.S.: Fatigue properties of acrylic bone cements: review of the literature. 
J. Biomed. Mater. Res. 22, 37–53 (1988)

 20. Cuckler, J.M.: If hip implant retrievals could speak, what would they tell us? J. Bone Joint 
Surg. Br. 94, 11–13 (2012)

 21. Goodman, S.: Wear particulate and osteolysis. Orthop. Clin. North. Am. 36(1), 41–48 (2005)
 22. Rajpura, A., Kendoff, D., Board, T.N.: The current state of bearing surfaces in total hip 

replacement. Bone Joint J. 96(2), 147–156 (2014)
 23. Gordon, A.C., D’Lima, D.D., Colwell Jr, C.W.: Highly cross-linked polyethylene in total hip 

arthroplasty. J. Am. Acad. Orthop. Surg. 14, 511–523 (2006)
 24. Oral, E., Muratoglu, O.K.: Vitamin E diffused, highly crosslinked UHMWPE: a review. Int. 

Orthop. 35, 215–223 (2011)
 25. Goodman, S.B., Gibon, E., Yao, Z.: The basic science of periprosthetic osteolysis. Instr. 

Course Lect. 62, 201–206 (2013)
 26. Ulrich, S.D., Seyler, T.M., Bennett, D., et al.: Total hip arthroplasties: what are the reasons 

for revision? Int. Orthop. 32, 597–604 (2008)
 27. Bozic, K.J., Kurtz, S.M., Lau, E., et al.: The epidemiology of revision total hip arthroplasty 

in the United States. J. Bone Joint Surg. Am. 91, 128–133 (2009)
 28. Bozic, K.J., Kurtz, S.M., Lau, E., et al.: The epidemiology of revision total knee arthroplasty 

in the United States. Clin. Orthop. Relat. Res. 468, 45–51 (2010)
 29. Eschbach, L.: Nonresorbable polymers in bone surgery. Injury 31(Suppl 4), 22–27 (2000)
 30. Kurtz, S.M., Devine, J.N.: PEEK biomaterials in trauma, orthopedic, and spinal implants. 

Biomaterials 28, 4845–4869 (2007)
 31. Nino Gomez, D., Eslava, S., Federico, A., et al.: Use of poly(ether ether ketone) cages in foot 

and ankle surgery. Foot Ankle Clin. 17, 449–457 (2012)



144 C.G. Ambrose et al.

 32. Chen, Y., Wang, X., Lu, X., et al.: Comparison of titanium and polyetheretherketone (PEEK) 
cages in the surgical treatment of multilevel cervical spondylotic myelopathy: a prospective, 
randomized, control study with over 7-year follow-up. Eur. Spine J. 22, 1539–1546 (2013)

 33. Kersten, R.F., van Gaalen, S.M., de Gast, A., Oner, F.C.: Polyetheretherketone (PEEK) cages in 
cervical applications: a systematic review. Spine J.: Official J. North Am. Spine Soc. (2013)

 34. Barber, F.A., Herbert, M.A., Beavis, R.C., Barrera Oro, F.: Suture anchor materials, eyelets, 
and designs: update 2008. Arthroscopy 24, 859–867 (2008)

 35. Barber, F.A., Herbert, M.A., Hapa, O., et al.: Biomechanical analysis of pullout strengths of 
rotator cuff and glenoid anchors: 2011 update. Arthroscopy 27, 895–905 (2011)

 36. Uzumcugil, O., Yalcinkaya, M., Ozturkmen, Y., et al.: Effect of PEEK polymer on tunnel 
widening after hamstring ACL reconstruction. Orthopedics 35, e654–e659 (2012)

 37. Gogolewski, S.: Bioresorbable polymers in trauma and bone surgery. Injury 31(Suppl 4), 
28–32 (2000)

 38. Rokkanen, P.U., Bostman, O., Hirvensalo, E., et al.: Bioabsorbable fixation in orthopaedic 
surgery and traumatology. Biomaterials 21, 2607–2613 (2000)

 39. Ambrose, C.G., Clanton, T.O.: Bioabsorbable implants: review of clinical experience in 
orthopedic surgery. Ann. Biomed. Eng. 32, 171–177 (2004)

 40. Kontakis, G.M., Pagkalos, J.E., Tosounidis, T.I., et al.: Bioabsorbable materials in orthopae-
dics. Acta Orthop. Belg. 73, 159–169 (2007)

 41. Mukherjee, D.P., Pietrzak, W.S.: Bioabsorbable fixation: scientific, technical, and clinical 
concepts. J Craniofac. Surg. 22, 679–689 (2011)

 42. Bostman, O.M.: Metallic or absorbable fracture fixation devices: a cost minimization analy-
sis. Clin. Orthop. Relat. Res. 329, 233–239 (1996)

 43. Nair, L.S., Laurencin, C.T.: Polymers as biomaterials for tissue engineering and controlled 
drug delivery. Adv. Biochem. Eng. Biotechnol. 102, 47–90 (2006)

 44. Kluin, O.S., van der Mei, H.C., Busscher, H.J., Neut, D.: Biodegradable vs non-biodegrada-
ble antibiotic delivery devices in the treatment of osteomyelitis. Expert Opin. Drug Deliv. 10, 
341–351 (2013)

 45. Ciccone 2nd, W.J., Motz, C., Bentley, C., Tasto, J.P.: Bioabsorbable implants in orthopaedics: 
new developments and clinical applications. J. Am. Acad. Orthop. Surg. 9, 280–288 (2001)

 46. Knight, S.R., Aujla, R., Biswas, S.P.: Total hip arthroplasty—over 100 years of operative his-
tory. Orthop. Rev. 3, e16 (2011)

 47. Callaghan, J.J., Albright, J.C., Goetz, D.D., et al.: Charnley total hip arthroplasty with cement 
minimum twenty-five-year follow-up. J. Bone Joint Surg. Am. 82(4), 487–497 (2000)

 48. Cason, G.W., Herkowitz, H.N.: Cervical intervertebral disc replacement. J. Bone Joint Surg. 
Am. 95, 279–285 (2013)

 49. Jacobs, W., Van der Gaag, N.A., Tuschel, A., et al. Total disc replacement for chronic back 
pain in the presence of disc degeneration. Cochrane Database Syst. Rev. 9, CD008326 (2012)

 50. Abdul-Jalil, Y., Bartels, J., Alberti, O., Becker, R.: Delayed presentation of pulmonary poly-
methylmethacrylate emboli after percutaneous vertebroplasty. Spine 32, E589–E593 (2007)

 51. Bose, R., Choi, J.W.: Successful percutaneous retrieval of methyl methacrylate orthopedic 
cement embolism from the pulmonary artery. Cathet. Cardiovasc. Interv. 76, 198–201 (2010)

 52. Esses, S.I., McGuire, R., Jenkins, J., et al.: American academy of orthopaedic surgeons clini-
cal practice guideline on: the treatment of osteoporotic spinal compression fractures. J. Bone 
Joint Surg. Am. 93, 1934–1936 (2011)

 53. Waris, E., Konttinen, Y.T., Ashammakhi, N., et al.: Bioabsorbable fixation devices in trauma 
and bone surgery: current clinical standing. Expert Rev. Med. Devices 1, 229–240 (2004)

 54. Yetkin, H., Senkoylu, A.: Biomaterials in orthopaedic surgery and traumatology. Technol. 
Health Care 10, 173–175 (2002)

 55. Cotic, M., Vogt, S., Hinterwimmer, S., et al. A matched-pair comparison of two different 
locking plates for valgus-producing medial open-wedge high tibial osteotomy: peek-carbon 
composite plate versus titanium plate. Knee Surg. Sports Traumatol. Arthrosc. 1–9 (2014)

 56. Alan Barber, F., Boothby, M.H., Richards, D.P.: New sutures and suture anchors in sports 
medicine. Sports Med. Arthrosc. 14, 177–184 (2006)



1455 Polymers in Orthopaedic Surgery

 57. Gunja, N.J., Athanasiou, K.A.: Biodegradable materials in arthroscopy. Sports Med. 
Arthrosc. 14, 112–119 (2006)

 58. Denard, P.J., Burkhart, S.S.: The evolution of suture anchors in arthroscopic rotator cuff 
repair. Arthroscopy 29, 1589–1595 (2013)

 59. Dhawan, A., Ghodadra, N., Karas, V., et al.: Complications of bioabsorbable suture anchors 
in the shoulder. Am. J. Sports Med. 40, 1424–1430 (2012)

 60. McCarty 3rd, L.P., Buss, D.D., Datta, M.W., et al.: Complications observed following labral 
or rotator cuff repair with use of poly-L-lactic acid implants. J. Bone Joint Surg. Am. 95, 
507–511 (2013)

 61. Papalia, R., Franceschi, F., Diaz Balzani, L., et al. The arthroscopic treatment of shoulder 
instability: bioabsorbable and standard metallic anchors produce equivalent clinical results. 
Arthroscopy (2014)

 62. Gardner, M.P., Chong, A.C., Pollock, A.G., Wooley, P.H.: Mechanical evaluation of large-size 
fourth-generation composite femur and tibia models. Ann. Biomed. Eng. 38, 613–620 (2010)

 63. Grover, P., Albert, C., Wang, M., Harris, G.F. Mechanical characterization of fourth genera-
tion composite humerus. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 225, 1169–1176 (2011)

 64. Elfar, J., Menorca, R.M., Reed, J.D., Stanbury, S.: Composite bone models in orthopaedic 
surgery research and education. J. Am. Acad. Orthop. Surg. 22, 111–120 (2014)

 65. Saito, N., Murakami, N., Takahashi, J., et al.: Synthetic biodegradable polymers as drug deliv-
ery systems for bone morphogenetic proteins. Adv. Drug Deliv. Rev. 57, 1037–1048 (2005)

 66. Tan, H.L., Lin, W.T., Tang, T.T.: The use of antimicrobial-impregnated PMMA to man-
age periprosthetic infections: controversial issues and the latest developments. Int. J. Artif. 
Organs 35, 832–839 (2012)

 67. Ambrose, C.G., Clyburn, T.A., Mika, J., et al.: Evaluation of antibiotic-impregnated micro-
spheres for the prevention of implant-associated orthopaedic infections. J. Bone Joint Surg. 
Am. 96, 128–134 (2014)

 68. Fedorovich, N.E., Alblas, J., de Wijn, J.R., et al.: Hydrogels as extracellular matrices for 
skeletal tissue engineering: state-of-the-art and novel application in organ printing. Tissue 
Eng. 13, 1905–1925 (2007)

 69. Spiller, K.L., Maher, S.A., Lowman, A.M.: Hydrogels for the repair of articular cartilage 
defects. Tissue Eng. Part B, Rev. 17, 281–299 (2011)

 70. Kosuge, D., Khan, W.S., Haddad, B., Marsh, D.: Biomaterials and scaffolds in bone and mus-
culoskeletal engineering. Curr. Stem Cell Res. Ther. 8, 185–191 (2013)

 71. Raftery, R., O’Brien, F.J., Cryan, S.A. Chitosan for gene delivery and orthopedic tissue engi-
neering applications. Molecules (Basel, Switzerland) 18(5), 5611–5647 (2013)



147

Chapter 6
Polymers in Ophthalmology

Javier Adrián Calles, José Bermúdez, Enrique Vallés,  
Daniel Allemandi and Santiago Palma

© Springer International Publishing Switzerland 2015 
F. Puoci (ed.), Advanced Polymers in Medicine, DOI 10.1007/978-3-319-12478-0_6

Abstract Ophthalmological sciences are disciplines focused in the health of the 
eyes and related structures, as well as vision, visual systems, and vision informa-
tion processing in humans; dealing with the anatomy, physiology and diseases of the 
eye. Along time a wide variety of materials, including metals, ceramics and poly-
mers, have been developed and used in different ophthalmic applications. Although, 
modern ophthalmic devices and drug platforms are made with polymeric materials. 
Applications of polymers in ophthalmology include vitreous replacement fluids, 
contact lenses, intraocular lenses, artificial orbital walls, artificial corneas, artificial 
lacrimal ducts, glaucoma drainage devices, viscoelastic replacements, drug delivery 
systems, sclera buckles, retinal tacks and adhesives, and ocular endotamponades. 
Both synthetic and natural polymeric biomaterials are used in ophthalmological 
applications, although in the lasts years most efforts were focused in natural and bio-
compatible materials, such as gelatin, hyaluronan, chitosan, gums, etc.; developing, 
tablets, films, suspensions, nanosystems, inserts, etc. This chapter attempts to offers 
an insight into the importance of polymers in the design and development of phar-
maceuticals platforms used in ocular therapeutics.
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Abbreviations

MC  Methylcellulose
HEC  Hydroxyethylcellulose
HPC  Hydroxypropycellulose
HPMC  Hydroxypropylmethylcellulose
CMC Na  Sodium carboxymethylcellulose
PVA  Poly(vinyl alcohol)
SH  Sodium hyaluronate
AUC  Area under the curve
HEMA  Hydroxy ethyl metacrylate
PVP  Polyvinyl pyrrolidone
EGDM  Ethylene glycol dimethacrylic acid
DDS  Drug delivery system
PLA  Polylactic acid
PGA  Polyglycolic acid
PLGA  Copolymer polylactic-co-glycolic acid
NEs  Nanoemulsions
PEO  Polyethylene oxide
PPO  Polypropylene oxide

Introduction

Ophthalmic drug delivery is one of the most interesting and challenging endeav-
ors facing the pharmaceutical scientist. Over the past decade, the understanding 
of ocular physiopathology and pharmacokinetic and pharmacodynamic parameters 
of ophthalmic drugs has increased markedly and resulted in the development of 
new drugs and drug delivery systems for the human eye. The move from tradi-
tional ophthalmic dosage forms toward more sophisticated drug delivery systems 
has been slow. This is due to the fact that certain prerequisites are necessary for 
ophthalmic formulations which impose certain limitations to the formulator. These 
include sterility, absence of local toxicity, tolerance, ease of dispensing, antimicro-
bial preservation for multidose formulations, and iso-osmolarity for aqueous-based 
formulations. On the other hand, the development of drug treatments for diseases 
of the retina and posterior tissues of the eye have been slow. Among the principal 
causes for this, the technical difficulty in delivering drugs to the back of the eye 
seems to be the most important. Most of the drugs used in ophthalmology had ini-
tially been developed for other applications and subsequently found to be useful 
in ophthalmology. All these factors have limited the access to the market of inno-
vative ophthalmic modified-release formulations. One potential reason for this is 
economics. Even worse, many potentially effective drugs languish on the labora-
tory shelves of pharmaceutical companies for lack of safe and efficacious formula-
tions. This problem is critical in the eye due to the great differences and variety of 
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tissues that need to be targeted according to the involved therapy and the signifi-
cant barriers for penetration of foreign or exogenous compounds through ocular 
mucosa. After topical instillation of an eye drop, the drug is subject to a number of 
very efficient elimination mechanisms such as drainage, binding to proteins, nor-
mal tear turnover, induced tear production, and nonproductive absorption via the 
conjunctiva. Typically, the effective period of time for drug absorption is about 90s 
due to the rapid removal of drug from the precorneal area. Besides, the cornea is 
poorly permeable to both hydrophilic and hydrophobic compounds. As a result, 
only approximately 10 % or less of the topically applied dose can be absorbed into 
the anterior segment of the eye. Basically, the two major barriers found in ocu-
lar drug delivery are (a) short residence time in the precorneal area and (b) poor 
permeability of the cornea. For example, various efforts have been made to pro-
long the drug solution residence time via vehicle modification [1, 2], bioadhesives 
[3], inserts [4]. A successful design of a drug delivery system, therefore, requires 
an integrated knowledge of the drug molecule properties and effective formula-
tion strategies in order to overcome the constraints offered by the ocular route of 
administration.

There is a clear need for ophthalmic products able to offer more therapeutic 
benefits than those derived from simple solutions/suspensions. Another important 
aspect of drug delivery is “targeting.” To maximize efficacy and safety, drugs need 
to be directed as best as possible to a specific tissue or cell type once ocular pen-
etration has been achieved. In certain circumstances, the drug delivery systems can 
be designed in order to achieve this goal. The development of the nanotechnol-
ogy oriented to the design of drug delivery systems offers new possibilities for the 
improvement of the treatment of ocular diseases. Particularly, the potential use of 
nanoparticles became one the most attractive alternative for this objective.

The final goal of drug delivery system is to achieve and maintain therapeutic 
concentrations of the drug at the site of action along sufficient time to produce 
a beneficial effect. A secondary aim is to avoid exposing eye’s tissues to high 
enough drug concentrations able to cause unacceptable side effects. In the design 
of a drug delivery system intended for ophthalmic administration an equilibrium 
must be kept among the limitations imposed by the physicochemical properties of 
the drugs, the limitations imposed by the anatomy and disease state of the eye, and 
the dosing requirements of the drug for that particular disease.

A significant challenge to the formulator is to circumvent the protective barriers 
of the eye without causing permanent tissue damage. Development of more sensi-
tive diagnostic techniques as well as novel therapeutic agents leads to the design 
of ocular delivery systems with higher therapeutic efficacy. Although being use-
ful formulations several decades ago, conventional ophthalmic dosages forms such 
as solution, suspension, and ointment no longer constitute an optimal therapy for 
these indications. Therefore, nowadays a lot of attention is paid to the develop-
ment of the pharmaceutical system in addition to efficiency of the drug itself.

Although many drugs can be safely delivered by mean of eye drops, the effi-
ciency of the treatment depends on patient compliance. Non-compliance is a major 
problem, especially in poorly educated patients and patients who are required to 
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apply drops frequently. Lack of compliance frequently results in suboptimal thera-
peutics, which may lead to blindness depending on the pathology.

The dosing of patients suffering chronic conditions or motor problems is very 
complicated since an adequate schedule of administration of eye drops is very 
hard to complete.

However, the next decade promises great strides in therapy for many poorly 
treated or untreatable ocular diseases with any drug treatment. For new medica-
tions to be used effectively, and for those now available to provide maximal ben-
efit, improvements in ocular drug delivery are essential.

This new type of ophthalmic formulations has to possess well defined proper-
ties in order to meet biopharmaceutical requirements such as be capable of deliv-
ering the effective ocular drug concentrations along an extended period of time 
(without inducing systemic side effects), user friendly, and exempt of side effects 
such as blurring, irritation, or foreign-body sensation.

Many attempts have been made to develop practical approaches to the modified 
delivery of drugs. The reason for the high demand for developing novel options 
for delivery of drugs to the eye is based on the need to progress from drug delivery 
concerns discovered in earlier research on topically administered drugs.

The unique anatomy and physiology of the eye offer many challenges to deve-
lope effective ophthalmic drug delivery systems, but the knowledge in this field is 
rapidly expanding. Systems range from simple solutions to novel delivery systems 
such as biodegradable polymeric systems, corneal collagen shields, iontophoresis, 
and viral and non viral gene delivery systems, to name a few. An increase in our 
understanding of ocular drug absorption and disposition mechanisms has led to the 
development of many of these new systems.

The aim of this Chapter is to describe the various polymeric systems used to 
achieve prolonged contact time of drugs with the cornea and increase their bio-
availability. Advantages and shortcomings of the different systems are discussed, 
as well as their characteristics and their in vivo applications.

Anatomophysiological Aspects in Ocular Drug Therapy

The eye is the organ of vision; it receives and encodes external light stimuli that are 
then sent through the optic nerve to the occipital lobe of the brain where images are 
processed. To achieve this, the eye requires some independence and protection from 
the external environment, in order to maintain their structures unchanged. However, 
this feature makes it an organ difficult to reach for certain types of drugs.

The eyeball (Fig. 6.1) is composed of three compartments, front to back:  
(i) anterior chamber, (ii) posterior chamber and (iii) vitreous chamber. It also has 
three concentric layers from outside to inside they are: (i) outer fibrous tunic,  
(ii) vascular tunic and (iii) retina.

The fibrous layer is composed of a rear opaque part, the sclera, and anterior 
and transparent, the cornea. The cornea is the transparent frontal window of the 
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eye, is formed by several layers: an outer hydrophobic epithelium of about 50 μm 
thick delimited by the Bowman’s layer, followed by the hydrophilic stromal layer 
and finally, the thin Descemet’s membrane and the endothelium. The intact cor-
neal epithelium permeability is very low, due to its polylaminated non-keratinized 
structure with zonulaocludens joints (tight junctions) between the cells of the outer 
layer. This structure has a protective function and exclude any movement of sol-
utes (resulting consequently in exclusion of hydrophilic drugs with low lipophilic-
ity or large molecular sizes) except those that occur through the apical and basal 
plasma membranes of surface epithelial cells [5]. The vascular tunic is formed, 
from back to front, by the choroid, ciliar body and iris, which form a continuous 
structure. The ciliary body, has several important functions, including the active 
secretion of aqueous humor. Much of the volume secreted goes through the tra-
becular meshwork to Schlemm’s canal, leaving the eye through the episcleral 
veins [6]. Here there is a blood-aqueous barrier formed by tight junctions between 
epithelial cells of the non-pigmented ciliary processes along with not fenestrated 
vessels of the iris, limiting the systemic all access of drugs. Finally, the retinal pig-
ment epithelium also forms a blood-retinal barrier to accessing components that 
may come from systemic circulation.

Whereas the dosage form most widely used in topical ocular treatment are the 
eye drops (conjunctivitis, dry eye syndrome, glaucoma, iritis (anterior uveitis), 
keratitis); there are other parameters of ocular surface that affect pharmacother-
apy, including: lower conjunctival sac capacity, blinking, tear secretion and tear 
drainage.

When the lower eyelid is carried forward gently with your fingers the lower 
conjunctival sac forms a funnel-shaped reservoir that can accommodate the 
instilled formulation, but the conjunctival surface cannot accommodate a larger 
volume than 25 μL if added quickly. When the eyelid returns to its normal posi-
tion conjunctival sac capacity is reduced to less than 10 μL.

Blinking is one me the most important defense mechanisms of the eye. The 
blink reflex is usually fast enough to anticipate a strange body approaching at high 
speed to the eye. Flicker is also essential in the reformation of the tear film and 

Fig. 6.1  Eyeball anatomy
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activates the pump mechanism by which the tears drain. Blink rate in humans is 
15–20 per minute.

Under normal baseline, the total volume required to cover the eye surface is 
approximately 6–8 μL, the tear secretion rate is about 1.2 μL/min and the rate of 
lacrimal turnover per minute is 16 % of total tear volume. However in stimulus 
conditions, by irritation of the conjunctiva or cornea reflects, tearing occurs. The 
volume of the tear film grows to about 16 ml, with a range between 5 and 6 μL 
[7]. Thus reflex tearing stimulated for any reason, including many parameters of 
eye drop formulation to enhance solubility and stability of the dosage form, cause 
an accelerated drop instilled washing.

The tear leaves the surface of the eye and eyelids before going to the lacrimal 
sac before draining to the nasolacrimal duct. In addition much of the tear film 
is removed by evaporation or absorption at lacrimal sac level. When blinking is 
prevented, tear accumulation occur, leading to spill to the skin of the eyelids and 
cheeks [8]. Some studies have shown that the drainage of the instilled solution is 
the main cause of the loss of drug in the precorneal area [9].

In response to this problem a growing interest in research related to pharma-
ceutical technology has been generated. A lot of work has been done on solving 
inherent problems of drug release, administered dose and site of action in order to 
design new drug delivery platforms. The design of this new group of pharmaceuti-
cal forms has focused primarily on the use of polymers as base material.

Systems for Ocular Controlled Drug Delivery  
Currently Investigated

Hydrogels

Hydrogels are water-swollen, cross-linked polymeric structures produced by 
the simple polymerization reaction of one or more monomers or by association 
of bonds such as hydrogen bonds and strong van der Waals interactions between 
chains. These systems exist in a state between rigid solids and liquid and this 
feature sets them apart from other forms of matter. Presently, a huge number of 
synthetic hydrogels is known. Hydrogels and viscous solutions, based upon the 
addition of hydrocolloids to simpler aqueous solutions, are the most common for-
mulations. There is no clear cut frontier between very viscous solutions and gels 
in terms of biopharmaceutical results. According to Plazonnet et al. [10], aqueous 
gels are at the upper limit of viscous preparations, and they are formed when high 
molecular weight polymers or high polymer concentrations are incorporated in the 
formulations.

Currently, two groups of hydrogels are distinguished, namely preformed and in 
situ forming gels. The preformed gels can be defined mainly as hydrogels which 
do not undergo further modification after administration, whereas in situ gelling 
systems can be described as viscous liquids or suspensions that, upon exposure 
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to physiological eye conditions (ionic strength, temperature or pH), will shift to 
a gel phase. Preformed gels are administered in the same way as an ointment, 
which is less convenient for the patient than the instillation of a viscous drop. The 
most common polymers used in viscous solutions are cellulose derivatives, car-
bomers, polysaccharides, and, recently, hyaluronic acid. The advantage offered by 
this last product depends upon the active ingredient and the formulation environ-
ment [11]. Polyvinyl alcohol and polyvinyl pyrolidone are also used in ophthal-
mic drugs. Gels permit longer residence time in the precorneal area than viscous 
solutions. This has encouraged researchers to work on formulations that would be 
(viscous) solutions in the drug vials but would gel in the conjunctival cul-de-sac. 
The polymers chosen to prepare ophthalmic hydrogels should meet some spe-
cific rheological characteristics. It is generally well accepted that the instillation 
of a formulation should influence tear behavior as little as possible. Because tears 
have a pseudoplastic behavior, pseudoplastic vehicles would be more suitable than 
Newtonian formulations, which have a constant viscosity independent of the shear 
rate. Pseudoplastic solutions exhibit decreased viscosity with increasing shear rate, 
thereby offering lowered viscosity during blinking and stability of the tear film 
during fixation.

A large amount of today’s research is focused on the so-called ‘smart’ or ‘intel-
ligent’ hydrogels. A representative of this interesting class of hydrogels is a poly-
mer system with a defined phase transition capable of abruptly swelling to many 
times its original size or collapsing into a compact mass when stimulated exter-
nally [12]. Smart hydrogels react in response to an external stimulus in a manner 
similar to many living organisms rather than to non-living organic matter [13].

The improvement in residence time of ophthalmic semisolid hydrogels is pri-
marily based on an increase in ocular residence time as a result of a reduction in 
drainage rate through enhanced viscosity and mucoadhesive properties.

Preformed Hydrogels

Preformed hydrogels for topical administration in the eye can be based on natural, 
synthetic, or semisynthetic polymers.

Cellulose Derivatives. The pioneering group of polymers used as compo-
nents of ophthalmic preformed hydrogels is the family of cellulosic derivatives. 
Because pure cellulose is not water soluble due to its relatively high crystallin-
ity, cellulosic derivatives have been used for a long time as viscosifiers in collyria. 
Methylcellulose (MC) (Fig. 6.2) was first introduced in ophthalmic formula-
tions in the 1940s as a mean of decreasing their fluidity [14]. Since then, cellu-
losic polymers have been extensively studied in human, [15–17] as well as in 
veterinary medicine [16, 18–20], for ocular administration. The cellulosic 
derivatives most commonly used in ophthalmology are: (1) Methylcellulose, 
(2) Hydroxyethylcellulose (HEC), (3) Hydroxypropycellulose (HPC),  
(4) Hydroxypropylmethylcellulose (HPMC) and (5) Sodium carboxymethylcellu-
lose (CMC Na).
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The boundary between viscous solutions and gels for cellulosic derivatives is 
particularly difficult to define, because data regarding the hydrocolloid concentra-
tion or the viscosity of the final formulation are not always available. These cellu-
losic polymers appear in several currently available commercial preparations such 
as Adsorbotear® (Alcon, Fort Worth, Texas), Lacril® (AUergan, Irvine, California) 
and Celluvisc® (AUergan, Irvine, California).

Subsequent advances in the polymers field with respect to ocular drug delivery 
have led to the use of poly(vinyl alcohol) (PVA); sodium hyaluronate, and car-
bomer, which often give better results [21–24] than celluloses. On the other hand 
cellulose-based hydrogels are still in focus for ophthalmical applications as ocular 
bandage [25].

Poly(vinyl alcohol). Scientific interest has been directed toward using other 
viscosifying agents. Poly(vinyl alcohol) (PVA) is a synthetic polymer commer-
cially obtained by polymerization of vinylacetate to poly(vinyl acetate) (Fig. 6.3) 
and subsequent hydrolysis to PVA [26]. Polyvinyl alcohol was introduced in 
the early 1960’s as a mean to increase solution viscosity and, hence, prolong 
precorneal residence time. The presence of PVA in ophthalmic preparations has 
been shown to significantly delay precorneal drainage of topically applied for-
mulations and to increase drug bioavailability as well as pharmacological effects 
such as miotic response to pilocarpine exposure when compared with conventional 
saline [27]. Some commercial products, particularly for the treatment of dry eye, 
are based on PVA, including HypoTearse® (IOLAB Corp., Claremont, California) 
and Liquifilm® (Allergan, Irvine, California).

Sodium Hyaluronate. The actual trend in ocular delivery is to use sodium 
salt of hyaluronic acid (SH). The SH is a high molecular weight biological pol-
ymer composed of repeating disaccharide units of glucuronic acid and n-acetyl-
glucosamine (Fig. 6.4), a specific ultrapure fraction being patented as Healon 
(Kabi Pharmacia, Sweden) by Balazs [28] in 1979. The HS is a natural poly-
saccharide found in skin, connective tissues, umbilical cord, vitreous body and 
aqueous humor. The main advantages of SH are its excellent biocompatibility, 
mucoadhesiveness as well as its pseudoplastic and viscoelastic behavior. Its use 

Fig. 6.2  Methylcellulose 
monomer

Fig. 6.3  Poly(vinyl alcohol) 
monomer



1556 Polymers in Ophthalmology

as a vehicle in ocular drug delivery has been extensively reviewed by Bernatchez 
et al. [29]. This polysaccharide is frequently proposed as a vehicle of choice in 
tear substitutes since it has been reported to possess a desirable protective effect 
against damage caused by benzalkonium chloride, a compound commonly 
added as a preservative in multiple dosage forms [30]. An extended residence 
time is one of the factors used to select artificial tears for the therapy of KCS 
(Keratoconjunctivitissicca), being effective in reducing common symptoms such 
as blurring vision, pain and photophobia. A further advantage of SH in this appli-
cation is its pseudoplastic behavior. The ability of SH to prolong drug release by 
increasing precorneal drug residence time has been studied (mostly in animals) 
for several ophthalmic compounds such as pilocarpine [31–33] or, more recently, 
gentamicin [34]. Some commercial products containing SH are currently available 
being mostly indicated (for example Healon® and Viscoat®) for use as surgical 
aids in anterior segment procedures such as cataract extraction or intraocular lens 
implantation rather than for topical administration.

New efforts were directed to use this material in novel ophthalmic drug deliv-
ery platforms; recent reports in scientific literature propose the SH as solid bio-
adhesivedrug delivery system. Crosslinked SH films loaded with timolol maleate 
were successfully used to reduce intra ocular pressure in normotensive rabbits, 
prolonging the hypotensive effect for longer than commercial timolol maleate eye 
drops [35].

Carbomer. Cross-linked poly (acrylic acid) (Fig. 6.5) of high molecular 
weight, commercially available as Carbopol® (B.F. Goodrich Chemical Company, 
Cleveland, Ohio), is widely used in ophthalmology to enhance precorneal reten-
tion to the eye. The superiority of Carbopol over simple saline and suspensions in 
enhancing precorneal residence time [36] and drug bioavailability [37, 38] has 
been demonstrated by several authors. Preparation of Carbopol hydrogels is simply 
based on the dispersion of the polymer in water at room temperature, followed by 

Fig. 6.4  Hyaluronic acid 
monomer

Fig. 6.5  Poly(acrylic acid) 
monomer
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a neutralization process with agents such as sodium hydroxide, triethanolamine, or 
directly with active basic compounds. The maximal viscosity is obtained at neutral 
pH. Carbopol offers the advantage of exhibiting excellent mucoadhesive properties 
when compared with others polymers (e.g., cellulose derivatives, PVA and SH). The 
efficacy of Carbopol in enhancing precorneal residence time has been extensively 
studied by incorporating tracers such as sodium fluorescein [39] or active com-
pounds such as pilocarpine or prednisolone [24, 38, 40]. A large number of com-
mercial ophthalmic preparations contain Carbopol, including tear substitutes such as 
Lacrigel® (Europhta, Monaco), Lacrinorm® (Chauvin, Montpellier, France) or for-
mulations containing active compounds such as Iduviran® (Chauvin, Montpellier, 
France) and Pilopine® (Alcon, Fort Worth, Texas).

Other polymers. Other natural or synthetic polymers have also been evalu-
ated as potential vehicles to prolong the residence time of drugs at the surface of 
the eye but are currently being further investigated, such as xanthan gum or chitosan 
are currently under investigation for topical administration. An important difference 
between the two polymers is the anionic character of xanthan gum, whereas chitosan 
exhibits positive charges. Xanthan gum has been proposed as a material for artifi-
cial tears preparations [41] as well as vehicle for drug delivery [42, 43]. Evaluating 
transcorneal delivery of pilocarpine from several ophthalmic formulations, Saettone 
et al. [44] demonstrated that the presence of 1.5 % of xanthan gum induced a sig-
nificant improvement of the pharmacokinetic parameters of the drug such as area 
under the curve (AUC), half-life time of elimination and the mean residence time 
in aqueous humor. Chitosan is emerging as a polymer of interest for ophthalmic use 
[45–47]. Formulations based on the concept of mucoadhesion (Fig. 6.6) have been 
investigated to overcome the rapid elimination of instilled ophthalmic solutions. 
They appear less viscous than those based on traditional viscolizers. The possible 
advantage of chitosan over xanthan gum lies in the presence of positive charges at 
physiological pH on the sugar backbone of chitosan, which are supposed to interact 
with the negative charges of the mucus, thereby conferring a bioadhesive property to 
this polysaccharide. Therefore, chitosan has attracted attention for topical ophthal-
mic applications, for example, promising results have been obtained demonstrating 

Fig. 6.6  Polymer-mucous membrane chains interpenetration in mucoadhesion phenomena
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that chitosan formulations remained significantly longer on the corneal surface when 
compared with a conventional commercial solution [48].

In Situ Forming Gels

The use of preformed hydrogels still has drawbacks that can limit their interest 
for ophthalmic drug delivery or as tear substitutes. They do not allow accurate 
and reproducible administration of quantities of drugs and, after administration, 
they often produce blurred vision, crusting of eyelids, and lachrymation. A new 
approach is to try to combine advantages of both, solutions and gels, such as accu-
racy and facility of administration of the former and prolonged residence time 
of the latter. Thus, in situ hydrogels can be instilled as eye drops and undergo an 
immediate gelation when in contact with the eye.

“Smart” hydrogels or stimuli-sensitive hydrogels or in situ forming (Fig. 6.7), 
are very different from inert hydrogels in that they can “sense” changes in envi-
ronmental properties such as pH and temperature and respond by increasing or 
decreasing their degree of swelling. These sensing capabilities are attractive in 
many biomedical applications. The volume-changing behavior of “smart” hydro-
gels is particularly useful in drug-delivery applications as drug release can be 
desirably triggered upon environmental changes [49–51]. Temperature responsive-
ness is particularly useful for in situ formation of drug-delivery devices since it 
allows handling of the formulation in the sol-phase at room temperature and solid-
ification of the carrier upon injection [52]. Stimuli-responsive hydrogels, espe-
cially those sensitive to temperature and pH, are attractive because these factors 
are variables that change in typical physiological, biological and chemical sys-
tems. Product(s) using the gellan gum technology [53], and with polymer associa-
tions like those published by the University of Nebraska researchers [54, 55], and 
Smart Gel® technology [56] are examples of technologies that use this approach. 
This field of intricately entangled polymers seems promising since new “patent-
able” entities might be obtained through in-depth studies of associations of well-
established products.

In situ forming gels influenced by ionic strength. Ionic-strength-responsive 
polymers undergo their phase transitions, resulting from the different concen-
tration of salts (e.g., ionic strength). Gellan gum is an anionic polysaccharide 

Fig. 6.7  Stimuli-sensitive 
hydrogels
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produced by the bacterium Pseudomonas elodea [57] which, when dispersed 
in aqueous solutions, undergoes a liquid-gel transition under the influence of an 
increase in ionic strength [58]. The acetylated form is commercially available as 
Gelrite® (Kelco Division of Merck and Co, USA). The sol-gel transition process 
is induced by the presence of monovalent or divalent ions such as Na+ and Ca2+. 
Some other parameters influence the phase transition, e.g., the concentration of 
polysaccharide, the temperature of the preparation, and the nature and the concen-
tration of cations. Exceptional rheological properties of gellan gum such as thixot-
ropy, pseudoplasticity, and thermoplasticity [59] are further advantages for its use 
in ophthalmology: the fluidity of the solution can be increased simply by shak-
ing or slightly warming the preparation. The gellation increases proportionally to 
the amount of either monovalent or divalent cations present in the lacrimal fluid 
and in vitro experiments have demonstrated that divalent cations are more efficient 
in promoting sol-gel transition than monovalent ions. However, the in vivo condi-
tions (i.e. the concentration of sodium in tears) is sufficient to induce the gellation 
process. Recently two other natural polymers believed to be able to form in situ 
gels by interacting with the lachrymal fluid have been evaluated as potential adju-
vants in ophthalmic formulations [60, 61]. Carrageenans, a group of water soluble 
sulphated galactans extracted from red seaweed, showed similar features to gel-
lan gum regarding their rheological behavior, gelling properties [62], and toler-
ance. This suggested that they could be interesting polymers for prolonging the 
residence time of topical ocular formulations [60]. Furthermore, the authors sug-
gested that since these compounds are strong polyelectrolytes, they will have an 
identical gelling mechanism to gellan gum. Some alginates, rich in guluronic acid 
residues, have been demonstrated to exhibit reversible liquid-gel transition after 
administration and to be efficient in reducing intraocular pressure when carrying 
pilocarpine [61]. Also, alginate-pectine combinations and thiolated pectines were 
studied. Thiolation of pectin was observed to result in an increase in the gelling 
behavior, viscosity, and bioadhesive strength; combination of pectin and sodium 
alginate demonstrated good in vitro release characteristics [63].

In situ forming gels influenced by temperature. The volume-changing 
behavior of “smart” hydrogels is particularly useful in drug-delivery applica-
tions as drug release can be desirably triggered upon environmental changes 
[49–51]. Temperature responsiveness is particularly useful for in situ formation 
of drug-delivery devices since it allows handling of the formulation in the sol-
phase at room temperature and solidification of the carrier upon injection [52]. 
These hydrogels are liquid at room temperature (20–25 °C) and undergo gelation 
when in contact with body fluids (35–37 °C), due to an increase in temperature. 
Different thermal setting gels have been described in the literature, including for 
example acrylic acid copolymers [43, 64] and N-isopropylacrylamide derivatives 
[65]. However, specific requirements inherent to ophthalmic administration such 
as tolerance have limited the choice of such polymers. Poloxamers, commercially 
available as Pluronic® (BASF-Wyandotte, USA), are the most commonly used 
thermal setting polymers in ophthalmology owing to their low toxicity, mucomi-
metic properties and optical clarity. They are formed by a central hydrophobic part 
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(polyoxypropylene) surrounded by hydrophilic part (ethylene oxide). Their con-
centration is chosen in accordance with the desired liquid-gel transition [66]. At 
concentrations above 20 % w/w, poloxamers exhibit the phenomenon of reverse 
thermal gellation, that is, gelling upon warming up from ambient to body tem-
perature [67]. Interestingly, the temperature of transition of poloxamers can be 
modulated by adding solutes or polymers such as poly(ethylene glycols) [68] or 
cellulosic derivatives such as MC or HPMC to the formulation. The mucomimetic 
property of poloxamers is supposed to be due to their hydrophobic and hydro-
philic sequences simulating mucin action by adsorption of the aqueous layer of 
tears on the hydrophobic epithelium. However, the disadvantage of poloxamers 
as compared to Gelrite® lies in their mechanism of gellation. In fact, since sol-
gel transition takes place as the temperature increases, accidental gellation dur-
ing conservation may occur. A new attractive thermal sensitive hydrogel, Smart 
Hydrogel® composed of a polymeric network of poly (acrylic acid) and polox-
amer, has been described by Gilchrist et al. [69]. Owing to their protective and 
mucomimetic action, poloxamers have also been evaluated for the treatment of dry 
eye [70]. Poloxamers have also been widely investigated as ocular drug delivery 
systems. Miller and Donovan [71] reported enhanced activity of pilocarpine in 
poloxamers 407 gels when compared with a simple solution, whereas Dumortier 
et al. [72] have shown that a thermoreversible gel does not improve the kinetic 
profile of morphine over a reference solution. Despite all the promising results 
obtained with thermoreversible gels, it remains an important drawback associated 
with the use of these hydrogels; the risk of gelling before administration by an 
increase in the ambient temperature during packaging or storage.

In situ forming gels influenced by pH. All the pH-sensitive polymers con-
tain pendant acidic or basic groups either accept or release protons in response 
to changes in environmental pH. The polymers with a large number of ionisable 
groups are known as polyelectrolytes. Swelling of the hydrogel increases as the 
external pH increases in the case of weakly acidic (anionic) groups, but decreases 
if the polymer contains weakly basic (cationic) groups [73].

pH-sensitive hydrogels are composed of polymer chain networks crosslinked 
to each other and surrounded by a salt solution. A change in the pH of the solu-
tion surrounding the gel will initiate a physical process of either gel swelling or 
deswelling. The physical process, in general, is not instantaneous, and modelling 
the gel swelling/deswelling rate helps us to have a thorough understanding of the 
gel dynamics. This is particularly important when hydrogels are used in controlled 
drug-delivery devices, where the drug is released during the swelling process.

Pseudo-latexes have been defined by El-Aasser [74] as artificial latices obtained 
by the dispersion of a pre-existing polymer in an aqueous medium. Such systems 
correspond to low viscosity aqueous dispersions, which can undergo spontaneous 
coagulation in the conjunctival cul-de-sac owing to an increase of the local pH. The 
massive swelling of the particles is due to the neutralization of the acid groups con-
tained in the polymer chain. The increase in viscosity is by several orders of mag-
nitude [75]. In situ gelling pseudo-latexes can be prepared by two manufacturing 
processes; the solvent evaporation process [76] and the salting out process [77].



160 J.A. Calles et al.

The uses of new technologies were recently combined to developnovel pH 
triggered polymeric nanoparticulate in situ gel for ophthalmic delivery of aceta-
zolamide to enhance conjunctival permeation and precorneal residence time of 
the formulation. Nanoparticles were developed by nanoprecipitation method and 
exhibited significantly higher ex vivo transcorneal ACZ permeation than eye drops 
and ACZ suspension [78]. Similar findings were also described for a fluconazole 
pH triggered nanoemulsified in situ ophthalmic gel [79].

Inserts

This section is devoted to solid devices delivering drugs to the anterior segment 
of the eye that are denoted by the general name insert, originating from the Latin 
inserere, to introduce. Ophthalmic inserts are defined as preparations with a solid 
or semisolid consistency, whose size and shape are especially designed for oph-
thalmic application (i.e. rods or shields) [80]. These inserts are placed in the lower 
fornix and, less frequently, in the upper fornix, or on the cornea. They are usually 
composed of a polymeric vehicle containing the drug and are mainly used for topi-
cal therapy.

Ophthalmic inserts have been, and continue to be, in fashion in research and 
development laboratories, which is testified by abundant literature [81, 82]. The 
insert is probably the oldest ophthalmic formulation. Historically, the first solid 
medication precursors of the present insoluble inserts, were described in the 19th 
century. They consisted of squares of dry filter paper, previously impregnated 
with drug solutions (e.g., atropine sulfate, pilocarpine hydrochloride) [83], small 
sections were cut and applied under the eyelid. However, although the British 
Pharmacopoeia 1948 described an atropine in gelatin “wafer”, and notwithstand-
ing all the formulation possibilities as well as the modulation of biopharmaceutical 
properties that inserts permit, the insert market never took off. This was appar-
ently caused by incompatibility between the product-insert and the user-patient, 
particularly in the elderly; difficulty of insertion by the patient and foreign-body 
sensation. Besides the initial discomfort upon administration, other potential dis-
advantages arising from their solid state are, possible movement around the eye, 
occasional inadvertent loss during sleep or while rubbing the eyes, interference 
with vision and difficult placement (and removal for insoluble devices) [84]. Most 
of the ongoing research is therefore dedicated to improving ocular retention and 
to ensure an easy placement, while reducing the foreign body sensation in the eye. 
Two products, AlzaOcusert® [85] and Merck Lacrisert® [86], have been marketed, 
although Ocusert is no longer sold. Ocusert was an insoluble delicate sandwich 
technology filled with sufficient pilocarpine for 1 week’s use, whereas Lacrisert is 
a soluble minirod of hydroxypropyl cellulose, nonmedicated and dissolving within 
24 h to treat dry-eye syndromes [86]. Other inserts are more like implants to be 
placed in the eye tissues by surgery and are not within the present scope of this 
Chapter.
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Ophthalmic inserts are generally classified according to their solubility behav-
ior and their possible biodegradability.

Soluble Inserts

Soluble inserts are the most frequently investigated class of ophthalmic inserts. 
Their main advantage relies on their complete solubility compared with their 
insoluble counterparts, so that they do not need to be removed from the eye after 
deposition. The major problems of these soluble inserts are the rapid penetration 
of the lacrimal fluid into the device, the blurred vision caused by the solubilization 
of insert components and the glassy constitution of the insert increasing the risk of 
expulsion. They are usually divided into two categories according to their polymer 
composition. The first type is based on natural polymers whereas the second is 
derived from synthetic or semisynthetic polymers.

Natural polymers. Natural polymers include collagen, which was the first 
ophthalmic insert excipient described in the literature. Inserts containing collagen 
were first developed by Fyodorov [87, 88] as corneal bandages following surgical 
operations and eye disease. Later, collagen shields as drug carriers were suggested 
by Bloomfield et al. [89]. As described for contact lenses, the therapeutic agents 
are generally absorbed by soaking the collagen shield in a solution containing the 
drug and, once placed in the eye, the drug is gradually released from the interstices 
between the collagen molecules, as the collagen dissolves. Accordingly, the resi-
dence time of drugs [90] such as antibacterials, [91, 92] anti-inflammatory agents 
[93, 94] antivirals [95] or combination drugs [96] was increased when compared 
to traditional eye drops. However, as observed for contact lenses, most drugs are 
released quite rapidly by a diffusion process, whereas dissolution requires a much 
longer time.

Solid Precorneal Inserts (Collagen Shields). Collagen shields were first intro-
duced by Fyodorov in 1984 for use as a bandage contact lens following radial 
keratotomy and photorefractive surgery [97]. Collagen shields are manufactured 
from porcine scleral tissue and commercially available (Bio-Cor, Bausch & Lomb) 
with three dissolution times of 12, 24, and 72 h, depending on the level of col-
lagen cross-linking induced during the manufacture process. Bloomfield et al. 
[89] were the first to suggest that collagen might provide a suitable carrier for 
sustained ocular drug delivery. They showed that wafer shaped collagen inserts 
impregnated with gentamicin produced higher levels of drug in the tear film and 
tissue in the rabbit eye compared to drops, ointment, or subconjunctival injection. 
They appeared useful as a delivery system for anti-infective agents and might pos-
sibly be of interest for some other drugs. Hydrophilic drugs are entrapped within 
the collagen matrix when the dry shield is soaked in aqueous solution of the drug 
whereas water-insoluble drugs are incorporated into the shield during the manu-
facturing process. When compared with intensive topical treatment, collagen 
shields have been found superior with regard to the delivery of different antibiotics 
and antifungal agents in the rabbit model [91, 98, 99]. In experimental bacterial 
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keratitis in animal models, the enhanced drug delivery ability of collagen shield 
was translated to enhanced bacterial eradication [92, 100–102]. Improved results 
were reported also for the delivery of anti-inflammatory agents by collagen shields 
[93, 94, 103].

The main advantages of collagen shields over contact lenses is their solubility. 
For this reason they do not need to be removed. However, collagen may cause an 
inflammatory response in the ocular tissues. Also, if shields are not used in asso-
ciation with antibacterials, a secondary infection may occur [95]. Nowadays, these 
devices have the further disadvantage of not being well accepted by the authori-
ties, because of possible prion-based infection. Furthermore, the complexity of 
the manufacturing process and the resulting blurred vision are serious drawbacks 
that have curbed the enthusiasm raised during the development of corneal shields. 
Corneal shield self-administration is also difficult for the average user and their 
positioning should be monitored since they can be easily dislocated.

Another interesting approach is Gelfoam©, which is made of absorbable gelatin 
sponge USP. It can be inserted in the conjunctival pouch in the form of small disks 
(e.g., 4 mm in diameter and 0.5 mm thick) impregnated with drug solutions. They 
have been shown to improve the management of pupillary dilation in humans as 
well as the delivery of pilocarpine [104–106].

Synthetic and semisynthetic polymers. Ophthalmic inserts containing syn-
thetic, i.e. PVA [107, 108] and semisynthetic, i.e. cellulose based [108–110] pol-
ymers, are extensively described in the literature. This stems in part from their 
advantage of being based in products well adapted for ophthalmic use and their 
ease of manufacture by conventional methods, including extrusion [110], compres-
sion [111] and compression molding [112]. Ethylcellulose, a hydrophobic poly-
mer, can be incorporated in the formulation to decrease insert deformation, and 
therefore prevent blurred vision [113]. Regarding the risk of expulsion, several 
authors have incorporated carbomer, which, at low concentrations, is strong, but 
well-tolerated bioadhesive polymer.

Lacrisert® is a soluble insert that was successfully commercialized by Merck 
Sharp and Dohme in 1981 [87]. The device weighs 5 mg, measures 1.27 mm in 
diameter with a length of 3.5 mm, and is composed of HPC and is useful in the 
treatment of dry eye syndrome.

Insoluble Inserts

Insoluble inserts can be classified into two categories: reservoir and matrix 
systems.

Reservoir inserts. Reservoir inserts consist of a central reservoir of drug 
enclosed in a specially designed semipermeable or microporous membranes which 
allow the drug to diffuse from the reservoir at a precisely determined rate in a zero 
order release fashion. Reservoir controlled release systems may be manufactured 
in a wide range of geometries including conventional tablets/pellets, laminated 
films and other defined shapes, (e.g., hemispheres, cylinders, rods). Similarly there 
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are a number of methods by which these systems may be produced. For exam-
ple pellets, spheres and tablets may be coated with an insoluble polymeric coating 
using conventional spray/film coating techniques, e.g., pan coating, air suspension 
coating. Alternatively, planar (laminated) drug delivery systems, e.g., transdermal 
patches, are manufactured using extrusion or film casting techniques. All reservoir 
systems share a common design, namely the drug core is housed within a poly-
meric barrier. The choice of the composition of the polymeric membrane is per-
formed according to the physicochemical properties of the drug, particularly the 
ability of the therapeutic agent to diffuse through the polymer coating at the appro-
priate rate, the chosen manufacture method and the proposed route of administra-
tion to the patient. Reservoir inserts based on an osmotic release mechanism of the 
drug are mostly described in the patent literature, however in vivo tests on such 
technologies are rarely reported [80]. These types of ocular delivery systems are 
generally made up of a unique central reservoir surrounded by a peripheral com-
ponent [114]. The peripheral part of these osmotic inserts comprises in all cases of 
a covering film made of an insoluble semipermeable polymer.

Ocusert® (developed by Alza Corporation, Palo Alto, California) is undoubt-
edly the most extensively described insoluble insert in the literature [115, 116]. 
The delivery of therapeutic agents to the eye for the treatment of disorders of 
the eye, (e.g., glaucoma), using conventional drug delivery systems, e.g., drops, 
ointments, is an inefficient process. This is primarily due to the rapid clearance 
of drugs from the surface of the eye due to blinking and tear flow. One method 
by which the efficiency of ocular drug delivery may be improved is through the 
use of polymeric implants that are implanted under the lower cul-de-sac of the eye 
[117]. The Ocusert represents one such example that has been designed to release 
either 20 μg h−1 or 40 μg h−1 of a therapeutic agent (pilocarpine) for a seven day 
period following implantation. In design terms the Ocusert is flat, flexible ellipti-
cal device which consists of a pilocarpine reservoir comprising alginic acid, which 
is surrounded on both sides by a membrane of ethylene-vinyl acetate copolymer. 
These layers act as the rate controlling membranes. The device is encircled by a 
retaining ring impregnated with titanium dioxide. Drug release from this delivery 
system occurs by diffusion. Initially lachrymal (tear) fluid diffuses through the rate 
controlling membranes and enters into the inner (alginate) matrix at which stage 
dissolution of pilocarpine occurs. Now in the molecular state, pilocarpine diffuses 
from the region of high concentration (the drug-containing matrix) to the lach-
rymal fluid through the rate controlling membrane. Recent clinical studies were 
done to compare the efficacy and safety of a new ocular insert versus conven-
tional mydriasis in cataract surgery. Mydriasert® (Laboratories Théa, Clermont-
Ferrand) is a tropicamide and phenylephrine insert, formulated with ammonio 
methacrylate copolymer, polyacrylate dispersion and ethylcellulose as excipients. 
The researchers concluded that the effect of the Mydriasert insert was similar to 
conventional mydriatic agents. Pupil size was restored to normal faster when using 
the Mydriasert insert compared with conventional mydriatic agents for pupil dila-
tion. Another advantage of the insert is that this method requires only two simple 
maneuvers, one to insert and one to withdraw the device, thus reducing patients’ 
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discomfort and saving time for the nursing staff, compared to having to administer 
drops to patients every 15 min [118].

Matrix inserts. The matrix insoluble inserts are typically represented by the 
contact lenses. The initial use of contact lenses was for vision correction. Its use 
has been extended to drug delivery devices by presoaking them in drug solu-
tions. The main advantage of this system is the possibility of correcting vision 
and releasing drug simultaneously. Contact lenses are composed of a hydrophilic 
polymer which swells by absorbing water. The swelling, caused by the osmotic 
pressure of the polymer segments, is opposed by the elastic restoring forces aris-
ing along the chains as they are stretched until a final swelling (equilibrium) is 
reached. Refojo [119] has proposed classifying contact lenses according to five 
groups, namely rigid, semi-rigid, elastomeric, soft hydrophilic and biopolymeric. 
Soft hydrophilic contact lenses were developed for prolonged release of drugs 
such as pilocarpine [120], chloramphenicol and tetracycline [121], and predni-
solone sodium phosphate [122]. This type contact lenses are better tolerated on 
ocular surface than collagen shields. The most commonly used polymer in the 
composition of these types of lenses is hydroxy ethyl metacrylate (HEMA) copo-
lymerized with polyvinyl pyrrolidone (PVP) or ethylene glycol dimethacrylic 
acid (EGDM). PVP is used to increase water retention, while EGDM is used to 
decrease the water of hydration.

The main drawback of a contact lens as a therapeutic lens is their high cost of 
manufacture, and the low drug-loading capacity, which is not sufficient to build up a 
therapeutic concentration in the eye for most drugs [123]. Besides, these devices are 
insoluble, hence they need to be removed from the eye after treatment. For hydrophilic 
contact lenses, evidence has shown that the drug-loading capacity can deliver a drug 
amount, which is equivalent to only a small fraction of the dose that can be delivered 
by topical drug instillation [124]. Indeed, this Drug Delivery System (DDS) is barely 
represented in the modern array of ocular DDS [125]. Disposable contact lenses have 
been commercially available for many years, and the continued progress made in poly-
mer chemistry should facilitate the development of this type of ocular insert.

Actually new concepts in drug loaded contact lenses is investigated. Diverse poly-
mers properties discussed in this chapter were combined in temperature sensitive con-
tact lenses. Authors focuses on dispersing timolol encapsulating highly crosslinked 
nanoparticles in contact lenses to increase the duration of drug release to about 
2–4 weeks. The highly crosslinked particles were prepared from monomers with mul-
tivinyl functionalities such as ethylene glycol dimethacrylate and propoxylatedglycer-
yltriacylate. In vitro release studies exhibited drug release profiles compatible with a 
first order reaction model with a temperature dependent rate constant [126].

Biodegradable Inserts

In recent years, systems that control and prolong the action of therapeutic agents 
have grown in importance with the development of biodegradable polymers. 
There are stringent requirements, the drug delivery for the ocular route should 
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be sterile, isotonic, and nonirritant. There are no available marketable sterile 
ophthalmic products based on these systems. Biodegradable polymers are the 
polymers of choice for retinal drug delivery. The drug release from biodegrad-
able polymeric devices depends on several factors: the molecular weight of the 
polymers, the monomer composition, and drug loading [127]. These polymers 
provide the advantage of being degraded and eliminated from the body thus 
avoiding the risk of toxic accumulation or the need for intervention to eliminate 
them. Lactic acid and glycolic acids are biodegradable, and they are produced 
and eliminated by the body. These polymers decompose into carbon dioxide and 
water. Polylactic acid (PLA) and polyglycolic acid (PGA) and their copolymer 
polylactic-co-glycolic acid (PLGA) are among the most widely used biodegrada-
ble polymers. They are approved for human use by worldwide health authorities 
and are degraded to nontoxic compounds (lactic acid and glycolic acid, respec-
tively) following hydrolysis and enzymatic cleavage. These polymers undergo 
bulk erosion and drug diffusion may change according to the erosion rate of the 
polymer matrix. The great advantage of these inserts is the possibility of modu-
lating their erosion rate by modifying their final structure during synthesis, and 
by addition of anionic or cationic surfactants. Thus, drug burst phenomena are 
likely to occur depending on the MW and chemical structure of the polymers. 
PGA for example is not an appropriate candidate for prolonged controlled DDS 
as it is highly sensitive to hydrolysis. However, erodible systems can have sig-
nificantly variable erosion rates based on individual patient physiology and 
lachrymation patterns. In some cases, the degradation products or residual sol-
vents used during the polymer preparation can cause inflammatory reaction. In 
conclusion, the majority of therapeutic agents can be delivered using inserts 
which are a promising alternative administration route, because of their various 
advantages compared with classical dosage forms. In contrast, other biodegrad-
able polymers like polyorthoester and polyanhydride undergo surface erosion, 
and subsequently the drug release from such systems depends on the extent of 
the surface area. However, only few of these compounds have been commercial-
ized. This can be attributed to the reluctance of ophthalmologists and patients 
to replace the traditional ophthalmic solutions as well as the cost and the need 
to train both the prescribers and the patients to place the inserts correctly in the 
eyes. In the future, the use of ophthalmic inserts will certainly increase because 
of the development of new polymers, the emergence of new drugs having short 
biological half-lives or systemic side effects, and the need to improve the effi-
cacy of ophthalmic treatments by ensuring an effective drug concentration in the 
eye for several days.

In another interesting approaches, a composite collagen hydrogel containing 
protein-encapsulated alginate microspheres was developed for ocular applica-
tions using bovine serum albumin. Sustained release of bovine serum albumin was 
achieved during an 11 day period in neutral phosphate buffer [128]. Also, micro- 
and nanostructured poly(caprolactone) films were studied in terms of ocular toler-
ance and structural integrity while residing in rabbit’s eye, exhibiting acceptable 
results [129].
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Dispersed Systems

Dispersed systems based on liposomes, nanoparticles, or nanocapsules have been 
extensively studied for potential ophthalmic use [130–132]. The development 
of marketable products based on these nanoproducts has been challenging but a 
definitive technology has not yet been established. The major issues for this type 
of delivery system include: percentage of dispersed phase/entrapment coefficient 
problem (i.e. how much of the active ingredient will be present in a drop of the 
final product), stability and shelf life, antimicrobial preservation, tolerance of the 
used surfactants, and, last but not least, large-scale manufacture of sterile prepara-
tions. Beyond the problem of the entrapment percentage of the active pharmaceu-
tical ingredient, the retention of these particles in the conjunctival pouch is a key 
consideration. This retention must be effective in providing an extended source of 
active drug and to allow the drug to leak out from the dispersed phase before the 
instilled formulation is drained away from the precorneal area.

Liposomes

While these systems exceed the chapter topic, a brief description of them will be 
done because of their relevance in scientific literature related to ocular treatment.

Liposomes (Fig. 6.8) are microscopic vesicles composed of alternating aqueous 
compartments and lipid bilayers (mainly phospholipids and cholesterol). The effi-
cacy of liposomes in ophthalmic therapy depends on several parameters, including 
(1) the drug encapsulation efficiency, (2) the size and the charge of the vesicles, 
(3) the distribution of the drug in the liposomes, (4) the stability of the liposomes 
after instillation, (5) the residence time of the liposomes in the conjunctival sac, 
and finally, (6) the affinity of the liposomes with the cornea [131]. Of these, a 
major factor affecting ocular drug bioavailability is the unstability of liposomes to 
the proteins in the conjunctival sac. Liposomes and other types of colloidal drug 

Fig. 6.8  Liposome
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carriers offer at least some potential in relation to ocular drug delivery, since they 
can be used to generate a sustained release, and also a prolonged retention of the 
drug in intraocular cell populations. The use of liposomes as ocular delivery sys-
tems was first reported by Smolin et al. [133] and Schaeffer and Krohn [134]. A 
central strategy of the use of liposomes in ocular drug delivery based on liposomes 
has been to improve the adhesion between the liposomes and the cornea. This can 
be achieved in different ways, including: (1) Ganglioside-containing liposomes 
together with wheat ger agglutinin, a lectin binding to both the cornea and gan-
gliosides, (2) Liposomes coated with antibodies to components in the corneal sur-
face, and (3) Liposomes coated with mucoadhesive polymers.

One of the major constraints of the ocular route of delivery is the very low resi-
dence time of a drug in the ocular cavity, leading to a subsequent reduction in the bio-
availability of therapeutic moieties. Charge and vesicular size are important parameters 
that affect the biodistribution of liposomes. Law et al. [135] reported a higher corneal 
uptake of positively charged liposomal acyclovir. Also Seyfoddin and Al-Kassas found 
faster permeation through excised cornea indicating potential enhanced corneal pen-
etration properties for acyclovir nanostructured lipid carriers [136].

New formulations of polymeric and lipid nanoparticles are currently in devel-
opment. The non-biodegradable positively-charged polymer Eudragit® RS 100 
and semi-solid lipid excipient Gelucire® 44/14 were used as a vehicle, the cationic 
lipid octadecylamine was used as a cationic agent; obtaining successfully a pilo-
carpine HCl system for ocular application [137].

Microparticles and Nanoparticles

Microparticles and nanoparticles are colloidal drug carriers in the micrometer 
and submicrometer range, which have been evaluated for ophthalmic drug deliv-
ery purposes over the past 15 years. Micro- or nanoparticles are divided in two 
groups, micro- or nanospheres and micro- or nanocapsules. Microspheres are 
monolithic particles possessing a porous or solid polymer matrix, whereas micro-
capsules consist of a polymeric membrane surrounding a solid or a liquid drug 
reservoir [138]. Practically, the term nanoparticles is applied to nanospheres and 
nanocapsules because it is often difficult to determine if they are real capsules or 
matrix-type particles. The active compound can be dissolved, trapped, encapsu-
lated, adsorbed or linked to these colloidal systems [138]. Nanocapsules can be 
used to increase the accessibility of drugs to the receptors localized in specific 
areas. They can serve as vehicles for use in the treatment of ophthalmic patholo-
gies, because increased corneal penetration and prolonged therapeutic response 
have been achieved for some drugs [139]. Another drug used as eyedrops, pilo-
carpine, was encapsulated in polyisobutylcyanoacrylate nanocapsules incorporated 
in a Pluronic F127 gel [140]. The formulation increased the contact time of the 
drug with the absorbing tissue in the eye and improved ocular bioavailability. The 
principal materials used so far to prepare colloidal systems for ophthalmic drug 
delivery have been synthetic biodegradable polymers belonging to the group of 
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poly(alkyl cyanoacrylate). These polymers can be degraded following two con-
comitant metabolization pathways, which are the erosion of the polymer backbone 
leading to the formation of formaldehyde [141] or the cleavage of the ester induc-
ing the formation of a water-soluble polymer backbone and the corresponding 
alcohol [142]. The potential of microparticulate formulations has been described 
but, as of today, they are not frequently employed as part of ophthalmic vehicles 
[143, 144].

Indomethacin in vitro corneal penetration was evaluated using nanocapsules 
as drug carriers [145]. The transcorneal flux of the drug through isolated rabbit 
cornea showed a considerable increase of 4–5 times the penetration rate of the 
nanoencapsulated drug compared to commercial eyedrops. In addition, PCL nano-
capsules containing indomethacin were coated with chitosan, poly(l-lysine), or 
both in order to combine the features of nanocapsules with the advantages of a 
cationic mucoadhesivecoating [146]. Chitosan-coated nanocapsules provided an 
optimal corneal penetration of indomethacin and displayed good ocular tolerance. 
Promising findings were also reported for optimized celecoxib loaded bioadhesive 
cationic chitosan or anionic alginate nanoparticles. All formulations possessed pH 
and viscosity values compatible with the eye and uniform drug contents. In vitro 
release data showed a sustained release without any burst effect then followed 
by Higuchi non-Fickian diffusion mechanism. The results of in vitro cell toxicity 
revealed that all prepared formulations were non-toxic, with percentage cell viabil-
ity ranging from 89.9 to 97.7 % [147].

Microemulsions and Nanoemulsions

Microemulsions might be systems of future interest, with the basic caveats con-
cerning sterile manufacturing, long-term stability, patient tolerance vis-a`-vis 
any surfactant, and the difficulty to adequately preserve a biphasic system. The 
O/W Nanoemulsions (NEs) can also be used for ocular delivery to improve cor-
neal penetration or sustain the pharmacological effect of drugs [148, 149]. These 
emulsions could be advantageous because they are supposed to diminish vision-
blurring effects [150]. These NEs can prolong the release of the drug and sustain 
the pharmacological effect of drugs in the eye following ocular application [151]. 
Muchtar et al. [148] and Navech et al. [149] showed the application of NEs to pro-
long the response of antiglaucomatous drugs applied to rabbits.

Micelles

In micellar systems, nonpolar molecules are solubilized within the internal micelle 
hydrophobic core, polar molecules are adsorbed on the micelle surface and sub-
stances with intermediate polarity are distributed along surfactant molecules in 
intermediate positions. Micellar ocular DDS should be based on nontoxic and non-
irritant materials and should be stable enough to achieve a reasonable shelf life. 
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Attention should be paid to the CMC of detergents used for micellar assembly, 
since high CMC often renders them toxic and irritant to ocular tissues. The non-
ionic triblock copolymer polyethylene oxide–polypropylene oxide–polyethylene 
oxide (PEO–PPO–PEO) has been widely used in medicine and has shown low 
toxicity. The potential of a micellar carrier for topical ocular delivery using pilo-
carpine as a model drug was evaluated in another study [152]. Micellar solution of 
pilocarpine for topical ocular delivery was prepared by a simple method of drug 
dissolution within an aqueous solution of a surface-active high molecular weight 
triblock copolymer, Pluronic F127. For this purpose, an aqueous solution of 
Pluronic F127 was prepared in concentrations above the CMC, where the copoly-
mer is supposed to form micelles.

Cyclodextrin-based formulations (Fig. 6.9) should not be missed by ophthalmic 
drug development groups [153, 154]. Their typical domain of use would be spar-
ingly soluble drugs, e.g., sulfonamides inhibiting carbonic anhydrase for the treat-
ment of glaucoma [155] or steroids against inflammation [156]. However, their 
action might be equivocal in some cases: a cyclodextrin solution of L 671,152 
(dorzolamide hydrochloride, a topically active sulfonamide) induced—in rab-
bits—intraocular levels lower than the corresponding suspension. On the other 
hand auspicious results were reported for other inhibiting carbonic anhydrase 
drug (acetazolamide) in hydroxypropyl-ß-cyclodextrin (Fig. 6.10) formulations. 

Fig. 6.9  Cyclodextrin-drug 
complex

Fig. 6.10  Hydroxypropyl- 
ß-cyclodextrin
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Hydroxypropyl-ß-cyclodextrin–acetazolamide–triethanolamine ternary complexes, 
showed better results in terms of in vitro corneal permeability and in vivo intraoc-
ular pressure reduction, in comparison with acetazolamide–triethanolamine com-
plexes [157].

Conclusions

The eye presents unique challenges to the delivery of drugs. When the demand for 
sustained delivery to the target tissue is coupled with the desire to avoid systemic 
exposure, circumstances are ripe for creative approaches. Pharmaceutical research 
and development provides a pathway to achieve this, but it is governed by available 
technology, innovations, and regulatory constraints. Importantly, the cost of the fin-
ished product must be bearable by the individuals and/or communities who will use 
the product, and it has to be economically viable for the manufacturer. In the future, 
the use of ophthalmic drug delivery systems will certainly increase because of the 
development of new polymers, the emergence of new drugs having short biological 
half-lives or systemic side effects and the need to improve the efficacy of ophthalmic 
treatments by ensuring an effective drug concentration in the eye for several days.
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Abstract The landscape of polymer selection and processing techniques is constantly 
evolving in the field of tissue engineering and regenerative medicine. This chapter will 
cover new advances in polymers that are used to regenerate functional tissues used to 
repair or replace tissues lost to age, disease, injury, or congenital defect. The focus will 
be on new processing techniques and the incorporation of biologics or drug delivery 
to enhance cellular response and ingrowth into the polymers that will create a more 
functional tissue replacement by engineering the polymer tissue interface. Special 
 emphasis is placed on new frontiers in tissue engineering the lung and liver.
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PDMS  Polydimethysiloxane
PEG  Poly ethylene glycol
PLA  Poly lactic acid
PLGA  Poly lactic co-glycolic acid
PLLA  Poly-l lactic acid
TLR4  Toll-like receptor 4

Introduction

While there are many polymeric biomaterials used in medical applications, many 
of which are covered in other chapters of this textbook, we will limit our focus 
to tissue engineered polymer containing constructs that either 1. Contain a pol-
ymeric scaffold + cells prior to implantation or 2. Contain a polymeric scaffold 
with a bioactive factor to elicit native cellular recruitment into the scaffold or drug 
delivery to form a functional tissue replacement. This book chapter is not meant 
to be all encompassing. Rather, it is to provide an up to date view of the status of 
new breakthroughs and in the field of polymers in tissue engineering. This chapter 
focuses on aspects important to the engineering and design of polymeric biomate-
rials for use in functional tissue regeneration.

Market reports estimate a steadily increasing market for tissue engineered 
products through 2016 at an $85 billion dollar market worldwide. While some 
polymers + cell products have been on the market for over a decade (mostly in 
the wound healing arena), there are emerging areas wherein more polymeric tis-
sue engineering products will likely move to the marketplace. These emerging 
areas are likely in tissue engineered blood vessels, neurological regeneration, and 
hydbrid assist devices for the lung or liver. The general concepts of tissue engi-
neering with polymers are shifting focus from the polymeric scaffolds to not 
merely be a structure, but to become an active template to guide cellular growth 
and differentiation. This emerging understanding of cellular signaling in response 
to polymeric matrices is shaping the field of tissue engineering. Material sci-
ence technology advances in arenas of three dimensional bioprinting, new hybrid 
biopolymers, and complex microfluidics will also continue to shape the field.

Polymer Processing Techniques to Mimic Tissue 
Architecture and Strength

Proper tissue growth, function, and adaptation have as much to do with the archi-
tecture of the extracellular matrix as it does with the cells that populate the tissue. 
Skin without elasticity is a strait-jacket. A lung without branching bronchi is a wet 
paper bag. Bone without intricately-connected canals through concentric layers of 
hydroxyapatite and buttressed by trabeculae is a ceramic coffee cup waiting to be 
smashed. The biological polymers which form the shape and scaffold of the organ 



1797 Polymers in Tissue Engineering

cells are not merely blank shelves; the very architecture and mechanical properties 
of the polymer scaffold signal the cells on them to perform specific tasks and grow 
to a specific form within the confines of a specific scaffold. When the scaffold 
architecture fails to contain the cells on them, free-floating blobs of bio-matter can 
form thrombi, cysts, or tumors. When the scaffold mechanical properties fail to fit 
the requirements of function, the cells react by reacting with inflammation or scar-
ring that destroy the function. And when mal-processed scaffolds fail to provide 
the proper signals to the attaching integrins of the cell, the health and shape of the 
cells deteriorate in like-step with the engineered organ as a whole.

This section addresses the current polymer processing techniques used to  create 
engineered extracellular matrix (ECM) for cells that provide the appropriate archi-
tecture and mechanical properties for cells, while maintaining the appropriate 
embedded cell-signaling molecules. Each material and processing method (gela-
tion, heat or high voltage extruding, printing, or biological formation) each have 
their own strengths and weaknesses. We will also briefly cover current strategies in 
accounting for material processing weaknesses by combining techniques.

Hydrogel Polymers with Self-Assembled Nanostructure

The versatility of hydrogels makes them one of the most popularly studied and 
medically applied polymers in the tissue engineering field. Hydrogels, which are 
polymers suspended in water, are apt for perfusing with hydrophilic nutrients and 
growth factors that will diffuse to the residing cells. Because the material is often 
processed from an aqueous state, they can be physiologically safe for suspended 
cells during and after the processing of the material which takes it from viscous 
fluid to gel. The hydrophilic diffusion and aqueous beginnings of this polymer 
make it uniquely suited for encapsulating cells deep within the scaffold from the 
initial constitution of the polymer. The ability to be injected also give hydrogels a 
unique advantage over numerous polymers in clinical applications where surgery 
would like to be avoided.

However, it is worth noting that although numerous organs have a soft and flex-
ible consistency, only a few tissues (such as bone marrow or the nucleus pulposus 
of the intervertebral disc) have mechanical properties comparable to hydrogels. 
When compared to most tissues, hydrogels have numerous mechanical compatibil-
ity issues which are related the material’s fabrication and processing. Hydrogels can 
break apart due to stresses such as compression or sheering, their ability to degrade 
has to be balanced to their physiological function, their ability to diffuse nutrients 
and factors is difficult to regulate, and controlling those factors often sacrifice bio-
logical functions. The mechanical properties of hydrogels are measured with storage 
modulus E′, the amount of energy a gel can store as elasticity without permanent 
deformation, and the loss modulus E″, the energy dissipated as heat. For example, a 
sheep’s nucleus pulposus has a mean storage modulus of E′ = 64,000 Pa, and a loss 
modulus of E″ = 23,000 Pa [1]. A gel with the bare minimum of practical use has a 
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storage modulus of at least E′ > 1 Pa [2]. To address those issues, there are various 
molecular designs and hydrogel processing techniques.

Picking-up on one of nature’s own methods of assembly, self-assembling pep-
tides are amino acid sequences which use the charges of the side groups to attract 
another strand and form strong van der Waal interactions. One of the simplest 
strategies is to use strands of alternating sequences of hydrophobic and hydro-
philic amino acids which form β-sheets [3, 4], one of the major secondary struc-
tures in a protein. Repeating sequences of peptides can also form bonds with itself 
to form α-helices hydrogels [5]. Peptides can also be tethered with other non-
amino segments, such as hydrophobic carbon chains, to form polar molecules with 
a hydrophobic and hydrophilic side. These amphiphilic molecules assemble in a 
similar fashion to a micelle or liposome and form hydrophilic fibers with hydro-
phobic cores [6]. With peptide-based gels, modifying the amino acid sequence 
affects the inter-molecular bonds. For example, basic physics tells us that positive 
charges are attracted to negative charges, and vice versa. Positively charged amino 
acids such as Arginine (R) and Lysine (K) are patterned with negatively charged 
residues such as Aspartic Acid (D) and Glutamic Acid (E) on the same or differ-
ing peptides. Varying the quantity and pattern of repeating ionic amino acid resi-
dues will change the mechanical properties [7]; however, longer peptides does not 
necessarily mean stronger peptides [8] so a proper balance between interacting 
molecules and unwieldy size must be struck. Much like varying the quantity of 
charged amino acid residues, varying the length of the hydrophobic and hydro-
philic components of an amphiphilic molecule will change the degree of interac-
tion between molecules, and vary the mechanical properties and structure of the 
hydrogel [9, 10]. The concentration of the peptide in solution will also affect the 
amount of molecular interaction, and thus an increase in peptide concentration will 
usually increase the storage modulus of a hydrogel [4, 11]. Because hydrogels ini-
tially start as a suspension of molecules in a viscous solution, the final result is 
usually a haphazard arrangement of fibers and molecules distributed by Brownian 
motion. One molecular level is to use electromagnetic fields to process the mate-
rial. Peptide hydrogel fibers have been shown to align along a magnetic field [12]. 
This provides physical cues at the molecular level to proliferating cells.

The degree of interaction between peptides is also affected by the ionic envi-
ronment. Changing the pH [4] or concentration of ionic salts [13] in solution will 
also affect the inter-molecular bonds between the peptides, modifying the mechan-
ical properties of the hydrogel. A simple demonstration of this principle is the 
isoelectric point of a protein, where at a particular pH a peptide will lose charge 
(like and repulsive charges) and aggregate together. Temperature also affects the 
mechanical properties of gels. Not only can gelation be induced by change in tem-
perature, the temperature at which gelation is induced (by alternative means such 
as pH or concentration) affects that mechanical properties of the material [14].

In most biological circumstances, a physiological pH, ionic balance, and temper-
ature is needed for cell culture in a hydrogel. So while this usually doesn’t affect tis-
sue culture, which is usually at physiologic conditions, this is important to remember 
when you are testing mechanical properties outside the culture environment.
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Chemical cross-linkers and photo-sensitive chemical processes can also cross-
link peptide hydrogels to initiate gelation and strengthen bonds. Ultraviolet light 
breaks peptide and other bonds which then re-form, but the biological function 
of the modified material must be tested due to the random nature with which 
the bonds are broken. Chemicals such as gluteraldehyde are strong cross-linking 
agents with a known toxicity, and thus alternative “natural” cross-linkers such as 
transglutaminase and genipin are being investigated [15].

By modulating properties such as temperature and pH to maintain the solution-
state, the concentration of the hydrogel’s solutes can be increased without inducing 
gelation. The temperature or pH can then be modified back to the desired state, 
and the hydrogel formation will have a concentration or property that may not have 
otherwise been attainable. However, the process should be careful not to perma-
nently denature the peptide during heating or changing pH, as the molecular or bio-
mechanical properties may not be what were expected if the peptides are damaged 
by high temperature or variation from neutral pH. Another strategy for inducing 
gelation is mixing different combinations of similar peptides. A peptide sequence 
with a biological function may not be conducive to forming a gel, but when com-
bined with a similar peptide with stronger mechanical properties the combination 
can have intermediate qualities in mechanics [2] and biological activity.

Spun, Extruded, and Crosslinked Polymers with Arranged 
Nanostructure

Even though most natural biological polymers are microscopic, with dimensions 
on the order of nanometers, they often assemble into a macroscopic structure that 
can be seen with the naked eye. The connective tissue of muscle, tendons, car-
tilage, and skin can appear stringy when stretched and teased apart. Even bone, 
lung, nerve, and other tissue have apparent millimeter-scale structures which belie 
the fact that their true functional units are really much smaller.

Extrusion and spinning are material processing methods that long-predates micron-
level materials engineering. The simplest example of extrusion is pushing dough 
through a press to create strings of noodle-like polymers. Spinning is best exempli-
fied by exerting centripetal force on melted sugar to form cotton candy. In both exam-
ples, there is a force pushing the material in one direction (either a press, a spinner, 
or even an electromagnetic force), and another force pulling the opposite direction 
(the mold or molecular forces). When a balance is achieved between those pushing 
and pulling forces, the material forms a fiber which can resemble the stringy mate-
rial found in tissue. These macro-scale materials can very closely match the topogra-
phy and mechanical properties of biological tissue, including porosity for the diffusing 
nutrients and isotropic or anisotropic strength (force-bearing in single or multiple 
directions). The modern challenge of tissue-targeted polymer engineering is incor-
porating the unseen physical cues of nano-scale components (such as collagen fib-
ers) of the milli-scale materials (a collagen fibril). Beyond the mechanical properties, 
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incorporating biological components are also challenging; the solvents and environ-
ments used to process the polymers for extrusion and spinning can be corrosive to the 
organic material. Synthetic polymers are also fundamentally problematic because the 
most common and versatile polymers are almost exclusively hydrophobic, a property 
which cells and other biological components respond to poorly. Fortunately, there are 
strategies to overcome those issues and more-closely mimic natural tissue.

Electrospinning

Electrospinning as a material fabrication process has existed for decades to create 
a densely-woven mesh of fibers. What makes this process unique is that the fiber 
diameters achieved by electrospinning are much smaller, down to several nanome-
ters in diameter, compared to other synthetic polymer synthesis methods. New and 
creative means to applying the electrospinning process has led to numerous poten-
tial applications for tissue engineering. The process resembles extrusion in that 
the material in solution is usually pressed out of a syringe before forming a fiber. 
However, the process of using a syringe is optional (for example, rolling drums of 
polymer can be used for mass-production methods [16]), because the true mate-
rial “extrusion” comes from the electromagnetic force on the solution which pulls 
molecules out of solution and towards a collection site. As the solvent evaporates 
around the solute, the molecules of the polymer pull with it a chain of polymer 
which forms the deposited fibers at the collection site. If there is too much electric 
force, too little molecular attraction between the solute molecules, too much dis-
tance for the polymer to travel, or not enough polymer at the site where the solu-
tion is being charged, the fiber becomes discontinuous or just deposits as droplets 
at the collection site. The rate at which polymer is placed into the field of electric-
ity (often controlled by a syringe pump), the distance between polymer source and 
collection, and the environmental conditions such as temperature and humidity all 
affect the mechanical properties of the electrospun fibers [17]. The type of poly-
mer, the solvent, and the concentration vary greatly. The method of collecting the 
fibers serve as one of the final processing steps for electrospinning which deter-
mines mechanical properties, and these methods vary greatly.

The classical method of collecting electrospun fibers is to place a grounded 
sheet of metal opposite the charged source with the polymer. This creates a dense, 
isotropic (all-directional), mat of fibers. This structure tends to lack space between 
the fibers, and important feature if cell migration into the material is desired, 
but strategies such as adding dissolvable fibers [18, 19], leaching inorganic salts 
[20, 21] or other particulates [22], or even jets of air [23] at the site of collec-
tion mechanically create some space for residents cells on the material to grow 
into. However, while many human tissues have significant thickness and require a 
length and depth of cells on an extracellular matrix, it is important to consider that 
many tissues (such as epithelial cell-based tissue) are single-layered, and a base-
ment membrane which isn’t penetrable by cells is important for proper morphol-
ogy of attached cells [24].
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Collection doesn’t have to be a static process. By rotating the collector in the 
axis perpendicular to the incoming fiber at increasing velocities, the direction of 
the fibers collected increase in their alignment perpendicular to the axis of rota-
tion [25]. Put simply: the faster the collector rotates towards the polymer source, 
the more aligned the collected fibers are in the direction of rotation. This is key for 
a number of tissues that have anisotropic (single-directed) properties such as con-
nective tissue and nerves, as the direction the fibers are arranged serve as the guide 
for the proliferating and extending cells [26, 27].

When processing the electrospun fibers into suitable scaffolding for cell cul-
ture, the forces don’t have to be applied as the fibers come to rest. Strategies for 
manipulating the fibers mid-air have been devised to create more complex struc-
tures. Manipulation of the electric field by using curved collection plates and 
point-probes can create turbulence as the fibers approaches the collection site, 
causing the electrospun fibers to tangle before coming to rest [28]. The result is a 
material which is not packed as tightly as sheets of fibers and resembles a cotton 
ball. Air-collecting electrospun fibers can also produce aligned scaffold between 
conductive points [29] or directed by a combination of blower and electric fields to 
a non-conductive target [30].

The fibers themselves can be modified significantly in the way they are pro-
cessed. The emulsion of immiscible liquids which are then electrospun creates fibers 
with a core of one type and a surface of another type. If the internal material is dis-
solvable, it creates a hollow core [31]. And additives to the polymer do not have to 
be removed. Blends of inorganic and organic material, which can be purified [32] or 
heterogenous extracellular matrix components [33], can add bioactive components 
for interacting cells or change the material’s mechanical and chemical properties.

The choice of material for any materials processing method can lead to a 
dilemma with the choice of solvent. In electrospinning, the polarity (polar or non-
polar), relative permittivity (or dielectric permittivity, the force between two points 
in a material), conductivity, and viscosity affect the fiber diameter of the final 
product [34, 35]. Materials such as polycaprolactone, poly-lactic acid, and poly-
ethylene oxide are generally very soluble in any organic solvent, but more com-
plex or organic materials such as collagen may have a smaller range of acceptable 
solvents [36], and the types of solvents used may be harsher on the material’s final 
biological composition. While there are some examples of non-toxic solvents used 
for biological materials [37], any solvent should be fully dried via desiccation or 
other means to ensure the removal of solvent. Sterilization procedures, whether it 
is ethanol washing or other biochemical processes, should also consider the effects 
on the final material’s mechanical and biological properties [38, 39].

Extruding and Printing

Melt extrusion is a cost-effective means of producing a number of structures, 
and for applications in science and medicine melt extrusion is useful in pharma-
cology with drug delivery [40, 41]. However, achieving the nano-scale detail in 
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architecture is difficult with this method compared to other processes, but there 
are other advantages. With the explosion of affordable home desktop 3D printing 
options (either home-made or commercial), it was inevitable that tissue engineer-
ing applications would be found. But even before the recent advances, the paper-
thin process of ink printing was just as applicable when printing sheets of cells. 
Synthetic materials can be printed as melted extrusions or powders with binder. 
Printing biomaterials with or without cells involves computer-controlled position-
ing of a nozzle connected to a material source composed of liquid or hydrogel and 
guided to a target either by gravity and charge (such as in Fluorescent-Assisted Cell 
Sorting) or by laser (remember that photons can impart a force). The end result is 
controlled positioning of biomaterial and/or cells in a pattern that can mimic the 
tissue of choice. Two challenges facing this method is what would be expected 
from any type of prototypical printer: accuracy and resolution. Also, because natu-
ral tissue is interconnected, connecting the individual depositions of biomaterial to 
accurately impart mechanical properties is another challenge to be tackled.

Creating an anatomically-shaped scaffold is relatively simple for a 3D printer. 
A computer-aided X-ray tomography (CT) of a patient’s bone can be converted 
to a 3D model and replicated as porous melt-extruded polycaprolactone [42] in 
a day. Fortunately, materials such as porous PCL has similar mechanical proper-
ties (compressive modulus and yield strength) to trabecular bone [43]. Because 
bone tissue grows heals itself when set properly, bone tissue engineering appears 
relatively forgiving of shortcomings in nano-structural material characteristics. 
Powders deposited by a 3D printer can also create shapes that are bioactive and 
have a range of mechanical properties dependent on the pore sizes and struc-
tures created; however, the ceramic-like materials powders such as calcium phos-
phate often produced tend to be very brittle and not suited for load-bearing [44]. 
Improvements to the flexural strength and bioactive properties in printing of cal-
cium phosphate powders has been made by adding collagen and an emulsifier to 
the binder [45].

Biologically Generated Polymers

Synthetic materials and the processing that goes with it give the tissue engineer a 
degree of control over the process; however, there are still many things that cells 
construct better than our best designed equipment. Decellularized tissues have 
been used as implants for bone, tendons, ligaments, and heart valves for many 
years now. Some grafts are wholly-accepted by the body and incorporate the 
patient’s cells. Other grafts, such as heart valves, have to be processed in a way 
that destroys the biological signaling in order to serve their mechanical function 
and never integrate into the recipient. Using decellularized organs as the biopol-
ymer for tissue engineering come with a number of advantages: the remaining 
polymer is mechanically and morphologically similar to the original organ, the 
polymer has bio-active molecules matching what the native tissue would expect. 
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However, the availability of human-sourced tissue is limited and potentially con-
troversial, and animal sources can have important differences compared to their 
human counter-parts.

Tissues are decellularized using a several different approaches, sometimes in 
combination with one another, which effectively remove the overwhelming major-
ity of all cells and cellular material from the extracellular matrix architecture. These 
techniques include the use physical techniques such as snap freezing or mechani-
cal agitation, and chemical techniques such as using ionic or non-ionic detergents, 
zwitterionic detergents, basic or acidic solutions, and hypotonic or hypertonic solu-
tions [1]. Depending on the methods used the leftover scaffold will retain mechani-
cal components (elastin, collagen), natural binding sites, and growth factors in 
different quantities; some decellularization methods are better at retaining certain 
components over others [1–3]. Equally important to the methods or solutions used 
for decellularization is the process used to expose the intact tissue. Tissues com-
posed of complex architecture or expansive vasculature will most likely benefit 
from a perfusion decellularization system where the vasculature is perfused with 
detergent as well. This works especially well with lung decellularization where the 
pulmonary artery as well as the trachea can be cannulated [4, 5]. Thin tissues such 
as bladder or skin can be decellularized using an immersion process where the tis-
sue is suspended in the decellularization solution [6]. Thick tissues or organs can 
be decellularized using immersion processes as well; however they must first be cut 
into thin strips. Both immersion and perfusion techniques can benefit from constant 
flow or agitation provided from a decellularization bioreactor [4, 7].

To exploit the biochemical benefit from naturally-derived polymers, it isn’t 
always necessary to wholesale incorporate the entire molecule. Specific peptide 
sequences from laminin such as RGD [46–49] and YIGSR [46, 48, 50] or from 
elastin like VAPG [51] have been isolated as cell-interacting sequences. These mol-
ecules can be chemically tethered to synthetic polymers by means such as carbo-
diimide chemistry [46], click chemistry [50], or custom-designed by synthesizing 
peptides with Fmoc chemistry [2]. Biologically derived polymers don’t have to be 
for cell attachment, but for other enzymatic processes such as degradation if cell-
regulated metalloproteinase cleavage is desired [2, 8]. While this doesn’t directly 
affect the mechanical properties or architecture of a polymer scaffold, it does allow 
for greater biological activity of polymers that may have desired mechanical and 
architectural features you can’t achieve with biologically-derived polymers.

Combining Techniques

It is unlikely that a single solution can be found to solve the problems of tissue 
engineering. Our own organic tissue is not merely deposited by cells, but requires 
techniques to compartmentalize the material, mechanical and biological signals 
to direct the orientation, and particularly arranged charges within specific envi-
ronments to induce assembly of the raw biological material. A truly biomimetic 
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approach to tissue engineering involves incorporating multiple polymer processing 
techniques to form the desired shape, micro-architecture, strength, and cell inter-
action needed to form tissue just as nature intended.

For example, while electrospun nanofiberous material of synthetic polymers 
can be mass produced and have a tune-able properties, they often lack biological 
motifs and hydrophilic chemistry that a cell is accustomed to. Hydrogels and bio-
logical polymers can be much more similar to the cell’s native environment, but 
far more difficult to tune mechanically. However, by coating an electrospun scaf-
fold with peptides in hydrogels new biological properties are given to the electro-
spun scaffold, and new mechanical properties are given to what was originally just 
a hydrogel material [48].

While decellularized organs to produce ECM provide ready-made scaffold-
ing, the end result might not be the ideal material for the purposes. Instead of a 
porous organ, a hydrogel encapsulating the cells may be more feasible for culture. 
However, taking an example from hydrogel synthesis and processing, ECM after 
processing by proteases can reform as a hydrogel, providing the cell-interactive 
motifs and growth factors of normally-decellularized ECM [52].

The use of a method for fabricating a material doesn’t have to be used exclu-
sively for fabrication. While 3D printing is known for producing a material or 
object from the ground-up, the method can also be used to print on and over other 
materials. An example of this is using a 3D printer to deposit hydrogels onto a 
mold, and then use the printer to apply cells [53].

Fusing the spatial customization of 3D printing with the fiber diameters of 
electrospinning, short-range high-voltage polymer extruding through a computer-
controlled nozzle across a high voltage electrical field can create customizable 
micro-fiber structures with controlled pore sizes [54, 55]. While not quite yet at 
a level where printed nano-resolution structures are a reality, innovative ideas are 
marching towards that goal.

Processing a material to mimic tissue architecture and strength requires plan-
ning at the material composition phase, the scaffold synthesis phase, the sterili-
zation phase, and even the cell impregnation and attachment phase. While this 
section provides an overview of the considerations and processes available, a 
thorough understanding of the architecture of the tissue of you want to create, and 
a grasp of the biological necessities needed for those cells, are the most critical 
pieces of knowledge needed when performing your own research to determine 
what you need to do to produce the appropriately processed biomaterial.

Polymers as Cell Scaffolds

The perfect polymer structure shaped exactly like organ tissue down to an angstrom-
level of detail is completely worthless if the cell does not respond to the material. 
A cell has integrins, cadherins, cytoskeletons, growth factor receptors, and more 
components that respond to the environment around them. If the cell feels that the 
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polymers surrounding it do not properly engage its chemo-mechanical sensors, then 
that cell will respond either by changing itself or dying. Cells do have the capacity 
to shape their own environment and produce collagen, integrins, elastin, fibronectin, 
or their own growth factors to shape their environment and the surrounding cells. 
Unfortunately, the cell’s process of adapting itself and its environment to better suit 
itself is often permanent, changing the cell so that it cannot re-adapt itself to a better 
environment and form the functional tissue which it was intended to be.

This section will address the various responses cells have to polymers and their 
architecture. We will address the polymer’s biochemistry, mechanical force, and 
nano-scale features that cells can detect and adapt as a result. We will also note 
that every tissue has differences, and this means in different tissue engineering 
techniques for different cell and tissue types.

Cell Response to Polymers

“Putting lipstick on a pig” is a clever idiom that drives home an important point: 
it is much more difficult to make something attractive if you start with something 
very unattractive. While synthetic polymers such as polycaprolactone, poly-lactic 
acid, or almost anything with “poly” on it, is often easier and cheaper to synthe-
size, process, and shape, there are numerous considerations that are negative for 
the living cell. First, these easy-to-process polymers are often hydrophobic, which 
means that the cell membrane and its outward-facing hydrophilic molecules will 
be repelled by the polymer surface. Second, these polymers are repeating blocks 
of the same molecule which has little familiarity or meaning to the cells exposed 
to them. A cell on the surface is just as likely to see these polymers as a foreign 
object rather than a structure fit to become an organ.

Early scaffold designs with materials such as polycaprolactone focused on the 
cell’s ability to penetrate a scaffold’s porous network and proliferate, and for certain 
cells such as fibroblasts and the periosteal cells used to coating bone this was all 
that was needed to produce impressive results [56]. However, the addition of natural 
polymers such as collagen [57] or synthetic peptides nanofibers that coat hydropho-
bic polymers [48] were shown to improve the proliferative properties of the scaffold 
over bare polymer. Mesenchymal stem cells cultured in pro-chondrogenic media on 
electrospun nanofibers made with a blend of polycaprolactone and ECM derived 
from cultured MSCs expressed more pro-chondrogenic gene activity [58]. While the 
physical and mechanical architecture of scaffolds is critical, if the cell can’t properly 
attach to the polymer used then the engineering is all for naught. While a strategy 
to improve interaction between cells and synthetic ECM involves wholesale addi-
tion of components such as collagen and elastin or heterogeneous ECM, more tar-
geted strategies involve the functional modification of polymers with cell-responsive 
amino acid sequences. Laminin-derived RGD and YIGSR for cells such as cardiac 
muscle showed greater adhesion and contractile fiber expression [46], and elastin-
derived VAPG appears to be selective for smooth muscle [51].
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Cell Response to Polymer Architecture and Mechanical 
Properties

Building a house on a foundation of sand is a bad idea for an obvious reason: it 
washes away. But assuming the house is far away from the ocean, the inevitable 
result is that parts of the frame, or skeleton, of the house will lack a structure to rest 
on and shift, resulting in the movement and cracking of any wall or shelf or portrait 
lying on that part of the frame. The extracellular matrix of tissue is both a founda-
tion and a frame: it serves as the foundation for cells upon which rest their cytoskel-
eton, and it serves as the direction and structure of the organ tissue upon which the 
organ’s features are patterned and positioned. A solid and firm foundation for certain 
tissues’ cells makes sense: bone is hard and firm, a liver or a pancreas is a mechani-
cally static organs, and kidneys don’t go anywhere (unless you are giving one away). 
However, unlike a house, many organs exist in a constant state of movement and ten-
sion: lungs and bladders expand and contract, blood vessels and neurons stretch with 
the movement of our body, muscles and tendons pull on our bones, and even bone 
responds to the muscles’ site of tension by forming tubercles. Function does manifest 
form in a cell’s response to polymer scaffolds, and with this knowledge mechanical 
properties and architecture is being engineered into new polymer designs not just to 
mimic the target organ tissue, but because the cells require it for proper development.

Fibers are emphasized in tissue engineering because the collagen and elastin 
proteins that cells reside on are fibers. The evolutionary reason for this is likely 
out of convenience, as the building blocks of all life (amino acids, nucleic acids, 
carbohydrates) arrange themselves as either single or branched chain polymers. 
Architecturally, fibers are the logical scaffold component because they provide 
physical directional cues, size differences, mechanical force direction, and differ-
ences in density of packing for porosity. Cells have biochemical means (known or 
apparent) to detect or affect each of those parameters.

Architecture

Fiber arrangement is a critical cue for cell growth patterns. We know that mesen-
chymal cells [59, 60], neurons [29, 61], smooth muscle [62], even breast cancer 
cells [63], and likely other cells types grow along an axis cued by the substrate 
they grow upon. Cells which form solid tissue possess integrins, membrane-bound 
composed of two subunits (α and β) that bind to particular amino acid sequences 
found on the ECM components. Integrins are biochemically linked to a number of 
cell signaling pathways, but physically they are attached to α-actinin or talin and/
or vinculin, which then links it to the cell’s thin filament actin which is a critical 
regulator of cell shape. This serves as a biochemical and physical link to the scaf-
fold on the outside [64], and cell with mutations causing deficits in the binding 
capabilities between actin and vinculin demonstrate cell spreading deficits [65].

Cells not only grow and align their cytoskeleton in the direction they are pointed, 
but they also express genes and produce proteins because of their alignment  
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(or lack thereof). For neurons, fiber alignment increases the expression of a myelin-
specific gene for the neural-insulating Schwann cells [66] and increases pro-neu-
ron gene expression in stem cells [50]. For bone tissue engineering, aligned fibers 
increases cell-to-cell junctions [67] and osteogenic markers for mineralization [67, 
68]. Endothelial cells, which form the inner walls of blood vessels and capillaries, 
increase the expression of cell-to-cell connecting cadherins and are less likely to 
detach under fluid shearing [69]. It is important to note that the cells which benefit 
from fiber alignment are cells that require alignment of some sort. Using grooved 
culture plates, it was shown that fibroblasts are more responsive in their growth to 
designed culture templates than epithelial cells [70]. This is sensible because epi-
thelial tissue like skin, lung, and GI are regularly enduring forces in all directions. 
While most tissue (such as bone) will receive force perpendicular to their normal 
axis of alignment, those tissue often rely on inherent material properties to bend and 
not break. Bone, muscle, and vessels are designed for pulling and shearing forces in 
a particular direction, and their axis of orientation is sensible for that purpose there-
fore their cellular biochemistry to respond to directionality.

Fiber diameter is also an important component to tissue engineered architecture 
which cells respond to. Collagen starts as a trimer tropocollagen fibril 1.5 nm in 
diameter, but bundles into fibrils with diameters from 10 to 500 nm apparent under 
SEM, and further bundles into macroscopic fibers up to 100 μm in diameter [71]. 
How the cell responds to fiber diameter depends on the cell type, but the size of 
collagen fiber bundles give us a hint as to what the threshold is. Endothelial cells 
cultured on fibers with diameters of 300 and 1,200 nm proliferated more than 
endothelial cells cultured on fiber mats greater than 7 μm [72]. Bone marrow 
derived mesenchymal cells expressed more markers for several ECM materials 
when cultured on 300 nm diameter fibers compares to 2.3 μm diameter fibers [60]. 
Smaller does seem to be better, and this would correlate with the diameter of colla-
gen fibrils, but an exception seems to be neurite extensions from neurons, which did 
not extend as far on 300 nm diameter fibers compared to 800+ nm diameter fibers 
[73]. This leaves plenty of room for theorizing as to what a cell is looking for in its 
foundation, but it is likely different for every cell and tissue type, and some logical 
inferences will likely help in this exploration. For cells that are looking to cover 
area, such as epithelial and endothelial cells, their basement membranes and densely 
packed and impenetrable (unless those cells become cancerous and metastatic). For 
cells like neurons reaching around and between tissue to find organ, the topology 
and architecture for their scaffolds will likely serve that purpose better. And as new 
techniques for scaffold design create smaller details, a critical eye towards how the 
material or its breakdown products could potentially mimic irritant ultrafine particu-
late matter (<100 nm) and upset immune modulators should be considered [74].

Mechanical Properties

We use the mechano-sensitive biochemistry of cells daily. Although our brain 
interprets mechanical properties through special force-sensitive neurons, individual 
muscle cells also detect tension and will grow or atrophy in response. Non-muscle 
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cells do their own force and tension sensing, and respond to the firmness or soft-
ness of their substrate by the mechanical forces transduced through ECM-binding 
integrins to the internal proteins such as talin, vinculin, paxillin, actin and myo-
sin [75]. Tension through these proteins result in phosphorylation of these pro-
teins and activation of downstream pathways [76, 77]. The degree to which cells 
can sense mechanical resistance can be quite sensitive: mesenchymal stem cells 
will spread out and flatten over a firm surface (as determined by cytoskeletal actin 
staining), but place a soft gel over the surface and the degree to which the cell stays 
compact and rounded correlates with the thickness of the gel with a sensitivity of 
approximately 20 μm before the cell struggles to sense the hard surface below 
[78]. Spreading is fine for cells the need to cover a surface or an injury, but cardiac 
myocytes demonstrate that they have better organized contractile fibers and more 
calcium stores for contraction [79], although there does appear to be a threshold 
for the degree of stiffness which best functionally controls cardiac myocytes [80]. 
Bone remodeling is an example of cells that respond to create their environment, 
proliferating on hard surfaces, and mineralizing softer material [81].

When testing these properties in designed scaffolds, do take note that varying 
one property can affect the other. Fiber diameter, polymer types, and additives can 
affect the mechanical properties such as strength and density of the scaffold, and it 
can be difficult to tease out which of these is the cause of the phenotype change in 
the cell [72]. These measurement techniques are outlined in Sect. “Polymer mate-
rial properties and functional tissue replacement”.

Hidden Cell-Modulating Molecules in Polymers

Before polymer customization and scaffold design was an important part of what 
is now called tissue engineering, biologists and physiologists were trying to eluci-
date the molecules animal tissue needed to grow. The original tissue engineering 
was determining what to coat a dish with for the cells to attach and to add extracts 
of blood for the proper growth factors. Diligent research developed pre-treated 
plastics for attachment and an assortment of growth mediums specific for cell 
types. Standards for tissue culture techniques allowed for experimentation with the 
substrates these cells were grown upon. As the field matures and tissue engineer-
ing combines synthetic processes with natural processes and polymers, we are dis-
covering that our own native polymers have growth factors of their own, separate 
from the traditional soluble factors.

Collagen is a significant component of the extracellular matrix, and breakdown 
of the ECM inevitably releases collagen fragments. These fragments could have 
implications that should be considered when designing a polymer scaffold with 
these components. Collagen 6A3 when expressed leads to the loss of contact-
inhibited growth [82], and soluble collagen 1 encourages pancreatic cancer spread 
and migration in a similar fashion to pro-cancer myofibroblasts [83]. Laminin χ2 
chain, a component of a cell-adhesive ligand for integrins important in modulating 
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cell attachment and migration, can also activate the epidermal growth factor recep-
tor when processed and solubilized [84, 85]. Hyaluronan can also be released 
from ECM breakdown; hyaluronan serve as a potent immune signaling molecule 
through TLR4 [86], and as a pro-fibrotic agent via CD44 on the cell surface [87].

The inherent cell-modulating peptides and molecules in a polymer scaffold 
can also mimic the pathology they come from. Whole-lung of mice treated with 
pro-fibrotic agents and then homogenized and used as a coating over synthetic 
polymer nanofibers induced pro-fibrotic gene expression in bone marrow-derived 
cells [88]. This research does not specify whether the causative agent in the lung 
homogenate is trapped soluble factors or a change in the composition of the ECM, 
but it does highlight that not all ECM is alike, even between the same organ. 
Changes in the ECM’s composition affect the way cells respond.

It is very difficult to control for every possible circumstance in material, syn-
thetic or naturally-derived. It is important to be aware of what can happen, and 
consider the possibilities if cells do not respond to an environment as expected. 
Considerations for polymer effects need not be limited to influencing the cells they 
are designed to contain. For example, the inclusion of polyphenols into polymer 
coatings scavenge free radicals and prevent immune destruction of implanted cells 
such as sensitive pancreatic beta islet cells [89]. Having a strong knowledge of the 
biology of your scaffold, your cell, and any factor that can interact with it will help 
lead to an effective and medically feasible design.

Polymers as Cell Scaffolds Beyond Regenerative Medicine

As scientific knowledge advances, we are running out of simple solutions to serious 
diseases and problems. Most research into the physiology of a disease state relies 
on a model to experiment upon without actually running sacrificial experiments 
on ailing patients. Where a tissue culture doesn’t quite meet our needs, a mouse 
or larger mammal might suit the purposes (with some ethical questions and seri-
ous monetary costs) but at the expense of losing the control of a culture and the 
subtle differences between primate and rodent biology. This is where polymers as 
cell scaffolds and tissue engineering techniques can make an immediate impact 
in medicine before the regulations and hurdles of product development are met 
and crossed for human medical consumption. Human tissue engineered in realis-
tic models can provide the native response of our own species in a life-like envi-
ronment. Short of a whole human, these types of models can give a more realistic 
picture of cell-level human physiology. The three-dimensional design of scaffolds 
better allows for determining how tumor cell-to-matrix interactions work compared 
to tissue culture [90]. Scaffolds with depth and thickness provide a better model 
for angiogenesis [91], a potentially powerful target in many solid tumor treatments. 
Like any other cell, cancer responds to mechanical cues, both tension [92] and fiber 
direction [63], which serves as another potential target considering. While it is 
important to use appropriate cell types specific for the pathology being investigated, 
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the use of fibrotic lung ECM with a tissue-engineered polymer to induce fibrotic 
characteristics in mesenchymal cells [88] is a potential model for pulmonary fibro-
sis that allows for a degree of control that is difficult to match in a mouse model.

As with any research, the way you design and control your experiment will 
determine the insight you can get. With polymer scaffold design, you create ave-
nues of research that can be controlled far better than live models, yet can provide 
a closer picture to reality than by remaining inside a glass dish. Many advances in 
tissue engineering will provide the most benefit to human health by providing a 
more-accurate in vitro testing platform.

Polymers as Drug or Growth Factor Delivery for Tissue 
Regeneration

Polymers have a dynamic range of applications and are essential to the design and 
innovation of the next generation of drug delivery, release, and targeting systems. 
Polymers as drug delivery systems exploit the capability to tailor their proper-
ties by modifying the components, method of assembly, or mechanism of release. 
These are important concepts such as the physical and material properties, solu-
bility, biodegradability, drug release kinetics, and ability to sense and respond to 
environmental conditions/stimuli. Some of the main polymer systems used in drug 
delivery include polymeric micelles for drug delivery, dendrimers, hydrogels, 
and other scaffolds or implants. This section will discuss important concepts in 
design of polymers for drug delivery, specific polymer drug delivery systems, and 
approaches for drug delivery to clinical targets in tissue regeneration.

Important Concepts in Drug Delivery in Tissue Engineering

The physical and mechanical properties of drug delivery systems are essential in 
matching the needs of the target. For example, one useful property of macromol-
ecules used in drug delivery for cancer is that they have the passive ability to accu-
mulate in tumors due to increased accumulation of serum due to leaky vasculature 
in the tumor and decreased lymphatic drainage [93]. Other important physical 
properties include: ability to mimic the tissue stiffness, implants without corners, 
carriers small enough to cross membranes, or even large enough to keep them out 
of certain tissues.

Biodegradability and compatibility are important considerations for drug deliv-
ery system. For a polymer to be biodegradable it requires there to be hydrolytically 
or proteolytically breakable bonds in the backbone or as a cross linker. Degradation 
reactions are often non-linear because the degradation products of the polymer are 
acidic and catalyze an increase in degradation [94]. One major advantage of polymer 
bound drug conjugates is their increased blood circulation time resulting from their 
ability to escape filtration by the kidney. The potential downfall of escaping kidney 
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filtration is over exposure of the drug to the body. However, carriers are often biode-
gradable in serum conditions, and the time before the polymer is broken down can 
be controlled through its design. Drug delivery vehicles in solution or as an implant 
need to be easily broken down to prevent accumulation and a chronic inflamma-
tory response [95]. If the vehicle is non-toxic and degradable, new tissue will read-
ily heal. However if the vehicle is non-degradable or inert, it could be contained in 
a fibrous capsule by the body [95]. Biodegradability can also be used as a mecha-
nism for controlling drug release over time, for example systems using poly lactic 
acid (PLA) and poly lactic co-glycolic acid (PLGA) allow the designer to determine 
the degradation time based on the ratio of lactide and glycolide polymer compo-
nents [96]. An additional consideration when designing biodegradable polymers is 
that the degradation products should be non-toxic and small enough to be cleared 
through natural mechanisms. Products that are not cleared could build up in tissues 
and cause toxic or inflammatory reactions [94]. Toxicity assessment is detailed in 
Sect. “Polymer material properties and functional tissue replacement”.

Control over the release kinetics of drugs from polymer drug delivery systems 
is paramount in design. Regulation of drug release is the most important separa-
tion from traditional drug delivery in which the drug levels in the blood or tis-
sue increases during administration, peak, and then decline rapidly making it 
difficult to navigate between toxic or ineffective levels of the drug in vivo [97]. 
Release kinetics can be controlled by the system used sequester the drug, the poly-
mer components, the amount of drug in the delivery vehicle, and environmental 
conditions. Controlled release systems improve the effectiveness of delivery by 
modifying the release profile of the drug, ability to cross biological barriers, bio 
distribution, clearance, and stability [98]. This level of control is especially use-
ful when the natural distribution of the drug would cause side effect by interac-
tion with non-target tissues and if normal administration does not allow the drug to 
reach its site of activity due to degradation [98].

An especially exciting research thrust is in the area of responsive or externally 
regulated delivery systems in which the polymer system containing the drug can 
be manipulated to increase release, pulse release, or stop release in response to a 
stimulus. Systems using this strategy are increasingly being referred to as smart 
scaffolds. Stimuli include temperature, pH, magnetic modulation, ultrasonic 
waves, or electrical stimulation [7, 9–12]. Smart polymers could provide unique 
solutions to old some of the most difficult challenges such as cancer drug delivery, 
specific tissue targeting, and direct control drug release [99].

Polymer Delivery Systems

Polymeric Micelles

Polymeric micelles are made up of hydrophilic and hydrophobic block copolymers 
in the form of a sphere in which the hydrophobic portions form the core and the 
hydrophilic regions form the shell. The hydrophobic structures in the middle of the 
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micelles act as a reservoir for drugs, proteins, or DNA while the hydrophilic shell 
acts as an interface with the biologic environment. This allows for the solubility of 
otherwise non-soluble payloads [100].

Micelle-forming polymer drug conjugates are used to directly incorporate and 
stabilize a drug onto the polymer. The drug is attached to functional groups on 
the polymer backbone by hydrolysable chemical bonds. Depending on the num-
ber and location of functional groups single or multiple drug molecules can be 
attached to each micellar unit [100].

Instead of chemical attachment, drugs or growth factors can be sequestered 
in micellar nano-containers through hydrophobic interactions or hydrogen bonds 
with the polymer backbone. Several methods of encapsulation are used to incorpo-
rate drugs into micelle nano-containers. In the dialysis method the block polymers 
and drug are dissolved in an organic solvent and dialysis against water is used 
to gradually replace the organic solvent with water. The replacement with water 
causes the self-association of the block polymers resulting in the encapsulation of 
the drug within the micelle core. Non-loaded drug is removed through the dialysis 
bag while the drug loaded micelles are trapped inside [100, 101]. The oil/water 
emulsion method uses a selective solvent for the core polymers (hydrophobic) of 
pre-prepared micelles, and then drug dissolved in organic solvent is added to the 
micelle solution with agitation. The organic solvent is evaporated from the solu-
tion resulting in the encapsulation of the drug in the micelles [100]. The solvent 
evaporation method is performed by combining the drug and polymer in a volatile 
organic solvent followed by the complete evaporation of the solvent and resulting 
in a polymer and drug film. This and aqueous phase is then added to the film and 
agitated resulting in the encapsulation of the drug. While this method has scale-up 
advantage it can only be used in conjunction with block-polymer films that have 
high hydrophilic lipophilic balance values so it can be readily reconstituted in 
aqueous solution [100, 101]. The co-solvent evaporation method uses a volatile, 
water miscible, organic solvent to dissolve the drug and polymer. Encapsulation 
through self-assembly is caused by the addition of an aqueous phase followed 
by evaporation of the organic phase [100]. The final method for forming micelle 
nano-containers is the freeze drying method. This utilizes a freeze dryable organic 
solvent to dissolve the polymer and drug components, and then the solution is 
mixed with water and then freeze dried. Isotonic aqueous solution is added to the 
freeze dried product to create the drug encapsulated micelles. This method is use-
ful for scale up, however the insolubility of some block polymers in freeze dryable 
organic solvent limits it uses [100].

Therapeutic drug molecules that carry charge can be delivered using polyion 
complex molecules in which drugs are incorporated into the micelle through elec-
trostatic charge interactions between polymers and oppositely charged drugs/mol-
ecule. The association of the drug with the core-forming block polymer cause the 
self-assembly of polyion complex micelle [100].

Polymeric micelles have the potential to be useful for drug delivery as they can 
be tailored to specify biological destination, increase specificity to a certain organ/
tissue, or make them responsive to a certain condition or stimulus [100]. Drug can 
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be released from copolymer-drug conjugate micelles via two mechanisms; micel-
lar disassociation and drug cleavage or water penetration into the micelle followed 
by drug diffusion form the micelle. Drug release from micellar nano-containers 
occurs solely through diffusion from the hydrophobic core, while polyion complex 
micelles release drug molecules though ion exchange. Polymeric Micelles are use-
ful because they allow solubilization of hydrophobic drugs which allow them to 
deliver some of the most challenging molecules [102]. The relatively small size of 
the complexes, stability, and ability to be tailored for drug of choice make polymer 
micelles effective for drug delivery [100, 102].

Dendrimers

Dendrimers are a growing class of macromolecules which are known for their 
highly branched architecture and extensive surface functionality. Dendrimers are 
complex molecules and have a set architecture consisting of an interior core where 
branching will begin, and interior layer including several generations of repeating 
branched polymer units, and exterior layer attached to the outermost branched gen-
erations. These structures are often created by well-controlled reaction steps that 
contribute new molecules onto each layer resulting in a globular or spherical shape 
with 1–20 nm as the diameter range [103, 104]. Dendrimers benefit from unique 
properties including uniform size, extensive branching, water solubility, and multi-
valency that make them interesting prospects for many drug delivery applications.

Classically, there are two main methods for synthesizing dendrimers, the diver-
gent method: growth originates from a core site and perpetuates radially branch 
by branch, and the convergent growth process: several dendrons are reacted with 
a multifunctional core to obtain the final dendrimer [103]. The divergent growth 
method begins with a core which is reacted with protecting branching sites. The 
protected groups are then removed and the free active sites are ready to react 
with an additional layer of branched polymers. The reaction is iterated until the 
desired size (branching) is obtained. The divergent method requires extensive 
monomer loading and chromatographic separation however is preferred method of 
many large scale producers. If the divergent growth method could be described 
as “inward-out”, conversely the convergent growth process could be described 
as “outward-in”. Convergent growth starts with what will become the outermost 
layer units and systematically works in by linking outermost units with monomers. 
Once optimal dendrimer size is obtained the massive branches are attached to a 
common core molecule resulting in a complete dendrimer [103]. The convergent 
growth process has the benefits of minimizing side reactions and the ability to 
control precise molecular weight and specific functional groups locations, as well 
as being easier to purify in the early stages. However this method is limited to pro-
duction of lower order dendrimers and suffers from low yield when synthesizing 
larger structures [103].

Additional approaches have been developed and studied that build upon the 
major methods and address their disadvantages. The Hypercores and Branched 
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Monomers’ growth method focuses on the speed of the dendrimer reactions. This 
method uses the pre-assembly of oligomeric units which can be combined to give 
dendrimers in fewer steps and/or higher yields. The Double exponential growth 
method allows for both divergent and convergent growth from a single starting 
material. The products are convergent and divergent trimers protected and repeated 
again for exponential growth. Lego chemistry uses highly functionalized cores and 
branched monomers to prepare phosphorus dendrimers. The method allows multi-
plication of terminal surface groups from 48 to 250 in just one step requiring mini-
mum volume of solvent, easy purification, and environmentally non-hazardous 
byproducts. Click chemistry allows for dendrimers with multiple surface groups to 
be obtained with high purity and excellent yield [103, 104].

Dendrimers have been celebrated for their potential as a drug delivery tool due 
to their highly controlled branched and functionalized architecture, water solubil-
ity, nano-size, biocompatibility, ability to control peripheral charge (polyvalency), 
and drug release kinetics [103–106]. Dendrimers can be immediately intro-
duced to blood circulation and can be absorbed across various epithelial barriers, 
although ideally design includes specific tissue targeting to increase therapeutic 
effect and decrease toxicity of free drugs in non-target organs [105].

Hydrogels

Hydrogels are defined as polymeric networks with a three dimensional architec-
ture with the ability to absorb and sequester large amounts of water or biologic 
medium due to the presence of hydrophilic groups [107]. The hydrogel network 
can be hydrated to varying degrees depending on the environment and poly-
mer composition. Commonly, hydrogels exhibit physical properties similar to 
actual tissues including low interfacial tension between the sequestered fluids 
and their environment. Additionally, instead of dissolving in an aqueous envi-
ronment hydrogels tend to show a swelling behavior resulting from crosslinking 
in the structure. Crosslinks are classified as either physical or chemical and are 
the result of colvalent bonds, hydrogen bonds, van der Waals interactions, and 
physical entanglements [107]. Hydrogels can often be readily tailored to control 
mechanical properties, release kinetics, and degradation rate. Additionally, a class 
of “smart” hydrogels can be designed to respond to environmental cues to increase 
or decrease drug release through a specific, physical or chemical, stimuli/gradi-
ent [107]. Modern hydrogel research with respect to biologic use first started in 
1960 and in the last decade the number of publications discussing the topic has 
increased exponentially. Recent advances and interest in using “smart” polymer 
systems is also driving research in the field [108].

Hydrogel use hinges on the polymers used in the system as well the the tech-
nique for formation and cross linking. Chemical crosslinking is effective at making 
mechanically stable hydrogels, the chemical crosslinking agents used in the pro-
cess are often toxic and could have unwanted reactions with the bioactive agents 
in the gel [109]. Chemical cross linking methods include cross linking by radical 
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polymerization, chemical reaction of complementary groups, with aldehydes, with 
addition reactions, using condensation reactions, using high energy radiation, and 
using enzymes [109]. Physical cross-linking methods are growing in popularity 
because they don’t require chemical agents that would need to be removed or that 
could potentially damage the delivered drug or substance. Physical cross linking 
methods include cross linking by ionic reactions, crosslinking by crystallization, 
using block and graft copolymers, hydrogen bonds, and protein interactions [109].

Some hydrogels have the ability to self-assemble under certain conditions, such 
as specific temperature and pH conditions. Injectable co-polymer hydrogels with 
this ability can be used to encapsulate drugs or cells for treatment of otherwise 
difficult to reach locations by injecting the solution to the site of action and then 
allowing the gel to form at body temperature and pH [110, 111]. Some polymer 
complexes that can be used in this capacity include PEG/polyester copolymers, 
polyphosphazenes, polypeptides, chitosan among others [112, 113].

In addition to synthetic injectable hydrogels, extracellular matrix hydro-
gels have been derived from decellularized tissues such as cardiac, dermis, adi-
pose, bladder, and lungs [114–117]. These hydrogels are processed from the 
isolated extracellular matrix scaffold remaining after tissue decellularization usu-
ally including the natural polymer and proteins that make up every tissue. These 
scaffolds are also thought to sequester some of the naturally bound growth fac-
tors from the specific tissue type allowing them to be particularly bioactive in a 
regenerative role. Naturally derived ECM hydrogels benefit from an more compat-
ible interface with the tissue, the ability to form gels at physiological conditions 
for inject ability, and has pro-regenerative degradation productions [118, 119]. In 
addition to delivering growth factors these gels have been used to deliver cells and 
other drugs through encapsulation.

Implants for Tissue Regeneration

In addition to standalone drug delivery systems such as hydrogels, polymeric 
micelles, and dendrimers whose main focus is drug delivery, polymers can be incor-
porated into larger implants or scaffolds and drug delivery may even be a second-
ary mechanism of the system. An example of this is a joint implant with a polymeric 
coating that elutes inflammation reducing drugs to help with healing/rejection, or 
an electrospun vascular graft that has bound growth factors to stimulate endothelial 
growth or angiogenesis [120]. Drugs can be coated onto polymers for direct dilution 
from of the surface, bound to functional groups on the polymers, or sequestered in the 
polymer structure itself. Drug eluting scaffolds can be used effectively for long term.

One class of scaffolds that can be used as a surface or implantable drug deliv-
ery scaffold system are created using electrospinning technique. This process, as 
described in Sect. “Polymer processing techniques to mimic tissue architecture and 
strength” can be used to create porous nanofiber scaffold from a variety of polymer 
substrates and has the potential to be combined with therapeutic drugs for a sustained 
release of the molecule when the scaffold is implanted in vivo [121]. The process can 
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be controlled to create scaffolds with a range of fiber sizes, orientation, and poros-
ity to effect drug release profile [121]. Electrospinning for drug delivery has appli-
cations in wound healing, long term treatment of heart and vascular disorders, and 
cancer treatment among others [122]. Electrospinning can be done using both natu-
rally derived and synthetic fibers, as an emerging technique in scaffold design it may 
overcome current limitations with drug or growth factor delivery [120, 123].

Polymer Coatings are another example of a secondary purpose drug delivery 
system, were they are used in conjunction with a main implant, such as a stent, 
joint replacement, or other permanent implant [124]. Coating like this can be used 
to attenuate negative interactions between the implant interface and the tissue, and 
even promote tissue ingrowth into the implant. Bone ingrowth into knee, hip, or 
other replacements is one huge application for these coatings. The main reasons 
that orthopaedic implants fail is because of bacterial infection, chronic inflamma-
tion, and limited bone integration with the implant [125].

Polymer Material Properties and Functional Tissue 
Replacement

Classical tissue engineering follows the paradigm cells + scaffold = tissue 
replacement. In order for tissue replacement to occur, the polymeric scaffold must 
degrade. There are two common degradation mechanisms of polymeric materials 
in the body: swelling/dissolution and chain scission. In swelling/dissolution, hydro-
philic domains of the material swell and dissolve in the body. In the chain scis-
sion, primary bonds of the polymer are broken through hydrolysis or oxidation. 
Polymeric properties that influence hydrolysis are the reactivity of groups in poly-
mer backbone, extent of inter-chain bonding, and amount of water present. In chain 
scission by oxidation, reactive oxygen species attack and break covalent bonds. 
The three steps to oxidative chain scission are initiation, propagation, and termi-
nation. The extent of oxidation depends upon the number of susceptible domains 
in the polymer. Typically, lower molecular weight polymers and those that are not 
heavily crosslinked will have faster degradation due to fewer secondary and tertiary 
interactions. Polymeric materials for use in tissue engineering may be designed to 
have inherent domains for intentional hydrolysis or enzymatic degradation.

Biomaterials paradigms for designing polymers for functional tissue replace-
ment follow criteria believed to be good for cellular ingrowth and formation of 
functional tissue. The criteria often followed for material properties that may 
be tailored for specific tissue types are 1. Polymer degradation rate 2. Polymer 
fiber diameter 3. Polymer pore size 4. Polymer hydrophilicty/hydrophobicity 5. 
Polymer mechanical properties (often influenced by numbers 1–4). Discussion of 
each of these criteria in specific tissue engineering examples and techniques for 
measurement follows.
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Polymer Degradation Rate

Depending on the tissue to be engineered, and the approach chosen for processing 
the polymer, the degradation rate may be the most important factor when choosing 
a polymer for tissue engineering. One goal of classical tissue engineering is for 
the scaffold to degrade as it is replaced with regenerated tissue [126]. For exam-
ple, if you are engineering a functional tissue replacement for skin, you may want 
to choose a polymer or polymer combination whose degradation rate will match 
the typical wound healing timeframe for proper tissue influx [127]. When properly 
designed, polymer scaffold degradation may be associated with remodeling of the 
collagen network in engineered polycaprolactone bisurea (PCL-U4U) thermoplas-
tic elastomer scaffolds by human saphenous vein vascular derived cells [128]. In 
these PCL-U4U scaffolds, the vascular derived cells followed the orientation of 
the remodeled fiber architecture. For tissue engineering architecture that you do 
not expect to be replaced by the patient’s own tissue, such as a heart valve or den-
tal implant, you will want to choose a polymer with little to no biodegradation. 
The stability of the polymer in vivo is an incredibly important variable to ensure 
long term effectiveness of the engineered tissue.

Polymer degradation rate may be measured in vitro or in vivo, with in vivo 
testing being the most reliable. A typical degradation test in vitro would involve 
first obtaining an accurate weight of the engineered polymer. Next, the engi-
neered polymer tissue is placed in a saline bath at 37 °C. Samples may be taken 
from the saline bath over time and analyzed for the polymer concentration in 
the bath using mass spectrometry or other chemical analysis. At the end of a 
set period, the polymer will be taken out of the bath and a final weight will be 
obtained. This in vitro technique has limitations. The first limitation is that the 
simple degradation measurement does not take into account any cellular or meta-
bolic activity. The second limitation is that the weight analysis does not take into 
account any swelling or increase in water weight of the polymer. Another in vitro 
technique that may be used is similar degradation measurements with the addi-
tion of cells + media. However, this technique cannot replicate the complex in 
vivo environment. The most common in vivo degradation test is to perform a sub-
cutaneous implant of the polymeric material in the side flank of a mouse. Mice 
may be euthanized at various time points and the area may be assessed histologi-
cally for degradation of the polymeric material. This in vivo testing will provide 
basic information about how an immune response and tissue environment may 
affect polymer degradation. However, this side flank model may not be adequate 
in assessing the degradation of polymers used to engineer tissues that undergo 
large or repeated mechanical loads. The side flank model is often a needed first 
step towards assessing polymer degradation. Further degradation testing is usu-
ally necessary in vivo in models that mimic the disease or injury for which a 
functional tissue replacement is needed.
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Polymer Fiber Diameter

Polymeric fiber diameter is important for several reasons in tissue engineering, 
some of which are discussed earlier in this chapter. The fiber diameter will play 
a large role in both the cellular infiltration into the scaffold and the mechanical 
properties of the scaffold. In order to engineer functional tissue replacements for 
structures that have high amounts of fibrillar collagen, the polymeric fiber diam-
eter is increasingly important. Such tissue structures include tendon, heart valves, 
the urinary bladder, vascular grafts, or ligaments among others. These are typically 
tissues that undergo large changes in mechanical forces and must have the struc-
tural fortitude for these load bearing situations. Fiber diameter may also play a 
role in the immune or foreign body response of cells to the polymeric scaffold. 
One study showed that fiber diameter in the nanometer scale caused a pro-regen-
eration response of macrophages, while a larger fiber diameter in the micrometer 
scale caused a pro-inflammatory response of macrophages to the poly-l lactic acid 
(PLLA) scaffolds [129].

Polymer fiber diameter will depend upon the type of polymer or polymer blend 
used and the technique of polymer processing. These techniques are outlined in 
Sect. “Polymer processing techniques to mimic tissue architecture and strength”. 
Polymer fiber diameters are most adequately measured with imaging based tech-
nology. For example, in a poly-l lactic acid (PLLA) electrospun polymer scaf-
fold, fiber diameter is commonly measured by first performing scanning electron 
microscopy followed by image analysis and statistics to calculate average fiber 
diameter size. The image analysis technique may also work well for other polymer 
processing techniques such as hydrogel formations and woven scaffolds.

Polymer Pore Size

The easiest way for a cell to penetrate the scaffold material and form a three-
dimensional engineered tissue is through large interconnected pores. Cells will 
range from 5 to 50 μm and can squeeze themselves through pores ranging from 3 
to 20 μm. Many factors will influence whether or not a cell will penetrate the pore 
including nutrient availability, growth factor or cytokine recruitment, and cell phe-
notype. While these biological factors may be engineered into the polymer or cell 
choice, the physical factor of pore size will usually be altered through processing 
techniques.

The pore size measurement may be done with image analysis, similar to that 
described above for polymer fiber diameter. However, this imaging based tech-
nique may not be adequate for polymers with three dimensional and non-uniform 
pores. A measure of porosity may instead be adequate using an liquid exclusion 
porosimetry measurement [130]. In liquid exclusion porosimetry, the scaffold is 
immersed in pure ethanol or other solvent that will disperse throughout the pol-
ymeric scaffold under a non-reacting gas pressure. The differential pressure 
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required to displace the wetting liquid is related to pore diameter by the Washburn 
equation [Eq. (7.1)], which states that higher pressure is required to remove liquid 
from smaller pores:

where p is the differential pressure across the length of the pore, D is the pore 
diameter, γ is the surface tension of the wetting liquid; and θ is the contact angle 
of the wetting liquid with the sample [130]. The volume of the liquid flowing out 
of the membrane is collected and weighed in an analytical balance. This volume 
corresponds to the flow-through pore volume within the scaffold. This technique 
works well for electrospun polymeric scaffolds; however, it may be replaced with 
simpler gravimetric analysis for other scaffold formations.

Polymer Hydrophilicty/Hydrophobicity

Polymer degradation by hydrolysis will be governed by the amount of water 
present in the formulation. The degradation rate is thus influenced by the hydro-
phobicity of the polymeric side chains and their ability to take on water. The 
hydrophobicity of the polymeric structure must strike a balance with the optimal 
hydrophobicity needed for protein adsorption and cellular attachment. In order for 
cells to adhere to a polymeric scaffold, the scaffold must be hydrophilic. However, 
many of the polymers utilized for scaffold fabrication are highly hydrophobic. 
Thus, surface modifications or pre-wetting the scaffold with a solvent is typically 
needed for successful cell adherence.

Testing for hydrophilicty/hydrophobicity is most commonly performed by cal-
culating the contact angle of a water droplet on the surface of the material. The 
more hydrophobic the polymer is, the greater angle will be formed between the 
water droplet and the surface. For example, a material with a contact angle of 90° 
will be more hydrophobic compared to one with a contact angle of 30°. Contact 
angles may be measured using imaging and standard image analysis tools or phys-
ically measured with a goniometer.

Polymer Biomechanical Properties

The biomechanical properties of the polymer used in tissue engineering are an 
important factor in ensuring durability of the tissue engineered structure. The bio-
mechanical properties must be understood at the time of implant and throughout 
degradation of the polymer as it is filled in with regenerated tissue. For example, if 
a polymer is utilized to repair a defect in a mineralized, load bearing tissue, such as 
bone, the tissue engineered polymer construct must be able to withstand the loads 
during healing. If a polymeric scaffold is used in a vascular graft repair, it must be 

(7.1)p = 4γ cos θ/D
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able to withstand the shear stress environment under pulsatile flow. A clear under-
standing of the mechanical profile of the material and the mechanical environment 
at the location of the implant is necessary for a successful engineered tissue.

Common tests for biomechanical properties include traditional uniaxial test-
ing, biaxial testing, three-point bending, compression, or torsion tests. In all of 
these modes of mechanical testing, the viscoelastic (or time dependent) nature of 
the polymer must be assessed. Biomechanical tests need to be performed on the 
polymer alone, the polymer + cells, and explanted tissues from animal studies. 
Each of these sample groups can be compared to the biomechanical properties of 
the native tissue that is to be replaced. These tests are often utilized in combina-
tion with finite element analysis and computational simulations to fully understand 
the biomechanical properties of the engineered tissue. Many experts in the field 
believe the mechanical tests to be the ultimate measure of a tissue engineered pol-
ymer. However, in vivo testing in relevant animal models is likely the best measure 
prior to use in patients.

Other Important Considerations in the Design  
of Biodegradable Polymers for Functional Tissue Replacement

Polymer scaffolds of conventional tissue engineering techniques must not only 
degrade at a kinetic rate appropriate for tissue replacement, the scaffolds must also 
serve as templates to engineer the proper cellular niche for cellular differentiation 
into a pro-regenerative phenotype. Growth factors or other additive factors may be 
added to the polymer scaffold for release. These growth factors or other drugs will 
provide a favorable cellular microenvironment and/or may serve to recruit cells to 
the site for regeneration. Growth factor or drug release is measured similarly to 
in vitro degradation rate tests as described above. Growth factor release may be 
assayed in sampling buffer from the scaffold at various time points via enzyme 
linked immunoabsorbant assay (ELISA). Many new advances in the synthesis of 
polymers as degradable cellular templates are being reported daily; however, few 
have made it to market.

As with any polymeric material that interfaces with the body, the acute and 
chronic toxicity of the polymer and its degradation byproducts must be taken into 
consideration. The best way to examine acute and chronic toxicity is through an 
animal model. For example, in the rat, acute toxicity would be measured within 
the first 24 h of implantation. Chronic toxicity would be assessed at 90 days 
post implantation, which corresponds to 10 % of the animal’s lifespan. Toxicity 
is commonly assessed by material tracking in vivo through X-ray, MRI, or other 
non-invasive in vivo imaging such as IVIS (Perkin Elmer). At the end of the time 
duration, histological analysis is performed to ensure that the material causes min-
imal cell death at the site of implantation. For a tissue engineered implant con-
taining a polymeric biomaterial to be safe and effective, chronic toxicity must be 
eliminated.
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Polymers for Engineering Complex Architectures  
Such as the Lung and Liver

Several different polymers are utilized in order to engineer tissues with complex 
tissue architectures and highly specialized cell function. The focus of this section 
will be on the lung and liver. Both the lung and liver are organs with high need 
of replacement due to fibrotic disease or other dysfunction. There is high unmet 
demand for donor lungs and livers. Tissue engineering strategies may either fully 
replace the lung or liver or may be employed in assist devices to replicate function 
until a donor organ is available. This section will highlight the course of research 
in polymeric based tissue engineering the lung and liver. The state of the art in tis-
sue engineering these two organs has followed a similar course of development 
as follows: polymers for structured cellular transplantation, the use of combined 
synthetic and naturally-derived polymer approaches to large structures, the use of 
decellularized tissues, and the use of polymers in assist devices.

Polymer Sponges or Hydrogels for Structured Cellular 
Transplantation

The basic paradigm for engineering polymeric structures for cellular transplant 
in the lung and liver is to utilize a hydrogel or sponge structure with either adult 
differentiated cells or progenitor cells. In both the lung and the liver, these poly-
mer-cell structures have shown great success in vitro. Additionally, in vivo animal 
studies show promising results of cellular survival and functional differentiation.

Although the liver has some regenerative ability, there is a large need for liver 
transplantation due to cirrhosis, drug toxicity, or congenital defect. Tissue engi-
neering functional liver units has been a focus for many years as a potential source 
for liver replacement. The first examples of functional transplantable liver-like 
structures used prevascularized, non-degradable polyvinyl alcohol sponges to 
accommodate transplanted hep-atocytes with limited success [131, 132]. Modified 
gelatin sponges with lactobionic acid (MGLA) have also been used to support 
mouse hepatocyte growth [133]. Microhydrogels made of fibrinogen attached to 
poly(ethylene glycol) (PEG)-diacrylate side chains were used as a cell carrier for 
intravascular transplantation of hepatocytes in a rat model [134]. Another natu-
rally derived material, silk fibroin, has been utilized in several tissue engineering 
approaches. Silk fibroin is a naturally-derived material which has high molecular 
weight organic polymers characterized by repetitive hydrophobic and hydrophilic 
peptide sequences. Silk fibroin assembles into regular structures during materials 
formation and can be considered as nature’s equivalent to synthetic block copoly-
mers [135]. Due to its polymeric nature, silk fibroin has been utilized in a cry-
ogel to support hepatocyte growth with aims for future transplantation [136]. A 
cryogel is a porous hydrogel formed from polymerization under low temperature 
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conditions. The ice crystals that form allow for highly interconnected pores within 
the hydrogel. Preparation and assessment of a gelatin hydrogel with methacrylated 
crosslinking is shown in Fig. 7.1.

In the lung, similar approaches have been employed focusing on naturally-
derived polymers alone or in combination with synthetic scaffolds. Gelfoam 
sponges are commercially available surgical devices that are derived from porcine 
skin gelatin (Pfizer.com). Gelfoam sponges are water-insoluble and capable of 
absorbing up to 45 times their weight (Pfizer). Gelfoam sponges have been utilized 
to grow lung organotypic structures in vitro [137, 138]. Additionally, Gelfoam 
sponges seeded with fetal rat lung cells were viable in the adult animal lung for up 
to 35 days with neovascularization apparent [139]. Other hydrogels with natural 

Fig. 7.1  Preparation and assessment of gelatin cryogel. a Schematic of GelMA synthesis and 
crosslinking. Pendant methacrylate groups are added primarily to the free amines of gelatin by 
reaction with methacrylic anhydride. Free radical polymerization results in crosslink formation 
between methacrylate groups. b Cryopolymerization of methacrylated gelatin. Freezing of meth-
acrylated gelatin in the presence of radical initiators (APS and TEMED) allows polymerization 
to occur in the partially frozen state (cryopolymerization). Ice crystals formed during the freez-
ing process and thawing after cryopolymerization results in the formation of a hydrogel with 
micron-scale pores. c Volume of interconnected pores in gelatin cryogels (normalized to total 
gel volume). Values represent mean and standard deviation (n = 10). Data were compared using 
ANOVA with Bonferroni’s post-hoc test (**p < 0.01, ***p < 0.001). Reproduced from [163]



2057 Polymers in Tissue Engineering

and synthetic components have been used to engineer pulmonary cell structures. 
The natural components of these are typically either gelatin or Matrigel. Gelatin 
is a low-cost, non-immunogenic natural material derived from collagen. Matrigel 
is a product from Corning Life Sciences that is a gelatinous extracellular matrix 
mixture made from mouse sarcoma cell secreted matrix. These two naturally-
derived materials have been used in vitro and in vivo animal models extensively. 
Additionally, gelatin has been used in numerous human applications, which makes 
it an appealing polymer for new tissue engineered products. Gelatin in the form of 
a three-dimensional microbubble scaffold was used to provide the proper cellular 
microenvironment for differentiation of mouse pulmonary stem cells into alveolar 
pneumocytes [140]. Similarly, hydroxyethyl methacrylate-alginate-gelatin (HAG) 
hydrogels have been employed as three-dimensional structures for lung epithe-
lial cell growth [141]. Additionally, three-dimensional structures for alveolar cell 
growth using matrigel hydrogel and synthetic polymer scaffolds of poly-lactic-co-
glycolic acid (PLGA) and poly-l-lactic-acid (PLLA) fabricated into porous foams 
and nanofibrous matrices have been used successfully in vitro [142]. Engineering 
the cellular microenvironment for progenitor cell differentiation will likely con-
tinue to be the focus of new polymer formulations in lung and liver cell delivery.

Naturally-Derived and Synthetic Polymer Strategies  
for Larger Pulmonary and Hepatic Structures

While hydrogels or sponges have been examined for cell transplant for the paren-
chyma of the liver or lung, more traditional tissue engineering approaches have 
been utilized for some of the larger structures such as bile ducts, trachea, or bron-
chioles. These traditional tissue engineering approaches utilize scaffold materials 
made from naturally-derived and/or synthetic polymers and have been implanted 
with some success in vivo in both humans and in animal models.

In the liver, there have been few attempts to re-create functional liver struc-
tures using polymeric biomaterials in the context of engineering the bile duct or 
liver capsule. Three dimensional stacked polycarbonate membranes with hepato-
cytes showed functional liver units in vitro [143]. Functional liver units were also 
observed using micropatterned Poly(ethylene glycol)-poly(dl-lactide) and lacto-
sylated poly(dl-lactide) electrospun fibrous mats [144]. For larger structures, like 
the bile duct or vascular structures, polymers may be formed into sheets and then 
tube structures. The bile duct was successfully replaced in an animal study using 
polycaprolactone and polylactic acid reinforced with polyglycolic acid fibers in a 
tube structure [145]. Continuing advances in synthetic polymer processing, such 
as three-dimensional printing and micropatterning, will improve the field of engi-
neering larger liver structures such as the bile duct.

In the lung, tissue engineering strategies have been employed to engineer 
larger airway structures such as the trachea, main stem bronchi, and bronchiole. 
In 2008, the first transplantation of a tissue-engineered trachea in a human being 
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was done to replace an end-staged left main bronchus with malacia in a 30-year-
old woman. The implanted trachea was engineered from a decellularized cadaveric 
trachea seeded with autologous epithelial cells and mesenchymal stem cell-derived 
chondrocytes [146]. Five years post implantation, the tissue engineered trachea 
remained viable and patent with stenting needed in the native trachea near the 
implant [147]. This initial success advanced the field of clinical applications of tis-
sue engineered airways (Fig. 7.2).

New advances and improvements on tissue engineered trachea involve synthetic 
and natural combination polymer strategies. Polypropylene meshes with collagen 
and/or poly(l-lactic-acid-co-e-caprolactone) coating have been used in an animal 
model for replacement of the left main stem bronchi [148, 149]. Greater success was 
achieved utilizing the poly (l-lactic-acid-co-e-caprolactone) coating for epithelial 
regeneration. Other success has been reported in a rabbit model where tissue engi-
neered tracheas were formed from articular cartilage matrix and chondrocytes [150]. 
New advances in 3D printing polymers have been harnessed for applications to the 
airway. A half-pipe polycaprolactone 3D printed trachea seeded with mesenchymal 
stromal cells in a fibrin matrix was implanted into a rabbit model with initial suc-
cess of regenerated epithelium [151]. Tissue engineering polymer approaches for the 
large airways have gained momentum due to the ease of fabrication and implantation. 
However, smaller airways, termed bronchioles, have been attempted for in vitro under-
standing of small airway diseases such as asthma with the eventual goal of a func-
tional tissue engineered lung. For the bronchiole, a type I collagen gel seeded with 
fibroblasts, epithelial cells, and airway smooth muscle cells was engineered utilizing 
a pulsatile flow bioreactor [152]. Similarly, another study cites tubular bronchiole 
structures engineered using airway smooth muscle tubular structure collagen pulsatile 
flow [153]. The engineering of these smaller airway structures highlights the need for 
advances in bioreactor technology to go hand in hand with the advances in polymeric 
biomaterials. A true tissue engineered lung will likely utilize a combination approach 
of polymeric materials, the proper cell choices, and proper in vitro conditioning.

Vascularization and the Mechanical Environment

Vascularization is often the limiting factor in tissue engineering complex three 
dimensional tissues for lung and liver replacement. Both hepatocytes and pulmo-
nary epithelium have high oxygen needs, so the design of polymeric structures 
must allow for a highly vascularized system. Furthermore, the blood supply is 

Fig. 7.2  Chemical formulas 
for a Polypropylene and b 
Polycaprolactone
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crucial in both of these systems to maintain functionality. The liver’s main func-
tion is to filter the blood coming from the digestive tract, and the lung’s main 
function is to allow for gas exchange in the blood to occur. This functionality, 
while seemingly obvious to include, is non-trivial when engineering three dimen-
sional structures for replacement of liver and lung. Several strategies have been 
employed to improve oxygenation of cells grown in vitro including the addition of 
perfluorcarbons and the bubbling of oxygen through the culture media.

In addition to the flows from the vasculature, the mechanical environment of 
the three-dimensional construct must be taken into account. When engineering a 
portal triad for the liver, the shear forces in the bile duct must also be considered 
in the design. Furthermore in the lung, a very complex mechanical environment 
exists as the lung is constantly distended and relaxed. The polymeric structures 
used to engineer the lung must have large elastic recoil in order to withstand this 
repeated deformation. Due to the complex mechanical environment and vasculari-
zation structure of the lung and liver, decellularized organs may provide the best 
natural polymeric scaffolding material.

Decellularized Organs

Decellularized organs from human cadavers or animal sources provide the struc-
tural architecture necessary for complex three dimensional tissues. Key natural 
polymers, proteins, and structural components remaining in decellularized organs 
are collagen types I–IV, elastin, fibronectin, and laminin. Depending on the mode 
of decellularization (as described in Sect. “Biologically Generated Polymers”), 
many active growth factors and cytokines may also be present in the matrix.

Lung decellularization has had successes in animal implantation [154]. Several 
other studies have examined effects of decellularization processes on matrix archi-
tecture and strength [155, 156]. Lung decellularization leaves the complex archi-
tecture of the lung airways and alveoli with the vascular network available for 
repopulation with endothelial cells (Fig. 7.3). Repopulation of decellularized lung 
matrix with progenitor cells and subsequent differentiation into lung phenotypes 
shows that the decellularized lung matrix provides a hospitable environment for 
regeneration [157]. Although there has been much progress in the field of decel-
lularized lung scaffolds, it remains unclear what the proper cellular choices are for 
recapitulating proper lung function and air-tight gas exchange.

Liver structure/function relationship is paramount in engineering hepatic units. 
To retain the complex structure/function relationship, decellularized livers have 
also been utilized for repopulation and transplantation into in vivo models [158, 
159]. Using the decellularized livers as scaffolds causes the proper cellular spatial 
distribution that is so difficult to achieve using other polymeric scaffold fabrica-
tion techniques. As with the lung, similar issues remain to be worked out in whole 
organ liver tissue engineering. These issues include clotting, cell choice, cell fate, 
and long term functionality of the organ.
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Assist Technologies

Due to the complexity and remaining issues in engineering replacement organs for 
lungs and livers, “lab on a chip” approaches have been utilized to engineer assist 
devices. The assist devices can provide essential replacement of function that is 
missing even in decellularized organs. These assist devices are meant to perform the 
function of the lung or liver as either a bridge to transplant or as a permanent assist 
technology. The majority of assist devices are fabricated using soft photolithography 
or three dimensional printing. In the former, polydimethysiloxane (PDMS) is typi-
cally the polymer of choice because it can be poured into a photolithographic mold. 
The PDMS is often coated with a naturally-derived extracellular matrix protein 
such as collagen or fibronecin. Cells are then placed within the channels to perform 
function [160, 161]. With 3D printing, the polymer choice is broadened such that 
any polymer that can be put into solution at a viscosity matching the printer noz-
zle may be utilized. For the liver, polymers have been used as the structural compo-
nents of assist devices as well as to perform function by capturing toxins (Fig. 7.4).  

Fig. 7.3  Intact and decellularized mouse lung shows retention of pulmonary structures. a and d 
show larger airways, b and e show alveoli, c and f show blood vessels

Fig. 7.4  Bio-inspired 3D liver detoxification device. Polydiacetylene nanoparticles (green) are 
installed in poly(ethylene glycol) diacrylate hydrogel matrix (grey) with liver-mimetic 3D struc-
ture fabricated by 3D printing. The nanoparticles attract, capture and sense toxins (red), while 
the 3D matrix with modified liver lobule structure allows toxins to be trapped efficiently. This 
biomimetic 3D detoxifier has promising clinical application for detoxification by collecting and 
removing toxins. Reproduced from [164]
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In the lung, endothelial cells and ECM proteins have been added to polymeric 
tubes for enhanced gas exchange in extracorporeal membrane oxygenation devices 
[162]. There will continue to be a future push toward incorporating tissue engi-
neered external devices to avoid coagulation and better prognosis for assist or hybrid 
technologies.
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Abstract During surgery, tissue injuries occur intentionally and unintentionally. 
Intentional injuries include scission of skin to secure the operation area and resec-
tion of diseased tissues and organs, whereas accidental injuries can also occur pre-
sumably due to mechanical contact of devices and surgeon’s gloves with patient’s 
internal organs and tissues. Bioabsorbable polymers have been tremendously con-
tributed to surgical applications for healing those injuries. They include surgical 
sealants, anti-adhesion barriers, fixation devices, and sutures. This chapter provides 
a detailed view on surgical bioabsorbable polymeric products that are commer-
cially available as well as the activity of their current research and developments.
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FDA  Food and drug administration
GRF  Gelatin-resorcinol-formaldehyde
HA  Hyaluronic acid
MEA  Methoxyethyl acrylate
MPEG  Methoxypoly(ethylene glycol)
NHS  N-hydroxysuccinimide
PCL  Poly(ε-caprolactone)
PEG  Poly(ethylene glycol)
PEO  Poly(ethylene oxide)
PGA  Polyglycolide
PGLA  Poly(glycolide-co-l-lactide)
PGS  Poly(glycerol sebacate)
PLLA  Poly(l-lactide)
PVA  Poly(vinyl alcohol)
PVP  Polyvinylpyrrolidone
TAD  Tartaric acid derivative
TMC  Trimethylene carbonate

Introduction

During surgery, tissue injuries occur that include scission of skin to secure the 
operation area and resection of diseased tissues and organs. In addition, uninten-
tional injuries can also occur presumably due to mechanical contact of devices and 
surgeon’s gloves with patient’s internal organs and tissues. To repair these injuries, 
bioabsorbable polymers are most suitable since their function is required only dur-
ing or for a few days after surgery and a second surgery for their retrieval is not 
necessary. Clinical applications of bioabsorbable polymers are listed in Table 8.1.

Table 8.1  Clinical applications of bioabsorbable polymers

Function Purpose Examples

Binding Fixation Fractured bone fixation

Adhesion Adhesion of tissue pieces

Closure Suturing Tissue approximation and vascular  
and intestinal anastomosis

Covering Wound cover

Sealing Topical hemostasis and air leakage

Occlusion Vascular embolization

Separation Isolation Organ protection

Contact inhibition Adhesion prevention

Scaffold Cellular proliferation Tissue and organ regeneration

Tissue guide Nerve reunion

Capsulation Controlled drug delivery system Sustained drug release
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Both synthetic and natural biodegradable polymers have been used as surgical 
materials, and these polymers degrade in the body through hydrolysis or enzymes, 
respectively. Synthetic polymers are mainly homopolymers or copolymers of 
poly(α-hydroxyacid)s. Natural polymers include proteins, such as collagen, gela-
tin, albumin and fibrin, and polysaccharides, such as hyaluronic acid, chitosan and 
chitin. Alternatively, water soluble polymers, such as carboxymethyl cellulose (i.e. 
natural polymer) and poly(ethylene glycol) (PEG) (i.e. synthetic polymer), have 
also been used that are not degradable but are absorbable in the body.

This chapter covers polymeric medical devices that are essential for surgi-
cal operation focusing in particular on bioabsorbable devices. Since some of these 
devices such as bone fixatives and drug delivery systems are covered in details in 
other chapters, bioabsorbable polymers used as sealants/adhesives/hemostatic 
agents, anti-adhesive barriers, and sutures are discussed. It is beyond the scope of 
this chapter to comprehensively cover all the research in this rapidly expanding area. 
Instead, the focus is on commercially available products and some recent research.

Sealants/Adhesives/Hemostatic Agents Against Bleeding 
and Other Types of Leakage

Surgical adhesives/sealants have been widely used in surgery to prevent air 
leaks (from holes in diseased soft tissues such as lung), liquid leaks (includ-
ing hemostasis, as for oozing), and as adhesives (to bond two separate tissues, 
but very rarely). They have many advantages over traditional techniques (i.e. 
sutures and staples) such as reducing both operative time and physical load on 
patients. Sealants/adhesives are often liquids and cure when applied to form a 
firm gel. Ideally, they should be rapidly curable even in the presence of water, 
as pliable as soft tissues when cured, and bioabsorbable in the body. Three 
main types are available for these materials; naturally-derived (such as fibrin 
glue), semi-synthetic (such as naturally-derived polymer—aldehyde based), 
and synthetic (such as cyanoacrylates and PEG).

Requirements for these surgical sealants/adhesives are listed in Table 8.2 [1]. 
As they are applied to the human body, they must be safe, nontoxic, and free from 
risk of infectious transmission. They should be bioabsorbable and not persist long 
as a foreign body. The sealants (i.e. solutions that are applied and form a gel) 

Table 8.2  Requirements for these surgical sealants/adhesives

1. In situ curable from the liquid state through polymerization, chemical cross-linking, or 
solvent evaporation

2. Rapidly curable under wet physiological conditions
3. Strongly bondable to tissue
4. Nontoxic agents and degradation products
5. As tough and pliable as natural tissues
6. Bioabsorbable
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as well as their degradation products must be safe. In addition, they must not hin-
der the natural healing process. Commercial products of these materials and recent 
research in surgical sealants/adhesives/hemostatic agents are discussed in this sec-
tion. This is a fast growing area as can be seen from various recent reviews [2–5], 
and we will not cover all the products and research studies. Several commercially 
available products are listed in Table 8.3.

Naturally-Derived Sealants/Adhesives/Hemostatic Agents

Fibrin Glue

Fibrin glue is based on the natural clotting process, as shown in Fig. 8.1. It con-
sists of two component systems; one contains human fibrinogen, Factor XIII, 
fibronectin, and fibrinolysis inhibitor, while the other contains human thrombin 
and calcium chloride (Table 8.4). When two solutions are mixed, thrombin pro-
motes the conversion of fibrinogen to soluble fibrin molecules, as well as activates 
factor XIII. Fibrin molecules subsequently assemble into a fibrin clot and are sta-
bilised by the activated factor XIII. Aprotinin is a basic pancreatic trypsin inhibitor 
which is added to commercial fibrin glues to yield delayed fibrinolysis of clots. 
The fibrin clot is degraded by physiologic fibrinolysis over a two-week period [6]. 
The concentration of fibrinogen determines the strength of the fibrin clot, and the 
amount of thrombin controls the rate of clot network formation. For application, 
two solutions are set in a dural-chamber delivery system with or without a spray-
ing device. A fibrin clot is formed within 30 s when the components are applied at 
the site of injury. The process of preparation requires constant warming and stir-
ring, which takes around 20–30 min.

Fibrin glue has many advantages such as acceptable biocompatibility, biodeg-
radability, injectability, and in situ-producible scaffolds for tissue regeneration. 
Successful clinical application of fibrin glue has been demonstrated in many surgi-
cal fields (Table 8.5) [7–9]. Cardiovascular surgery is the most common among 
them, and its major purpose is hemostasis and suture hole sealing. Fibrin glue is 
also highly effective as a tissue sealant in cases of diffuse, low-pressure bleeding 
such as coronary vein bleeding, right-ventricle/pulmonary-artery conduits, and 
right-ventricular patches.

On the contrary, some clinical applications have shown no effects of fibrin glue 
such as for reducing drain output or in facilitating early functional recovery in 
total knee arthroplasty [10] and seroma formation after breast surgery [11]. There 
are several disadvantages, such as the risk of viral infection due to human- and 
animal blood-derived products, low strength, and rapid loss of strength [12]. It 
also requires long preparation time and operator skill, and is quite expensive, at 
approximately $100–150/ml of fibrinogen.

Many technical efforts have been made to improve its low adhesive strength, 
especially in situations like sealing of needle holes. Methods of application include 
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Fig. 8.1  Fibrin clot 
formation from fibrinogen

Fibrin Monomer

Fibrin Polymer

Thrombin

Ca2+

Factor XIII, Ca2+

Fibrinogen

Fibrin Matrix

Table 8.4  Compositions of fibrin glues

Components Concentration Origin

Fibrinogen (clottable) 80–120 g/l Human plasma

Factor XIII (activity) 10–30 IU/ml Human plasma or human 
placenta

Fibronectin (antigen) 5–20 g/l Human plasma

Thrombin (activity) 300–600 NIH-U/ml Human plasma or bovine plasma

Aprotinin 3,000 KIU/ml Bovine lung

Calcium chloride 40–60 mM Inorganic

Table 8.5  Clinical applications of fibrin glue

Cardiovascular surgery Hemostasis of bleeding from mediastinum and small blood  
vessels, reinforcement of suture line, sealing of vascular  
grafts and anastomoses

Thoracic surgery Sealing of air leaks from raw lung surface, and pulmonary  
and bronchial staple lines

Gynecologic surgery Anastomosis of fallopian tube, adhesion of peritoneum

Plastic surgery Closure of skin wound, attachment of skin grafts, fixation  
of tissue flaps

Orthopaedic surgery Fixation of bone fragments, hemostasis during total knee 
arthroplasty

Urologic surgery Anastomosis of urinary tube and adhesion of kidney,  
pelvis renalis, and ureter

a separate dripping method using two separate syringes, a simultaneous dripping 
method using a syringe applicator, and a spray method using a spray applicator. 
Although the spray method exhibits the strongest sealing effect due to homoge-
neous application resulting in complete mixing of the two components [13–15], 
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adhesive strength is still not adequate for control of local bleeding in the clinical 
setting. The rub-and-spray method consists of rubbing the fibrinogen solution onto 
the needle holes with a finger and then spraying the two solutions using an appli-
cation nozzle. This technique has been experimentally and clinically found to be 
effective in cardiovascular surgery [16, 17].

For application in pulmonary surgeries, surgeons have often found that fibrin 
sealant does not effectively seal air leakages. To overcome this problem, the appli-
cation of fibrin glue in combination with a polyglycolide (PGA) sheet (Neoveil, 
Gunze Corp, Kyoto, Japan) has been developed and shown to have clinical effec-
tiveness [18–21]. The PGA sheet is a soft non-woven fabric, which is flexible, eas-
ily shaped to reconstruct complex shapes, and highly compatible with fibrin glue. 
It is degraded by hydrolysis and bioabsorbed in about 15 weeks. The PGA sheet 
retains fibrin glue that otherwise would run down from the rough site of applica-
tion. The combination of PGA fabric and fibrin glue has been shown to improve 
adhesive strength and resistance to air/water leakage. This technique has been 
expanded to other applications including neurosurgery and gastroenterological 
 surgery [22–27].

Fibrin Glue Sheet

TachoComb® (CSL Behring, PA, USA) is a ready-to-use hemostatic sheet, consist-
ing of equine collagen fleece with surface coating of fibrin agents (human fibrino-
gen, bovine thrombin, and bovine aprotinin). Further development of TachoComb® 
is TachoSil®, and their compositions are shown in Table 8.6. The products do not 
require any preparation or conditioning, and can be immediately applied directly 
to traumatized tissues, in contrast to the liquid application of fibrin glue. When the 
coating of collagen fleece comes in contact with fluids (i.e. normal saline, body 
fluid, or a bleeding surface), the components dissolve and diffuse into the cavities 
and begin to react. The collagen fleece helps to tamponade the wound and keeps 
the coagulation components in the region of bleeding. It requires 3–5 min of press-
ing till the area is sealed. It is mechanically stable and can be used for the treat-
ment of diffuse bleeding of the thoracic wall. The adhesive strength is much higher 
than that of fibrin glue, since dried fibrinogen and thrombin will form a highly 
concentrated gel when a small amount of surface water is used from the site of 
application.

Table 8.6  Active compositions of TachoComb® and TachoSil® (/cm2 sheet)

TachoComb TachoSil

Fibrinogen (human, 5.5 mg) Fibrinogen (human, 5.5 mg)

Thrombin (bovine, 1.38 IU) Thrombin (human, 2.0 IU)

Aprotinin (bovine, 128 KIU)

Collagen fleece (equine, 1.65 mg) Collagen fleece (equine, 2.1 mg)
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The application of fibrin glue sheet was reviewed for 408 patients with hemor-
rhagic risk factors or operations associated with an expected increase in bleeding 
[28]. The operations were performed on various organs, such as the liver, vascular 
system, heart, spleen, thorax, and kidney, and the results supported the efficacy 
and safety of TachoSil® as a hemostatic agent. Other recent clinical studies have 
demonstrated efficacies of Tachosil® in hepatobiliary and pancreatic surgeries 
[29–31] and lymph node dissection [32]. Tachosil® Fibrin glue sheet has also been 
used as a dural substitute, and a clinical study of 288 patients revealed no superfi-
cial or deep wound infections or aseptic meningitis [33].

Gelatin—Thrombin Hemostasis

FloSeal® (Baxter Healthcare Corporation, Fremont, CA, USA) consists of cross-
linked gelatin granules and human thrombin (Thrombin-JMI®, a sterile freeze-
dried powder, Jones Pharma, Inc., Bristol, VA, USA). Bovine-derived gelatin is 
cross-linked with glutaraldehyde and ground to 500–600 µm sized particle. Prior 
to use, the thrombin is reconstituted with saline and added to the gelatin matrix 
component in the operating suite.

When applied to a bleeding site, the gelatin granules swell by 10–20 % 
within 10 min, reducing blood flow and providing tamponade. It can conform to 
irregular wound shapes. The high concentration of thrombin reacts with fibrin-
ogen and forms a reinforced clot around the gelatin matrix. Unreacted gran-
ules can be removed with gentle irrigation or suction. The granules in the clot 
are bioabsorbed by the body in 6–8 weeks. Unlike fibrin glue, this agent only 
works in the presence of blood [34, 35]. FloSeal® has been widely used in vari-
ous surgical operations [36], and its application in neurosurgery has also been 
reviewed [37].

Other Types of Natural Physical Hemostatic Agents

Various types of biodegradable hemostatic agents are currently available. These 
include gelatin foams, collagen microfibrillar, fibrillar/knitted oxidized cellu-
lose, and chitosan sponges (Table 8.3). These hemostatic agents have often been 
applied to aid to cease hemorrhage mechanically when surgeons compress the 
bleeding points. They can absorb fluid up to several times of their own weight 
and are useful in the situation of heavier bleeding. Despite their clinical suc-
cesses as hemostatic agents, there are some disadvantages, such as weak adher-
ence to wet tissues, complications from the expanded materials pressing nerves 
in surrounding tissues against hard tissue, confusions of the presence of passive 
hemostatic agents in subsequent diagnostic images with a tumor or abscess, and 
prolonged residual products causing foreign body reaction that lead to granuloma 
formation [38].
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Semi-synthetic Sealants/Adhesives/Hemostatic Agents

Gelatin-Based Glue

Gelatin-resorcinol-formaldehyde (GRF glue, Cardial, Techinopole, Sainte-Etienne, 
France) is composed of two types of solutions, GR solution (gelatin and resor-
cinol) and F-activator (formaldehyde and glutaraldehyde). Formaldehyde and 
glutaraldehyde react not only with gelatin and resorcinol, but may also react with 
amino groups of tissues, creating bonding between the resulting gel and the tissue. 
The proposed chemical structures of these components and their reaction scheme 
are shown in Fig. 8.2.

Since the introduction of GRF in 1979 for acute aortic dissection [39], it has 
been widely used except in the United States. In acute type A aortic dissection, the 
survival of patients depends on immediate diagnosis and emergent surgical inter-
vention. Without surgery, the mortality rate is 38 % in the first day and up to 90 % 
after 2 weeks. The clinical use of GRF is problematic due to continued controversy 
concerning the possible carcinogenicity and mutagenicity of formaldehyde. It has 
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been reported that long-term exposure of formaldehyde in embalming practice and 
in the funeral industry is significantly associated with increased risk for mortality 
from myeloid leukemia [40].

Efforts have been made to eliminate formaldehyde from the composition 
of GRF and to replace it with glutaraldehyde alone or glyoxal. However, these 
attempts were unsuccessful, as its bonding was reduced and affected the efficacy 
of the product, though greater durability was observed in vivo. By reducing the 
formaldehyde concentration and mixing with glutaraldehyde, high initial strength 
and increased durability were achieved [41]. Conflicting data are found in the 
literature on the effect of GRF glue in aortic surgery. Long-term stability of the 
dissected, GRF-treated aorta has been reported, whereas other studies found late 
adverse events such as distal embolization [42–44].

Albumin-Based Glue

In BioGlue® (CryoLife, Inc., Kennesaw, GA, USA), stoichiometrically equivalent 
doses of bovine serum albumin (45 % solution) and glutaraldehyde (10 % solution) 
are mixed in a custom cartridge delivery system [45]. It has been used in cardiac, 
vascular, pulmonary, and soft tissue repairs. The major applications include sealing 
around suture lines and staples in large blood vessels such as the aorta and femoral 
arteries. In comparison to fibrin glue, BioGlue® has high adhesive strength to tis-
sues and is much stiffer [46], as well as has longer degradation time (Table 8.3).

In 2007, Zehr reported detailed techniques of application for the use of 
BioGlue® in a variety of cardiovascular surgical cases and found that BioGlue® 
was safe and effective when used properly [47]. In a clinical study involving 151 
patients undergoing cardiac and vascular repair procedures, anastomotic bleeding 
was significantly reduced in the Bioglue® group (18.8 %, n = 76) compared with 
the control group (42.9 %, p < 0.001, n = 75). The use of pledgets was reduced 
in the BioGlue® group (26.2 %) compared with the control group (35.9 %, 
p = 0.047) [48]. In application in thoracic surgery, a randomized, controlled trial 
of the effectiveness of BioGlue® was carried out in 52 patients being treated for 
alveolar air leaks [49]. Surgical treatment with BioGlue® exhibited statistically 
significant effectiveness in all categories compared to the control group (surgical 
treatment only). Despite its success in clinical studies, the toxicity of unreacted 
and leached glutaraldehyde and the dense postoperative gel structure have been the 
concerns and have limited the application of BioGlue®. Fürst et al. investigated 
the release of glutaraldehyde from BioGlue® and its toxicity in vitro and in vivo 
[50]. It was found that 100–200 μg/mL of glutaraldehyde was released from 1 mL 
of gelled BioGlue® into 5 mL of saline, and the supernatant exhibited cytotoxicity 
in cultured human embryonic fibroblasts (MRC5) and mouse myoblasts (C1C12).

Progel® (Neomend, Inc., Irvine, CA, USA) is based on human serum albumin 
and PEG disuccinimidyl succinate as a cross-linker. This product is approved by 
FDA for intraoperative use during pulmonary resection. A review of preclini-
cal and clinical studies demonstrated the efficacy and safety of this product [51]. 
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Another recently approved albumin-based product is ArterX® vascular seal-
ant (Tenaxis Medical, Mountain View, CA, USA), which is composed of bovine 
serum albumin and polyaldehyde, for use as a sealant around anastomotic sites of 
synthetic arterial bypass grafts and patches. A randomized prospective multicentre 
trail, involving 331 anastomotic sites in 217 patients, was undertaken comparing 
ArterX® vascular sealant with Gelfoam® Plus (i.e. control group), and showed no 
difference in safety [52]. The operation time was significantly less in the ArterX® 
vascular sealant group compared with the control group.

Lysine-Based Glue

TissuGlu® (Cohera Medical, Pittsburgh, PA, USA) is a lysine-derived urethane 
adhesive which cures in the presence of moisture. This is applied to the abdomi-
nal wall prior to closure of the abdominoplasty flap to reduce wound drainage and 
seroma formation. The safety and efficacy of TissuGlu® have been demonstrated 
in preclinical and clinical studies [53, 54].

Oxidized Cellulose-Based Hemostatic Agent

VerisetTM (COVIDIEN, Inc., Mansfield, MA, USA) is a topical hemostatic agent 
which is a combination of an oxidized cellulose backing and self-adhesive hydro-
gel consisting of PEG and trilysine. This ready-to-use hemostatic patch has been 
clinically compared with TachoSil® in the management of diffuse bleeding after 
hepatic surgery (n = 50) [55]. They found that the median time to hemostasis in the 
VerisetTM group was faster than that of the control group (1 vs. 3 min, p < 0.001).

Synthetic Sealants/Adhesives

Cyanoacrylates

Cyanoacrylates are monomers containing esters of cyanoacrylic acid. Various homo-
logues of cyanoacrylate adhesive have been studied including methyl, ethyl, isobu-
tyl, isohexyl, and octyl cyanoaclylates. These monomers rapidly polymerize when in 
contact with water or hydroxyl groups on the actual surface being glued [56]. These 
create strong and flexible films as sealants to bond apposed wound skin edges. Use 
of these topical skin adhesives is faster and less painful than that of suturing. The 
skin edges are held in apposition and cyanoacrylate is applied in layers along the 
entire length of the wound. It is recommended by the manufacturers that a total of 
three layers of the glue is applied. Spontaneous release of heat occurs as the pol-
ymer forms. The agent remains adherent to the skin for approximately 7–10 days 
while the wound heals, and comes off as the superficial layers of skin exfoliate. 
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Cyanoacrylates have been used mainly for external surfaces as tissue adhesives for 
surgical and traumatic wound repair, due to their toxicity.

The shorter chain esters may be more toxic either directly or through their deg-
radation products, which are cyanacrylates and formaldehyde. The degradation 
products accumulate in tissues and produce acute and chronic inflammation. In 
contrast, longer alkyl chains (e.g. 10 carbons) are less toxic. In addition, the shorter 
chain esters such as butyl cyanoacrylate have been used only for small low-tension 
lacerations and incisions due to its poor tensile strength and brittleness, whereas 
octyl cyanoacrylate yields stronger and more flexible adhesives [57]. In an animal 
model, various commercially available cyanoacrylate products have been compared 
for wound bursting strengths immediately after closure and 1 and 2 days after [58]. 
Dermabond® (Colure Medical Corporation, Raleigh, NC, USA), which consists 
of octyl 2-cyanoacrylate, was significantly stronger and more flexible than all the 
cyanoacrylate-based adhesives tested at all time points of measurement.

Surface application of Dermabond® has been shown to be very successful. A ran-
domized, control trial showed that the wounds closed by Dermabond® had no notice-
able differences in subjective cosmetic results and was associated with complications at 
3 months postoperatively, compared with wounds closed using monofilament sutures. 
Adhesives also had the advantage of much faster operative time than traditional sutur-
ing. A randomized controlled trail of Liquiband® Surgical S (Advanced Medical 
Solutions, Devon, UK), which is a blend of n-butyl and 2-octyl cyanoacrylates, and 
sutures for closure of laparoscopic wounds showed closure with Liquiband® was sig-
nificantly faster by mean of 2 min [59]. In addition, the use of skin adhesives has shown 
to reduce surgical site infections from some specific bacterial agents [60, 61].

PEG-Based Sealants

PEG-based sealants are flexible and firmly adherent even on wet tissues. These 
hydrogels also have the ability to prevent adhesions. DuraSealTM (Confluent 
Surgical Inc., Waltham, MA, USA) is one such product developed for watertight 
closure after dural suturing. Two solutions, PEG-ester and trilysine amine, are 
mixed together and sprayed on the site of treatment (Fig. 8.3). They rapidly react 
via electrophilic nucleation reaction and form an elastic hydrogel. A multicentre, 
prospective randomized trial involving 237 patients was performed to evaluate the 
safety of DuraSealTM as a dural sealant in cranial surgery [62]. DuraSealTM was 
found to be similarly safe as commonly used dural sealing techniques, and demon-
strated faster preparation and application times than other techniques.

CoSeal® (Baxter, Fremont, CA, USA) is another PEG-based hydrogel that is 
used in vascular reconstructions to achieve adjunctive hemostasis by mechani-
cally sealing the region of leakage. Tetrafunctional succinimdylglutaryl PEG mac-
romer (PEG-NHS) reacts with a thiol PEG macromer (PEG-SH) and protein to 
form a dimer, which leads to the formation of cross-linked polymers (Fig. 8.4). 
It polymerizes in ~5 s. The hydrogel swells approximately 400 % over 24 h. A 
randomized, controlled trial was performed to evaluate the efficacy of CoSeal® 
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for anastomotic suture hole bleeding and compare it to Gelfoam® (Upjohn, 
Kalamazoo, Mich)/Thrombin [63]. One hundred forty-eight patients scheduled for 
implantation of polytetrafluoroethylene (PTFE) grafts were randomly treated with 
either CoSeal® (n = 74) or control (n = 74). The efficacy of CoSeal® was equiva-
lent to that of Gelfoam®/Thrombin. Clinical studies have also demonstrated the 
efficacy of CoSeal® in the anastomotic closure of aortic procedures [64] and pre-
venting prolonged air leaks after lung resection [65].
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AdvaSealTM (Ethicon Inc, Johnson & Johnson Medical KK, NJ, USA) is 
based on photo-polymerization of two aqueous solutions consisting of PEG 
and oligotriethylene carbonate with acrylate ester end caps, in the presence 
of triethanolamine and eosin Y as a photo-initiator, using visible light from a 
xenon arc lamp. It has been clinically used for sealing of pulmonary air leakage 
in Europe [66, 67].

Synthetic Adhesive Sheet

TissuePatch3TM (Tissuemed Ltd., Leeds, UK) is a synthetic, bioabsorbable self-
adhesive film that has been developed to prevent air and liquid leaks in surgery. It 
consists of adhesive terpolymer (61 %) and poly(lactide-co-glycolide) (33.5 %). 
The terpolymer contains three components: polyvinylpyrrolidone (PVP), acrylic 
acid (AAc), and acrylic acid/n-hydroxysuccinimide (AAc-NHS), which confer 
the properties of water solubility, electrostatic interaction, and covalent bond-
ing potential, respectively [68]. The chemical structure of terpolymer is shown in 
Fig. 8.5. No preparatory step is required and it adheres within 30 s of applica-
tion. The efficacy of TissuePatch3 was clinically evaluated for sealing of air leak-
age after lung surgery [69]. It was found that 80 % of patients (12 of 15 patients) 
became air leakage-free at the end of the surgical procedure. No device-related 
adverse events were observed. The new generation product, TissuePatchTM, has 
been investigated for alveolar air leak prevention in vitro [70], as well as in the 
management of chyle leak in major neck surgery [71].

Fig. 8.4  Reaction scheme for CoSeal®
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Recent Developments

Albumin-Based Sealant

Taguchi et al. developed biological glues combining an organic acid derivative and 
proteins such as collagen, gelatin, and human serum albumin. The active ester groups 
of the organic acid derivative react with amino groups of not only proteins of glue but 
also applied tissue surfaces. Citric acid derivative was used as a cross-linking agent. 
Citric acid, which is the source of citric acid derivative, is metabolized in the tricarbo-
xylic acid cycle in the mitochondria. Although gels consisting of citric acid derivative 
and collagen or human serum albumin have exhibited sufficient bonding strength in 
vitro and insignificant toxicity, both required comparatively long periods of time to 
reach a certain bonding strength. To reduce the bonding time, tartaric acid derivative 
(TAD) was used as a cross-linking agent and the bonding strengths of glues (TAD-A) 
developed by reacting different concentrations of TAD (0.1, 0.3 and 0.5 mmol) and 
human serum albumin (44 w/w%) were compared with those of fibrin glue and GRF 
[72]. The bonding strengths of glues increased with the increasing TAD concentra-
tion, and even the lowest TAD glue exhibited significantly higher bonding strength 
than fibrin glue. The bonding strengths of glues with 0.3 and 0.5 mmol TAD were 
significantly higher than that of GRF. When the glue was implanted subcutaneously 
in mice to investigate the inflammatory reaction in surrounding tissues, the glue 
with low TAD concentrations (0.1 and 0.2 mmol) exhibited very mild inflammation, 
whereas the 0.3 and 0.5 mmol TAD gels were associated with moderate inflamma-
tion, possibly due to the local acidification by n-hydroxysuccinimide, which separates 
from carboxyl groups after the cross-linking reaction.

Fibrin-Based Sealant

Fibrinogen has been rapidly photo-cross-linked in the presence of ruthenium as the 
trisbipyridyl complex and the oxidant ammonium or sodium persulfate by light to 
yield high-molecular-weight products that have strong in vitro adhesive proper-
ties [73]. A mixture of fibrinogen (150 mg/mL), 2 mM RuII(bpy)3Cl2, and 20 mM 
sodium persulfate was prepared, and applied immediately to wounds, followed by 
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illumination with a 600 W tungsten-halide light source at 150 mm for 20 s [73]. The 
sealant was well tolerated and persisted up to 8 weeks but completely dissolved by 
18 weeks with minimal inflammatory response. The photo-cross-linked fibrinogen 
sealed skin incisions in rats, and as an arterial hemostat in pig, it stopped bleeding 
within 20 s of application.

Gelatin-Based Sealant

Different cross-linking types of gelatin-based glues have been developed. One of 
such is the sealant consisting of gelatin and glutaraldehyde as a cross-linking agent 
[74]. The glue consisting of 23 wt% gelatin and 0.12 wt% glutaraldehyde exhib-
ited more than 90 % degradation in 7 days when implanted subcutaneously in rats, 
and the bonding strength was much higher than that of fibrin glue. The gelatin glue 
was applied with or without rubbing in with fingers to seal the needle hole on the 
PTFE vascular graft (Gore-Tex®). The water pressure in the graft was increased 
and the burst pressure was measured when water leakage occurred. The burst pres-
sure of the gelatin glue applied with rubbing was found to be 400 mmHg, while 
that of fibrin glue was 200 mmHg. The high viscosity of gelatin solution also pre-
vents leakage through suture line needle-holes, which is often a problem with the 
low viscosity of serum albumin in Bioglue® [75].

Various gelatins, such as porcine type A (~300 g Bloom), bovine type B (~225 g 
Bloom) and cold water fish gelatin (~60 kDa), were photo-cross-linked and evalu-
ated in vitro and in vivo for a pulmonary sealant in an animal study [76]. As pre-
viously described for photo-cross-linking of fibrinogen, gelatin was also rapidly 
cross-linked using blue light, a ruthenium catalyst, and a persulfate oxidant. The 
adhesive strength of porcine gelatin was similar to that of photo-polymerized fibrin-
ogen and approximately 5 times higher than that of the commercial fibrin glue. 
The maximum adhesion strength was reached within 30 s, but with a light-emitting 
diode (LED) lamp high adhesive strength was achieved instantaneously. The photo-
polymerized porcine gelatin swelled substantially with increase in weight of 240 % 
within 24 h. To reduce swelling, the gelatin was derivatized to increase content of 
phenolic (Tyr-like) residues using Bolton-Hunter reagent (n-succinimidyl-3-[4-
hydroxy]propionate), and thus to increase its cross-linking density after polym-
erization. The resultant gel increased the elastic modulus (stiffness) approximately 
5-fold, and reduced its swelling to less than 10 % at 24 h. In an animal study, the 
photo-polymerized gelatin effectively sealed a wound in lung tissue from blood and 
air leakage, and was not cytotoxic and did not produce any inflammatory response.

PEG-Based Sealant

PEG/dextran aldehyde was developed as biocompatible tissue adhesive [77]. It 
consisted of a relatively short-chain PEG polymer (linear PEG of 2 kDa or 8-arm 
PEG of 10 kDa) containing amine-terminated groups, and dextran containing  
aldehyde groups. Aldehyde to amine ratios of 1, 3, and 10 were examined for 
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linear and star-PEG-based constructs. The adhesive forces of these polymers were 
determined by the number of aldehyde groups within the gel and reached satura-
tion at a dextran aldehyde content of ~20 wt%. Cytotoxicity and proliferation of 
3T3 rat fibroblast tests revealed that PEG/dextran was significantly less cytotoxic 
than octyl cyanoacrylate. The higher-molecular-weight dextran aldehyde exhibited 
lower cytotoxicity as well as higher cell proliferation [77].

A topical hemostatic agent comprised of polycarbonate of dihydroxyacetone 
(pDHA) and methoxypoly(ethylene glycol) (MPEG) was studied by Henderson 
et al. [78]. DHA is the fifth metabolite of glucose as it is metabolized to pyru-
vic acid. Polymerized sequence of dihydroxyacetone was PEGylated (MPEG-
pDHA). The edge of rat liver was cut and treated with MPEG-pDHA (50 mg), 
normal saline (0.5 ml), or InstatTM (50 mg). The MPEG-pDHA had significantly 
decreased bleeding time (97 s) and total blood loss (1.35 g) compared to those 
with normal saline (464 s and 3.83 g) and InstatTM (165 s and 2.04 g).

Chitosan-Based Sealant

Chitosan, which is an inexpensive and widely available material, has been inves-
tigated for its usefulness as a hemostatic material because it is cationic and anti-
microbial, but it may not be effective for severe wounds. Photo-cross-linkable 
chitosan molecules which contain both lactose moieties and photoactive azide 
groups (Az-CH-LA) have been developed. The Az-CH-LA hydrogel was com-
bined with a chitosan sponge (PCM-S), and its hemostatic efficacy was compared 
with that of TachoComb® in a heparinized rat model [79]. Even under heparin-
ized condition, the bleeding time and blood loss of the PCM-S group were sig-
nificantly lower than those of the TachoComb® group. In another study, the 
photo-curable chitosan was evaluated as an adhesive for peripheral nerve anas-
tomosis to restore continuity to severed peripheral nerves [80]. Photo-chemical 
tissue bonding has been utilized for the adhesion of chitosan film [81]. In this 
technique, a solution of rose bengal is applied between two tissue edges and 
the area is irradiated with a green light to cross-link collagen fibers with mini-
mal heat production. The resulting adhesive strength of the film to intestine was 
15 ± 2 kPa, and the average temperature of the adhesive increased from 26 °C to 
only 32 °C during laser exposure [81].

Dowling et al. [82] developed a chitosan-based amphiphilic biopolymer that 
exhibits clotting ability in the presence of blood by self-assembly that is read-
ily reversible by introducing a sugar-based supramolecule. First, chitosan was 
hydrophobically modified by attaching a small number of hydrophobic tails to 
the backbone (hm-chitosan). The hydrophobes from the chitosan anchor into the 
hydrophobic interior of blood cell membranes, connecting them into a gel net-
work which can halt the flow of blood. The reaction is not affected by heparini-
zation of blood. To reverse the gel into a sol, α-cyclodextrin, a supramolecular 
compound with an inner hydrophobic pocket, is added. The strong affinity of 
α-cyclodextrin for hydrophobes causes these polymer moieties to unhook from 
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the cell membranes and bind to α-cyclodextrin. The initial blood gel based on 
0.25 wt% hm-chitosan exhibits an elastic, gel-like response, whereas addition 
of 3 wt% α-cyclodextrin results in a viscous liquid response. Preliminary tests 
with small and large animal-injury models demonstrated its increased efficacy at 
achieving hemostasis.

Polysaccharide-Based Sealant

Adhesives made of aldehyded polysaccharides and ε-poly(l-lysine), which are 
anti-bacterial additives for medical use and food, have been investigated for 
use in sutureless amniotic membrane transplantation [83]. The adhesive gel 
is prepared using a syringe-like container with two cylinders, one with 2 ml of 
14 % aldehyded dextran (Mw 75 kDa) solution and the other with 2 mL of 7 % 
ε-poly(l-lysine) (Mw 4 kDa) solution containing 2 % acetic anhydride. The ace-
tic anhydride concentration added to the ε-poly(l-lysine) solution determines the 
gelation time. The gel formed by cross-linking via Schiff base in about 30 s at 
37 °C and degrades within 4 days in vivo. The bonding strength of the glue was 
4 times that of commercial fibrin glue and almost no cytotoxicity was observed. 
The efficacy of the glue in fixing amniotic membrane without suturing for ocular 
surface reconstruction was evaluated in an animal model. The sutureless amniotic 
membrane placement using the adhesive was safely and successfully performed 
onto a rabbit sclera surface.

Natural Adhesives/Sealants

Mussel-derived adhesive protein is known to be the most powerful natural adhe-
sive, and has both flexibility and elasticity [84, 85]. In 1981, Waite and Tanzer 
discovered 3,4-dihydroxy-l-phenylalanine (DOPA) as a key component for the 
wet-resistant adhesion of mussel adhesive proteins [86]. Non-toxic and non-immu-
nogenic effects of mussel proteins have been reported [87–89]. More interestingly, 
it maintains its adhesion in wet environment, and adheres to virtually any types of 
synthetic and natural surfaces [90]. However, expensive extraction, which requires 
10,000 mussels to obtain 1 g of one type of adhesive proteins, and unsuccessful 
large-scale production limit its practical applications [84].

DOPA has been used to increase the adhesion strength of PEG-based sealant 
[91]. Adhesive consisting of star PEG amine and linear dextran aldehyde was 
developed, but after swelling of the gel the strength of adhesion to soft tissues 
significantly decreased. Incorporation of DOPA into the PEG: dextran sealant 
was investigated to determine enhancement of post-swelling sealant performance. 
Homogeneous solutions of DOPA and lyophilized dextran aldehyde were dia-
lyzed against water followed by freeze-drying. The PEG: dextran doped with 
3 mM DOPA aldehyde swelled 50 % less, had 3-fold greater stiffness and 50 % 
greater functional adhesive strength than the neat hydrogel. Increasing the DOPA 
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concentration to 11 mM decreased the swelling and mitigated loss of properties 
with hydration, but reduced the initial functional adhesive strength, material mod-
ulus, and biocompatibility.

Dermal exudate from Notaden bennetti frogs, another natural adhesive, was 
investigated for medical use [92]. The exudate rapidly forms a protein-based 
pressure-sensitive adhesive that functions well in wet environments. The glue 
implanted subcutaneously in mice was bioabsorbed and exhibited no long-
term adverse effects. The non-protein components of the frog glue caused 
local and transient necrosis, although they did not contribute to the adhesive 
properties of the glue. The glue could bond severed cartilage tissue both ex 
vivo and in vivo.

The hemostatic characteristics of keratin derived from human hair were inves-
tigated using a rabbit model of lethal liver injury [93]. Keratin was extracted from 
human hair, and the protein solution was concentrated to 20 wt% using a rotary 
evaporation system prior to surgery and exposed to air overnight to form a cross-
linked hydrogel. The keratin gel exhibited adhesion to the tissue, and when depos-
ited onto the bleeding surface of liver it was sufficiently adhesive and absorbed 
blood and became more adherent within a few minutes. The keratin gel demon-
strated efficacy in arresting hemorrhage and improving survivability similar to 
those of two commercial products, QuickClot® and HemCon®. The gel was non-
toxic and non-immunogenic.

Gecko-inspired tissue adhesive, which mimics the nanotopography of gecko 
feet, was investigated to determine its adhesive properties in a dry environment 
without chemical glue. However, for tissue adhesive application, the surface 
should be optimized to adhere on a wet surface. Lee et al. investigated the syn-
thetic gecko-adhesive surface, which is effective under water due to reversible 
non-covalent bonding to inorganic surfaces, by coating the surface with a DOPA 
mimetic polymer, poly(dopamine methacrylamide-co-methoxyethyl acrylate) 
(poly(DMA-co-MEA)) [85]. This copolymer was synthesized by free-radical 
polymerization with the adhesive monomer, DMA, which accounts for 17 % 
of this copolymer by weight. Electron beam lithography was used to create an 
array of holes in a poly(methyl methacrylate) thin film and poly(dimethyl silox-
ane) was cast onto the master and cured to create gecko-foot-mimetic nanopillar 
arrays. Finally, the surface was coated with poly(DMA-co-MEA). Atomic force 
microscopy was used to measure the adhesive force of each pillar. Coating with 
the muscle-mimetic polymer increased its wet adhesive force nearly 15-fold. 
Another study modified the surface of poly(glycerol-co-sebacate acrylate), which 
is a tough biodegradable elastomer, to mimic the nanotopography of gecko feet 
and coated with a oxidized dextran with aldehylde groups [94]. Tissue adhe-
sion was optimized by varying the dimensions of the nanoscale pillars, including 
the ratio of tip diameter to pitch and the ratio of tip diameter to base diameter. 
Coating of these nano-molded pillars of biodegradable elastomers with a thin 
layer of oxidized dextran with aldehylde groups significantly increased interfa-
cial adhesive strength on porcine intestine tissue in vitro and in the rat abdominal 
subfascial tissue in an in vivo environment.
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Barriers to Prevent Tissue Adhesion

Postoperative adhesions of internal organs to each other by formation of fibrous 
tissue have often been observed during cardiac, thoracic, abdominal, pelvic, and 
gynecologic surgeries. It is thought that postoperative adhesions occur in 90 % of 
patients who undergo major abdominal surgery and over 55 % of women undergo-
ing pelvic surgery [95]. Although it is asymptomatic in the majority of patients, 
tissue adhesion can cause serious post-surgical complications, such as small-bowel 
obstruction (SBO), infertility, chronic abdominal pain, and difficulty of second 
operation. Postoperative adhesion has been reported to be responsible for 60–70 % 
of cases of SBO and 15–40 % of infertilities due to prevention of the ovum pick-
up mechanism and gamete transport.

Several recent reviews have extensively covered prevention of adhesions [96, 
97]. Cause of adhesion is as follow: fibrin deposition in the surgical area occurs 
within hours of surgery and this is either resorbed or becomes organized into 
fibrous adhesions. Tissue injury and inflammatory response are two specific risk 
factors that lead further organization of fibrin into adhesion. In the ischemic inju-
ries, adhesions form to supply blood to the devascuarized organ. Inflammatory 
response due to contamination of the foreign materials such as talcum powder 
and sutures, as well as bacterial infection, has been associated with adhesion 
formation. Strategies of prevention of adhesions can be grouped into four cat-
egories: general principles, surgical techniques, chemical agents, and mechanical 
barriers [98].

Anti-adhesive materials have been developed to prevent tissue adhesion by pro-
viding a physical barrier between an injured site and the adjacent tissues. Although 
several non-absorbable synthetic materials such as silicone and PTFE have been 
shown to be effective, bioabsorbable materials are preferred because of the lack of 
necessity of secondary surgery to remove non-absorbable materials and the lack of 
need to consider long-term biocompatibility such as encapsulation of the material, 
which will also evoke tissue adhesion. Moreover, non-absorbable synthetic mate-
rials have been shown to form adhesions on long-term application [99]. A wide 
variety of substances and materials have been used over the years. Commercially 
available anti-adhesive products are summarized in Table 8.7.

Solutions

Crystalloid solutions, such as Ringer’s solution and plain saline, have been com-
monly used to prevent adhesions in the abdominal cavity after surgery. In addi-
tion to its mechanical effect of separation of raw peritoneal surfaces, it dilutes 
fibrin and fibrinous exudates released from injured tissues [98]. These fluids are 
absorbed from the peritoneal cavity at an estimated rate of 35 ml/h, and at least 
5 L are needed to cover the first 6 postoperative days. However, such a large 
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amount will increase the risk of infection, fluid overload with pulmonary edema, 
and leakage at puncture sites. In an attempt to prolong the period of instillate 
persistence inside the peritoneal cavity, more viscous solutions have been inves-
tigated. HyskonTM (Medisan Pharmaceuticals Inc., Piscataway, NJ, USA) is a 
solution of 32 % dextran 70 and available in the USA. HyskonTM is left in the 
abdominal cavity to prevent sticking by causing tissue to literally slide around 
freely. Clinical studies of use of HyskonTM have revealed mixed results. Although 
use of HyskonTM exhibited fewer and less severe adhesions than Ringer solution, 
another study reported no difference between these groups [100]. Side-effects have 
also been reported, such as vulvar edema, leg edema, pleural effusion, coagulopa-
thy, and rarely allergic response [101–106]. It is hardly used today.

Adept® (Baxter Healthcare, Deerfield, IL, USA) is a 4 % solution of icodextrin, 
an α-1,4-linked glucose polymer produced by hydrolysis of cornstarch (Fig. 8.6). 
It is used as an irrigant fluid throughout surgery, and at the end of surgery 1 L 
is instilled and left in the peritoneal cavity. A randomized study of laparoscopic 
gynecologic surgery reported that instillation of Adept® decreased adhesion for-
mation and reformation compared to lactated Ringer solution instillation [107]. 
Intergel® (Lifecore Biomedical, Inc, Chaska, MN, USA) contains 0.5 % cross-
linked hyaluronic acid (HA) with ferric ion (Fe). The reaction scheme and the 
ideal structure of the Fe-HA network are shown in Fig. 8.7. It reduced the extent 
of adhesion formation following abdominal surgery. Although significant reduc-
tion in adhesion formation was observed in a randomized clinical trial [108], a 
high rate of postoperative complications, including post-operative infection and 
even death, was reported following the use of Intergel®, and the manufacturer vol-
untarily recalled Intergel® in 2003 after receiving a warning from FDA [109].

Gels

Gels have been developed for site-specific adhesion prevention devices that can 
be easily delivered during laparoscopy, since using sheets and films via lapa-
roscopy is challenging. FlowGel® (Angiotech Pharmaceuticals Inc., Vancouver, 

x
y

z

O

OH OH O

HO

O

CH3

O

HO

O

OH

O

HO OH
O

CH3

O

O

HO OH

O

HO

CH3

OH

m
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BC, USA) consists of Poloxamer 407, which is a surfactant with the ability for 
reversible conversion from liquid state at room temperature to a gel form at body 
temperature [110]. A-Part® gel is a bioabsorbable transparent gel composed of 
poly(vinyl alcohol) (PVA) and carboxymethyl cellulose (CMC) [111]. Material 
characteristics such as viscosity and adherence to the wound were tested with 
good results [112, 113]. Preclinical data in animal studies revealed high efficacy 
in adhesion prevention [114, 115], and wound and anastomosis healing were 
not negatively affected by the application of this gel in animal models [116]. 
Sepracoat (Genzyme Corp., Cambridge, MA, USA) consists of hyaluronic acid 
and CMC in a highly viscous gel form. A randomized, controlled trial revealed 
it to be effective, but it did not receive FDA approval, and was withdrawn from 
the market in 1997. Intercoat® (Ethicon, Somerville, NJ, USA), a viscoelas-
tic gel, is based on poly(ethylene oxide) (PEO) and CMC, which is stabilized 
with calcium. In a pilot study, 28 patients with pelvic adhesions, tubal occlusion, 
endometriosis, and/or dermoids were randomized to receive Intercoat® or no 
treatment after surgery [117]. Second-look surgery was performed 6–10 weeks 
later. Thirty-four percent of treated adnexa increased in adhesion score, com-
pared to 67 % of the untreated controls.
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The following products are poly(ethylene glycol) (PEG)-based precursor liq-
uids that are sprayed onto the surgical site and rapidly cross-link on the target 
tissue to form a flexible, adherent, bioabsorbable gel barrier. They are indicated 
for use in both open and laparoscopic abdominopelvic surgical procedures. These 
products are currently available in Europe, but have not been approved in the 
USA. SprayGelTM (COVIDIEN, Waltham, MA, USA) consists of PEG ester and 
PEG amine precursors, which polymerize within seconds of application on tis-
sue (Fig. 8.8). Over the time, the adhesion barrier is hydrolyzed into water-sol-
uble PEG molecules and absorbed into the circulatory system, followed by renal 
excretion. Clinical studies have shown the effectiveness of SprayGelTM in pre-
venting tissue adhesion [118–120]. The next-generation product of SprayGelTM 
is called SprayShieldTM (COVIDIEN, Waltham, MA, USA), which has been 
available in Europe since 2008. It consists of PEG ester and trilysine solutions, 
and is chemically identical to COVIDIEN’s DuraSealTM product. With use of 
low-molecular-weight trilysine, instead of PEG amine, the final gel formed is 
anticipated to be better mixed and to react better, and thus more adherent than 
SprayGelTM. Two adhesion barriers, SprayShieldTM and SprayGelTM, were com-
pared in a laparoscopic porcine model of gynecologic surgery [121]. Both the 
adhesion barriers demonstrated statistically significant reduction (~50 %) in num-
ber of adhesions to the site of injury, while only SprayShieldTM demonstrated a 
statistically significant reduction in adhesion area.

AdhibitTM adhesion prevention gel (Angiotech Pharmaceuticals Inc., 
Vancouver, BC, Canada) was approved to prevent or reduce post-surgical adhe-
sions during cardiac surgery. It is chemically identical to CoSeal® Surgical 
Compound. HYAcorp endo gel (Bioscience GmbH, Ransbach-Baumbach, 
Germany) is available in Europe for reducing the post-surgical adhesion forma-
tion in patients undergoing laparoscopic pelvic and hysteroscopic gynaecological 
surgery. The hyaluronic acid based gel comes in a 10 ml syringe with a special 
cannular applicator. After the operative site is dried, it is applied in 1–2 mm thick 
layer of gel. The main component of the gel is cross-linked sodium hyaluronate 
(20 mg/ml). It also contains sodium hyaluronate (10 mg/ml), and sodium chloride 
(6.9 mg/ml) in water. The cross-linked sodium hyaluronate degrades slower and 
hence resulting in a longer duration of effect. The effectiveness of this product has 
been demonstrated in some animal and clinical studies [122, 123].
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Sheets

PTFE is a fully fluorinated polymer which is bioinert. PrecludeTM (Gore-Tex, 
W.L. Gore & Associates) is expanded PTFE (ePTFE) non-absorbable perma-
nent membrane. For adhesion prevention, fairly large pieces are needed, and 
they must be sutured into place as it does not adhere to tissue. Clinical stud-
ies have exhibited the effectiveness of this PTFE product [124, 125]. However, 
adhesion on suture lines and foreign-body reaction due to their prolonged pres-
ence make it not preferred. This product was discontinued by the manufacturer 
since 2011.

Most commonly used bioabsorbable films for adhesion prevention are 
Seprafilm® (Genzyme Corporation, Cambridge, MA, USA) and Interceed® 
(Johnson & Johnson, New Brunswick, NJ, USA) (Fig. 8.9). Seprafilm® is a trans-
parent membrane, composed of sodium hyaluronate and CMC. This film adheres 
to sites of injury by absorbing water from the surrounding region and turns into a 
hydrophilic gel that separates opposing tissues during the post-operative healing 
phase. Clinical studies have demonstrated the effectiveness of Seprafilm® [126], 
but there are concerns regarding a higher incidence of anastomotic leaks in cases 
in which the film is placed directly around the anastomosis. The use of Seprafilm® 
in this location is prohibited by instructions provided by the manufacturer. Clinical 
studies have shown that Seprafilm® reduces abdominal adhesion formation [127, 
128] and postoperative small-bowel adhesive obstruction [126, 129–131]. Recent 
extensive reviews by Diamond et al. demonstrated the safety and efficacy of 
Seprafilm® in reducing postoperative adhesions in clinical and preclinical studies 
[132, 133]. Seprafilm® was also clinically evaluated for reduction of pericardial 
adhesions [134]. However, despite its effectiveness, handling of this film is quite 

Fig. 8.9  Chemical structures and photographs of Seprafilm® and Interceed®
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difficult because of its poor mechanical properties and brittleness. Placing this film 
through a laparoscope is very hard since it easily breaks when bolted. Replacing 
the film on wet tissue is also difficult.

Another commonly-used bioabsorbable sheet is Interceed® for applications 
in gynecologic pelvic surgery. It is a knitted fabric of oxidized regenerated cel-
lulose which slowly turns into a gel when placed on tissues. Unlike Seprafilm®, 
Interceed® is easy to handle and can be placed via laparoscopy. It has been reported 
that Interceed® prevents tissue adhesion effectively when blood contamination is 
avoided during application of it [135]. However, as complete blood evacuation is 
not always possible in clinical situations, surgeons are not keen to use this prod-
uct. Moreover, increased adhesion formation has been observed when Interceed® is 
applied to areas where blood accumulation cannot be prevented [136].

CardioWrap® and SurgiWrap® (MAST Biosurgery USA Inc, San Diego, CA, 
USA) are translucent membranes composed of l-lactide (70) and d,l-lactide (30), 
and are used for adhesion prevention barriers in cardiovascular and abdominal/
pelvic surgeries, respectively. These films can be sutured. A prospective control 
clinical study was performed to assess the efficacy of SurgiWrap® in preventing 
adhesion formation in patients undergoing a major colorectal surgery [137]. After 
the surgery, SurgiWrap® was placed under the midline incision just before clos-
ing the abdominal wall for 10 patients. The control group (9 patients) received no 
treatment. After 14 weeks postoperatively, 5 patients had no adhesion beneath the 
midline incision in the SurgiWrap® group, in contrast to 0 patients in the control 
group. The severity of adhesions was significantly lower for the treated group than 
for the control.

REPEL-CV® (SyntheMed Inc, Iselin, NJ, USA) is composed of a blend of 
PLLA (52 %) and PEG (47 %). A randomized clinical study was performed to 
evaluate the efficacy of REPEL-CV® in 142 infants undergoing initial ster-
notomy for eventual staged palliative cardiac operations [138]. At the time of 
chest closure, the barrier was applied over the epicardial surface of the heart and 
fixed in place with four interrupted poly(glycolic acid) sutures (n = 54). In the 
control group (n = 49), the chest was closed without the use of any adjuncts. 
Significantly fewer patients in the REPEL-CV® group had any severe adhesions 
compared with the control group. There were no statistically significant differ-
ences in adverse events between the two groups, indicating no adverse events due 
to REPEL-CV®.

Cova CARDTM and Cova ABDOTM (Biom’Up, Lyon, France) are CE marked 
membranes that are made of purified porcine type I collagen membrane. The 
membrane is cross-linked with an oxidized polysaccharide [139]. In a preclinical 
study, the efficacy of Cova CARDTM was compared with that of Seprafilm® [140]. 
Sixteen sheep underwent a sternotomy followed by scratching of the heart sur-
face. When the intensity of adhesion was assessed 4 months postoperatively, Cova 
CARDTM was found to have been almost totally absorbed, and the adhesion score 
was significantly lower than that of the Seprafilm® group (1 vs. 3 (score from 1, 
absence to 3, tight)). There was no adverse inflammatory reaction due to Cova 
CARDTM, and the extent and density of fibrosis were small.
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Recent Developments

Fibrin-Based Material

Fibrin sealant has the advantage of decreasing bleeding and increasing the pro-
duction of plasminogen activator and plasminogen activator inhibitor-1, which 
may be beneficial in the prevention of adhesion [141]. Fibrin glue has also been 
shown to reduce adhesion formation onto permanent prosthetic materials such 
as polypropylene and PTFE in rat and pig models [142–144]. Prevention of 
adhesion by fibrin glue on a rabbit flexor tendon adhesion model was examined 
by Feykman et al. [145]. A partial laceration was produced and closed with 5-0 
Dexon sutures, and covered with fibrin glue for the experimental group. The 
operated paw was then immobilized by flexion of the wrist for 3 weeks, or 
left free for voluntary weight-bearing immediately after surgery. Although the 
immobilized tendons exhibited no difference in adhesion formation at 6 weeks, 
the mobile tendons exhibited less adhesion formation in the fibrin glue group 
than the control.

Gelatin-Based Materials

Gelatin sheets can be cross-linked by thermal, UV, or chemical means, and its 
degradation can be controlled easily by modifying the degree of cross-linking. 
A thermally-treated gelatin sheet, which exhibited degradation in 4 weeks, 
was studied as a pericardial substitute [146, 147]. The gelatin sheet exhib-
ited reduced formation of pleural and pericardial adhesion and inflammatory 
reaction, compared with the PTFE sheet in a canine model [147]. Despite the 
effectiveness of the gelatin sheet as a pericardial substitute, there are two con-
siderable drawbacks in its structural properties in the hydrated state: one draw-
back of the sheet is that it is too malleable to handle, and the other is that it is 
too low in tensile strength so that it cannot steadily hold sutures to the native 
pericardium. To overcome these problems, the gelatin sheet was reinforced 
with bioabsorbable PGA mesh [146]. The modified sheet exhibited ten-fold 
higher tension of disruption at the suturing margin than the unmodified gelatin 
sheet (619 ± 141 vs. 62 ± 7 gf). This is similar to that of PTFE. The effective-
ness of this reinforced sheet in the prevention of adhesion was confirmed in a 
canine model.

Bae et al. investigated the anti-adhesion effect of the PVA/gelatin membrane 
using a rat cecum-side wall abrasion model. The PVA/gelatin membrane was 
cross-linkd by UV irradiation. The membrane with PVA/gelatin ratio of 10/90 sig-
nificantly reduced the adhesion extent [148].
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Hyaluronic Acid-Based Materials

Vorevolakos et al. [149] synthesized ferric ion-cross-linked networks of HA based 
on Intergel®, varying the degree of cross-linking, and goniometry, viscometry, and 
dynamic mechanical analysis were performed. It was found that increasing cross-
linking could augment the contact angle, viscosity, storage modulus, and loss 
modulus, while wetting and lubrication were compromised. It is possible to create 
materials with mechanical properties softer than or comparable to those of abdom-
inal organs that would be least disruptive to the body.

Synthetic peptides derived from human lactoferrin, PXL01, exhibits an inhibi-
tory effect on the most important hallmarks of scar formation by reducing risk of 
infection, prohibiting inflammation, and promoting fibrinolysis [150]. The pep-
tide was dissolved in sodium chloride solution and added to 2.5 % HA solution to 
obtain 1.5–6 mg/ml PXL01 in 1.5 % HA. In vitro release experiments revealed a 
burst release of PXL01 (approximately 70 %) from the gel within 1 h. The efficacy 
of PXL01 in HA was evaluated using a sidewall defect-cecum abrasion model 
and a large bowel anastomosis healing model in rats. At seven days after surgery, 
PXL01 with the HA gel had significantly reduced adhesion formation in rats.

Chitosan-Based Materials

Several studies have demonstrated anti-adhesive effects of modified chitosan based 
cross-linked hydrogels. A gel was synthesized from succinyl chitosan and dextran 
aldehyde, and its efficacy in reducing adhesion formation in the intraperitoneal 
cavity was evaluated in rat models [151]. The surgical procedure was performed 
by laparotomy and either cecal abrasion or anastomotic simulation by enterotomy 
of the cecum with primary closure. After 21 days postoperatively, adhesions were 
significantly reduced for the treatment group in both the models. There was no 
adverse effect on wound healing.

The efficacy of in situ cross-linkable hydrogel made from n-carboxyethyl chi-
tosan and oxidized dextran as an adhesion prevention barrier was evaluated in a rat 
cecal abrasion model and compared to that of Seprafilm® [152]. Both Seprafilm® 
and 2 % hydrogel significantly decreased adhesion formation compared to the 
untreated control. The application of hydrogel was easer than that of Seprafilm® 
and the hydrogel adapted well on complex tissue geometries.

In situ cross-linkable chitosan-hyaluronic acid based hydrogels for preventing 
postoperative adhesion has been developed [153]. Hyaluronic acid was oxidized 
with sodium periodate which cleaves carbon-carbon bonds to create aldehyde 
groups in d-glucuronic acid units of the molecular chain. The solubility of chi-
tosan in neutral aqueous solution was improved by incorporating carboxymethyl 
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groups into chitosan chains. The solutions of modified chitosan and hyaluronic 
acid were mixed in a volume ratio of 1:1 to prepare the cross-linked hydrogels 
which is degraded by lysozyme within 2 weeks in vivo. Anti-adhesive effect of 
this gel was confirmed by rat sidewall defect-cecum abrasion model.

PEG-Based Materials

The efficacy of DuraSealTM in pericardial adhesion prevention was evaluated with 
a porcine model [154]. After 6 weeks, all animals exhibited significant pericardial 
adhesions and there was no significant difference in tenacity, extension, or strength 
of adhesions between the DuraSealTM and non-treated sides of the hearts.

Yang et al. investigated the efficacy of injectable poly(ethylene glycol-b-ε-
caprolactone-b-ethylene glycol) (P(EG-b-CL-b-EG)) triblock copolymer hydrogel 
in preventing adhesions in rat abdominal and uterine horn adhesion models [155, 
156]. This hydrogel was found to be thermosensitive, biocompatible, and bioab-
sorbable. The hydrogel was a transparent flowing sol at 4 °C, but became a gel in 
less than 20 s at 37 °C. The reaction was reversible. An adhesion model was cre-
ated by abrading the peritoneum of the abdominal wall and the uterine horns of 
rats [155]. The P(EG-b-CL-b-EG) hydrogel was applied to the injured surfaces. 
During 12 days postoperatively, none of the animals treated with the hydrogel 
(n = 12) formed adhesions, whereas all the control animals (n = 12) exhibited 
strong adhesions. The hydrogel disappeared in 7–9 days. Similarly, in the study 
using the rat side wall defect-cecum abrasion model, no animals treated with 
the hydrogel (n = 15) developed adhesions 15 days after operation, whereas all 
untreated rats (n = 15) had severe adhesions [156].

Poly(α-hydroxyacid)s-Based Materials

Niwa et al. investigated the effect of poly(l-lactide) (PLLA) nanosheet as an 
anti-adhesive barrier in partial hepatectomy [157]. This nanosheet with thickness 
of 60 nm was prepared by spin-coating a PLLA-dichloromethane solution. The 
advantage of nanosheet is its excellent bioadhesive properties. The anti-adhesive 
effect of PLLA nanosheet was examined in combination with Tachocomb® using 
a rat liver defect model. When the liver wound was covered by Tachocomb® alone, 
severe adhesion with omentum and/or other parts of the liver was observed. On 
the other hand, by applying the PLLA nanosheet on top of Tachocomb®, adhesion 
formation was significantly reduced, presumably by preventing the permeation of 
oozing blood cells and fibroblasts by the nanosheet.

Another study investigated a multi-functional anti-adhesion barrier com-
posed of a bilayered membrane of P(LA-b-EG) and poly(glycolide-co-l-lactide) 
(PGLA) layers carrying multiple drugs [158]. A hydrophilic hemostatic agent, car-
bazochrome sodium sulfonate, and an anti-infective drug, tinidazole, were incor-
porated into fibres of P(LA-b-EG) (i.e. inner layer) and PGLA (i.e. outer layer), 
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respectively, by dispersing them into polymer solutions before electrospin-
ning. The release of drugs can be adjusted by controlling the swelling behaviour 
of fibres. Hemostatic and anti-bacterial effects of the membrane were investi-
gated using a rat model and in vitro tests, respectively.

Other Materials

A bioabsorbable film of poly(glycerol sebacate) (PGS) was investigated for preven-
tion of postoperative adhesion in a rat peritoneal adhesion model [159]. This poly-
mer was synthesized by a polycondensation reaction between glycerol and sebacic 
acid, both of which have FDA approval for use as medical devices. The operated 
rats were evaluated for adhesions at 3, 5, and 8 weeks postoperatively. Statistically 
significant reduction (94 %) in adhesion formation rate was observed between the 
control animals (75 % incidence) and the animals with PGS films (4.8 %).

Gellan gum is a linear anionic extracellular polysaccharide and used as a food 
additive. It has recently been investigated for medical application because of its 
biocompatibility. Lee et al. investigated photo-cross-linked gellan gum based film 
as anti-adhesive barrier [160]. Firstly, to improve the solubility of gellan gum in 
dimethyl sulfoxide, the sodium ions of gellan gum was exchanged with lipophilic 
tetrabutylammonium ion. The resulting gellan gum was then reacted with cinna-
myl bromide in dimethyl sulfoxide to incorporate photoreactive double bonds. 
The cast film was then irradiated with UV light to cross-link. The resulting film 
showed anti-adhesive effects using a rat cecum abrasion model.

Sutures for Wound Closure

After an injury or surgery, a surgical suture is used to hold tissues together. 
A suture consists of a needle with a length of thread attached. The optimal suture 
should be easy to handle and have high tensile strength and knot security. It should 
cause minimal tissue reaction, and its material should resist infection and have 
good elasticity and plasticity in order to accommodate wound swelling. However, 
there is no single suture that can fulfill all these criteria. Therefore, a surgeon 
must choose suture material based on type of surgery that she or he is perform-
ing because different tissues have different requirements for suture support (some 
need only a few days, e.g., muscle, subcutaneous tissue, and skin, while others 
require weeks or even months, e.g., fascia and tendons). In addition, the healing 
rates of tissues differ depending on factors such as infection, debility, respiratory 
problems, obesity, collagen disorders, malnutrition, malignancy, and drugs. Often, 
the trade-off is tissue handling versus longevity versus healing properties. General 
classifications of thread material are natural and synthetic, bioabsorbable and non-
bioabsorbable, and monofilament and multifilament. Mechanical properties can be 
further divided in terms of the multiple characteristics of each material, as shown 
in Table 8.8 [161].
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Originally, sutures were made from biological materials such as catgut and silk. 
J. Lister first attempted sterilization in the 1860s with “carbolic catgut,” and the 
chromic catgut followed two decades later. Sterile catgut was finally achieved in 
1906 with iodine treatment. This became the standard method of suture preparation 
for nearly half a century. The first synthetic bioabsorbable suture was made from 
PVA in 1931. Polyesters were developed in the 1950s, and later, the process of 
radiation sterilization was established for catgut and polyester. Today, most sutures 
are made of synthetic polymer fibers. Silk and gut sutures are the only materials 
still–though rarely–in use from ancient times. In fact, gut sutures have been banned 
in Europe and Japan because of concerns of bovine spongiform encephalopathy.

Non-bioabsorbable Sutures

Non-bioabsorbable sutures are defined by their resistance to degradation by living 
tissues. They are most useful in percutaneous closures. Synthetic, non-bioabsorba-
ble, monofilament sutures include nylon, polypropylene, and polybutester sutures, 
while synthetic, non-bioabsorbable, multifilament (braided) sutures are composed 
of nylon and polyester. Polybutester, developed in 2000, is a block copolymer that 
contains butylene terephthalate and tetramethylene ether glycol. Metallic fibers 
such as steel fibers are also used extensively for suturing.

Bioabsorbable Sutures

Bioabsorbable sutures are defined by the loss of most of their strength within 
60 days after placement. They provide temporary wound support until the wound 
heals well enough to withstand normal stress and are used primarily as buried 

Table 8.8  Suture characteristics

Characteristic Definition

Coefficient of 
friction

A suture’s relative resistance to being passed through a tissue. A 
higher coefficient of friction leads to increased local tissue damage. 
Monofilaments usually have the lowest coefficient of friction

Tensile strength A suture’s ability to resist breakage. The strength of the suture should not 
be significantly greater than the tissue it is approximating (if the tensile 
strength is too high, the suture will cut through tissue)

Elasticity A suture’s ability to regain its original length after deformation. Elasticity 
should be sufficient to accommodate tissue swelling

Memory A suture’s ability to return to its original shape after deformation. Similar 
to pliability (more memory = less pliability and less knot security)

Cost A significant issue in today’s health care arena. Newer suture materials 
with precision needles are generally more costly
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sutures to close the dermis and subcutaneous tissue and reduce wound tension. 
When the Young’s modulus of the thread materials is relatively low, they are pro-
cessed into monofilament sutures, while multifilament sutures are made of less pli-
able materials and processed into twisted or braided construction.

Multifilament sutures generally have greater tensile strength and better pliability 
and flexibility than monofilaments. Multifilament sutures with a high coefficient of 
friction are more difficult to pass through tissue and cause a greater degree of tissue 
injury during placement and removal. However, these sutures are easier to handle and 
manipulate for tying knots. The knots of monofilament sutures are smaller than those 
of multifilaments. Multifilament sutures have a high degree of capillarity, which is 
correlated with a tendency to absorb and retain both fluid and bacteria. This may pro-
mote infection if bacterial contamination occurs during or shortly after surgery.

Synthetic, bioabsorbable sutures available today are listed in Table 8.9, together 
with their chemical structure. As can be seen, they are composed of copolymers, 
except for PGA and poly-p-dioxanone. One of the monomers in the copolymers of 
all sutures is glycolide. The surface of most multifilament sutures is coated to per-
mit easy tissue passage, precise knot placement, and smooth tie-down. The coat-
ing materials applied include calcium stearate, poly(ε-caprolactone) (PCL), PGLA 
(30:70), and poly(CL-co-GA). The characteristics of these bioabsorbable sutures 
are briefly described below.

PGA

This first synthesized bioabsorbable suture has high tensile strength, with a reten-
tion of 60 % at day 7, 35 % at day 14, and only 5 % at day 28. Uncoated PGA 
sutures have good handling and knot security properties, but their high coefficient 
of friction results in significant tissue drag. Coating with PCL minimizes this drag, 
but four throws are recommended to ensure secure knots.

PGLA

PGLA is synthesized by means of random ring-opening polymerization of GA and 
LLA. Depending on the ratio of LLA to GA used for the polymerization, different 
forms of PGLA can be obtained. Multifilament braided Vicryl® sutures contain 90/10 
molar ratio of GA to LLA, and they are coated with 2–10 % of a 50:50 mixture of an 
amorphous PGLA copolymer of 35/65 mol ratio and calcium stearate. The initial ten-
sile strength of the copolymer suture is slightly greater than that of PGA. The PGLA 
suture retains 60 % of its tensile strength at day 14 after implantation and only 8 % 
of its original strength at day 28. Tissue reactivity with PGLA is low, less than that 
of PGA. The water-repelling quality of the lactide unit may slow the loss of tensile 
strength, and the bulkiness of the lactide unit leads to rapid bioabsorption of the suture 
mass once tensile strength is lost. The PGLA sutures are used in general soft tissue 
approximation and vessel ligation without adverse outcomes and resultant cost savings.
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Poly-p-dioxanone

Multifilament sutures such as PGA and PGLA develop a greater amount of fric-
tion when penetrating tissues and have a higher risk of infection. Consequently, 
monofilament sutures made of polydioxanone that had a smooth and soft surface 
were introduced in the 1980s. Polydioxanone is a colorless, semicrystalline poly-
mer with a very low glass transition temperature, ranging from −10 to 0 °C. In the 
body, this polymer is broken down into glycoxylate and excreted in the urine or 
converted into glycine and subsequently into carbon dioxide and water. Although 
the initial tensile strength of the polydioxanone suture is lower than that of the 2 
synthetic multifilament sutures mentioned above, it retains its strength longer. At 
day 14 after implantation, it has 74 % residual initial strength, 58 % at day 28, 
and 41 % at week 6. The initial polydioxanone suture was stiff and had poor han-
dling and knot-tying properties, but the newer product (PDS-II) has improved han-
dling capabilities and has replaced the original product. The polydioxanone suture 
is useful as a buried suture in wounds that require prolonged dermal support and 
in contaminated wounds or wounds in locations at greater risk for infection. This 
suture provides extended wound support and elicits only a slight tissue reaction. 
Polydioxanone is more expensive than PGA and PGLA sutures.

Poly(GA-co-TMC)

This type of copolymer is prepared as A–B–A block copolymers in a 2:1 
GA:trimethylene carbonate (TMC) ratio, with a GA–TMC center block (B) and 
pure GA end blocks (A). These materials have better flexibility than pure PGA 
and are absorbed in approximately 7 months. This copolymer was developed to 
combine the predictable in vivo performance of a synthetic absorbable suture with 
the handling characteristics of a monofilament suture. The copolymer has a high 
initial tensile strength (greater than that of polydioxanone) and retains 81 % of 
its strength at day 14, 59 % at day 28, and 30 % at week 6. This suture is easier 
to handle and has greater knot security than the three bioabsorbable sutures men-
tioned above.

Poly(GA-co-CL)

The biodegradability of this copolymer is much higher than that of the polydiox-
anone suture. The higher rate of degradation of poly(GA-co-CL) may be due to 
its GA content. This copolymer suture has superior pliability despite its mono-
filament nature, leading to easy handling and tying. Among all bioabsorbable 
monofilament sutures, this has the highest tensile strength, which is high initially, 
50–60 % at day 7, but only 20–30 % at day 14 after implantation. This suture is 
used for subcuticular closure and is most useful as a buried suture in wounds that 
do not require prolonged dermal support.
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Poly(GA-co-TMC-co-p-dioxanone)

This copolymer suture has greater tensile strength than the PGLA suture 4 weeks 
after implantation. The handling characteristics and knot security are also superior. 
Tissue drag and risk of bacterial infection are lower than those of PGLA, similar 
to the case with monofilament construction. This suture retains 75 % of its initial 
strength at day 14 and 40 % at day 21.

Poly(GA-co-CL-co-TMC-co-LLA)

This newest synthetic bioabsorbable suture is a rapidly degradable monofilament 
polyester. When compared with the chromic gut suture, this synthetic suture has 
high tensile strength, low tissue reactivity, and improved handling characteristics. 
Its greatest advantage is its rapid rate of bioabsorption. Animal studies indicate 
that this suture retains a minimum of 50–60 % knot strength at day 5 and a mini-
mum of 20–30 % knot strength at day 10 after implantation. It provides secure 
wound approximation for 10 days, and all tensile strength is lost by day 21.

Others

Wound infection is considered to be one of the oldest and most common compli-
cations in all types of injuries. The presence of foreign materials in a wound has 
been known to increase the susceptibility of surrounding tissues to wound infection. 
Suture materials are probably the most important biomaterials in wound infection 
because the infection begins along or near suture lines. Incorporation of anti-bacteri-
als is used to impart anti-microbial activity to biomaterials. An anti-bacterial form is 
also available for PGLA and poly(GA-co-CL) sutures. The anti-bacterial agent used 
to coat sutures is triclosan (2,4,4′-trichror-2′-hydroxydiphenyl ether) (Fig. 8.10). 
This active substance, which is slightly soluble in water, was introduced in 1965. 
Triclosan inhibits fatty acid biosynthesis and enoylacyl carrier protein reductase, 
resulting in membrane destabilization. This anti-bacterial agent has been shown to 

O 

Cl HO 

Cl Cl 

2,4,4 -Trichloro-2 -hydroxydiphenyl ether 

Fig. 8.10  Structural formula of triclosan
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inhibit colonization on the suture by methicillin-sensitive and methicillin-resistant 
Staphylococcus aureus and S. epidermis, Escherichia coli, and Klebsiella pneumo-
niae, even after direct in vivo challenge with bacteria. The handling and wound heal-
ing characteristics and bioabsorption profile after coating with this non-toxic and 
non-irritating agent are similar to those with untreated sutures.

A barbed suture, which is self-anchoring with no knots required for wound clo-
sure, is manufactured from polydioxanone. This suture consists of axially barbed 
segments on each side of a mid-point at which the barbs change direction. This 
wound closure device appears to offer gastrointestinal closure comparable to the 
poly(GA-co-TMC) suture.

One of the major problems in neurosurgery is neuroma formation, which 
often results in neuropathic pain that can be unbearable for the patient. Neuroma 
formation can be influenced by the material of suture fibers used in nerve repair. 
Inhibition of axonal outgrowth accompanied by neuroma formation appears in 
microsurgical nerve repair as a reaction to common microsuture materials like silk, 
nylon, or PGA. While nearly every suture material results in granuloma formation, 
giant cell invasion, and fibrosis, nylon sutures cause less foreign-body reaction 
than other materials, making them the gold standard in microsurgical nerve repair. 
Interestingly, recent findings revealed the advantages of spider silk fibers in guiding 
Schwann cells in nerve regeneration [162, 163]. Therefore, Kuhbier et al. attempted 
to braid microsutures from native spider silk fibers [164]. Spider silks have proven 
to possess high anti-microbial properties, which may lead to lower infection rates 
in peripheral nerve surgery, which is often caused by trauma and leads to septic 
wound conditions. Additionally, recombinant spider silk has extremely low pyro-
genicity, lending further support for its usefulness in trauma surgery where sep-
sis is common. Both spider silk and nylon are polyamides containing amide bond 
(−NHCO−) in the main chain. Microsutures braided of native spider dragline 
silk were manufactured containing either 2 × 15 or 3 × 10 single fibers strands. 
The constructed spider silk sutures had a median thickness of 25 μm, matching 
the USP definition of 10-0. Maximum load and tensile strength for both spider silk 
microsutures were significantly more than 2-fold higher than for nylon sutures; the 
SSR was 1.5-fold higher. All values except elasticity were higher in 3 × 10 strand 
sutures than in 2 × 15 strand sutures but the difference was not significant. With 
regards to mechanical properties, these sutures were superior to nylon sutures. 
Since spider silk displays high biocompatibility in nerve regeneration, its usage in 
microsurgical nerve repair may be considered in the near future.

Conclusions

As demonstrated in this chapter, a variety of bioabsorbable polymers, both natu-
ral and synthetic, have been investigated as surgical materials and devices. Sutures 
have the largest market share among the synthetic bioabsorbable polymer used in 
medicine. Since different types of monofilament and multifilament sutures with 
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wide range of performance have been fabricated and commercially available, new 
development in this application is not expected from researchers or sergeants. In 
contrast, currently available products of sealants/adhesives/hemostatic agents and 
anti-adhesive barriers still have limitations as discussed. These fields are rapidly 
growing applications of bioabsorbable polymers.
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Abstract Polymers represent the foundation of modern restorative Dentistry. The 
majority of dental procedures currently utilized in clinical dentistry depend on 
the close interaction of polymeric materials with dental tissues. In fact, the den-
tal matrix itself is largely constituted of natural polymers, such as collagen fibrils, 
that constitute the organic matrix of dentin, cementum and bone. In this chapter, 
several direct restorative materials will be described in light of their polymeric 
composition and dental application. Particular emphasis will be given to emerging 
restorative materials, such as new classes of dental adhesives and composite resins. 
Additionally, we discuss emerging classes of dental polymers, which have been 
recently utilized to infiltrate demineralized enamel and to assist remineralization of 
collagen fibrils in carious dentin.
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Abbreviations

PDL  Periodontal ligament
ECM  Extracellular matrix
Bis-GMA  2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]propane
HEMA  Hydroxyethyl methacrylate
TEGDMA  Triethyleneglycol-dimethacrylate
10-MDP  10-methacryloyloxydecyl dihydrogen phosphate monomer
4-MET  4-methacryloxyethyl trimellitic acid
Phenyl-P  2-methacryloxyethyl phenyl hydrogen phosphate
PPD  1-phenyl-1,2-propanedione
Lucerin-TPO  2,4,6-trimethylbenzoyl-diphenylphosphine oxide
BAPO  Bisacylphosphine oxide
DPIHP  Diphenyliodonium hexafluorophosphate
MDPB  12-methacryloyloxydodecylpyridinium bromide
BAC  Benzalkonium chloride
CHX  Chlorhexidine
MMPs  Matrix metalloproteinases
PGs  Proteoglycans
GAG  Glycosaminoglycan
EDC/NHS  1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride/ 

n-hydroxysuccinimide
OPACs  Oligomeric proanthocyanidins
PPRF  Prepolymerized resin fillers
QAS  Quaternary ammonium compounds
TCD  Tricyclodecane
SDR  Stress decreasing resin
MMA  Methyl methacrylate
PMMA  Poly(methyl methacrylate)
PILP  Polymer induced liquid precursor
PASP  Poly-L aspartic acid
PGLU  Poly-L-glutamic acid
PVPA  Polyvynilphosphonic acid
PAA  Polyacrylic acid
ACP  Amorphous calcium phosphate

Introduction

Dentistry encompasses a breadth of clinical activities that can range from complex 
surgical oral maxilofacial reconstructions, preventive treatments against pathologi-
cal conditions, restorative procedures for treating tooth decay, among a long list of 
procedures that make up the field of dental sciences. The application of different 
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types of polymers in these procedures is vast, and it can be said that polymers have 
paved the way for important transitions in clinical dentistry [1].

Like any biological tissue, the tooth complex is essentially constituted of a 
complex combination of biopolymers [1]. These structures—which include 
enamel (the outer layer covering the tooth crown), dentin (the tissue immediately 
underneath the enamel), pulp (the sensory unit and vascular component of the 
tooth), cementum (the structure covering the root of the tooth), periodontal liga-
ment (PDL-the soft tissue anchoring the root of the tooth), and alveolar bone (the 
site of anchorage for the tooth in the oral cavity) [2]—present a wide range of 
biopolymeric building blocks, in the sense that they are composed of proteins with 
repeating monomeric units having carbon as a structural backbone forming well-
defined organic matrices [3].

Biopolymers are present in dental tissues in the form of polynucleotides, 13 
or more nucleotide monomers covalently bonded in a chain (i.e. RNA and DNA), 
which contribute to the genetic make up regulating the functions of odontobalsts 
and stem cells in the dental pulp [4]. Similarly, polypeptides, which are short poly-
mers of amino acids, form the basic building blocks of the extracellular matrix 
(ECM) in dentin, alveolar bone, cementum, PDL and pulp in the form of collagen 
fibrils [1] and elastin (in the pulp and PDL/bone vasculature) [5]. Another example 
of biopolymers present in the tooth are the polysaccharides that also compose the 
ECM. These structures are carbohydrate molecules composed of long chains of 
monosaccharide units bound by glycosidic bonds that are present in dental tissues 
mostly in the form of proteoglycans and glycosaminoglycans [1, 6].

Given that the structural building blocks of the tooth are essentially composed 
of polymeric constituents, it is no surprise that the progress of dentistry and dental 
biomaterials would seek to approximate the polymeric composition of the natu-
ral tooth [7]. Interestingly, however, it was not until the mid 1900s that polymeric 
materials emerged as an alternative material for dental applications [8].

The origins of dental sciences date back to approximately 500 year before 
Christ, when reports suggest that Hippocrates and Aristotle studied patterns of tooth 
eruption, dental extractions techniques and methods for stabilization of loose teeth 
using metallic wires [8]. Ever since the description of these procedures by antique 
societies, metals have formed the basis for the majority of dental treatments. Thus, 
it may be argued that, for a long time, metals formed the basis for clinical dentistry. 
The ability of polymers to provide excellent aesthetic quality, easy manipulation, 
tunable physical properties, amongst other advantages, has arguably allowed the 
greatest transition in dental sciences. In 1949, Hagger developed the first type of 
polymeric restorative system in an attempt to bond acrylic resin to dentin [9]. This, 
followed by a wide range of studies on dental polymers, particularly the ones pio-
neered by Buonocore et al. in 1955, which represented the greatest shift in dental 
materials development and applications to date. Ever since it was demonstrated that 
polymeric dental materials had sufficient biocompatibility for direct restorations, 
the focus of dental materials development shifted from metals to polymers, a trend 
that has remained virtually untouched since the mid 1900s.
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Nowadays, polymers are largely used for restorative applications as a  treatment 
for decayed teeth, as materials for prosthetic applications in the fabrication of 
partial and complete dentures, in different laboratorial methods for molding and 
modeling, and more recently for controlled remineralization of teeth and tissue 
engineering, amongst other applications. In this chapter, we will discuss the appli-
cations of polymers in the wide field of clinical dentistry, with particular emphasis 
in restorative procedures and emerging ‘smart’ polymeric materials with potential 
dental applications.

Polymers in Dental Adhesion

Composition and Classification of Dental Adhesives

Adhesion of restorative dental biomaterials to tooth substrates is primarily based 
on micromechanical interlocking of resin monomers to the components of the 
hard tissue. In addition to micromechanical retention, chemical bonding can be 
achieved via functional monomers, which are able to chemically and mechanically 
bond to the tooth [10, 11]. While commonly classified as generations by industry, 
the most appropriate way to classify the current adhesive systems is by the dentin 
surface treatment and application techniques. The application techniques recom-
mended by manufacturers is greatly influenced by the composition of the adhesive 
polymer [12]. A summary of the current adhesive systems is shown in Table 9.1.

Table 9.1  Contemporary dental adhesive systems and their composition

Clinical steps Etching Primer Resin

Etch-and-rinse 
(3-steps)

Phosphoric acid 
(30–35 %)

HEMA, organic 
solvent (ethanol/
acetone/water), 
proprietary monomers

Hydrophilic and 
hydrophobic 
monomers (HEMA, 
TEGDMA, Bis-GMA, 
UDMA), initiators

Etch and rinse 
(2-step)

Phosphoric acid 
(30–35 %)

Hydrophilic and Hydrophobic monomers 
(HEMA, TEGDMA, Bis-GMA, UDMA, pro-
prietary monomers), organic solvent (ethanol/
acetone/water), fillers, initiators

Self-etching (2-step) Functional and hydrophillic acidic monomers 
(Phenyl-P, 4-MET, 10-MDP, MDPB and 
HEMA), initiator, solvents and water

Functional, hydro-
philic and hydrophobic 
monomers (Bis-GMA, 
TEGDMA), initiator

Self etching (1-step) Functional, hydrophilic acidic and hydrophobic monomers (4 META, 
Phenyl-P, 10-MDP, HEMA, Bis-GMA, UDMA), initiators, solvents and 
water

Universal Optional Phosphoric 
acid (30–35 %)

Functional, hydrophilic and hydrophobic 
monomers(10-MDP, HEMA, Bis-GMA, 
TEGDMA), proprietary monomers, solvent, 
initiator
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The basic components of a dental bonding system include a primer, the adhe-
sive resin, an organic solvent and polymerization initiators. Primers contain hydro-
philic blends of resin monomers/co-monomers. Adhesive resins contain blends 
of hydrophobic monomers/co-monomers. Solvents are added to the systems to 
enhance resin infiltration into the tissue, whereas photoinitiators are commonly 
used for convenient operator-controlled photopolymerization of the adhesive. 
Other ingredients such as fluoride, glutaraldehyde, antimicrobials are also com-
monly added to the mixture in an attempt to further protect or strengthen the adhe-
sive interface.

The adhesion mechanism is tissue-dependent; in general bonds with greater 
clinical durability are achieved on enamel surfaces when compared to dentin. The 
surface treatment, adhesive chemistry, application protocol and different forms of 
enamel and dentin are also determinant factors in the adhesion process. The main 
mechanism of bonding to sound enamel is the formation of resin microtags fol-
lowing infiltration of resin monomers into a superficially decalcified microstruc-
tured prismatic layer. In dentin, resin tags can also be formed and it is estimated 
that 60–80 % of the bond strength to dentin is provided by the formation of the 
hybrid layer, which is the impregnation of the collagen network with the adhe-
sive resin (further details below). The complexity in composition and structure 
of dentin is a major obstacle for proper interfacial sealing and high bond strength 
overtime. A proof to the importance of the hybrid layer was poor success rate of 
earlier dental adhesive systems that did not bond to dentin. Due to the importance 
of dentin to the extended service-life of a restoration, novel materials have been 
developed based on high affinity for the dentin structure components. The process 
of hybrid layer formation is described below.

The Process of Hybrid Layer Formation

In order to properly bond to dentin, resin monomers must interact with the den-
tin matrix. The term hybrid layer is used to describe the physical interaction 
between the resin and the demineralized dentin. Adhesion in dentin is mainly 
obtained by micromechanical inter-locking of cured resins and the exposed den-
tin collagen network. Earlier adhesive systems provided the foundation for the 
development of a hybrid layer in dentin. These systems called “etch-and-rinse” 
remove smear layer—a surface layer composed of organic and inorganic debris 
resulting from the drilling process—smear plugs and superficially decalcify 
the dentin with a separate application step of acidic etchant—generally phos-
phoric acid. Microscopically, a clean surface with the exposed collagen fibrils 
is apparent and ready for the priming step with hydrophilic-based monomers 
and subsequent coating with hydrophobic blends of resin monomers. Following 
resin polymerization, the infiltrated resin will be anchored onto the exposed 
dentin matrix. This complex process takes place very quickly, usually between 
30–90 s.
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The primer is constituted of a blend of organic solvents and hydrophilic mon-
omers to enable proper resin infiltration. Following the priming step, a more 
hydrophobic adhesive layer is applied acting as a barrier for the outward water 
movement from the dentin tubules, also providing the necessary hydrophobicity to 
chemically bond the adhesive material with the resin composite, which will make 
up the bulk of the dental restoration. Because of the presence of water and organic 
components, the technique is highly sensitive. The surface of dentin must remain 
hydrated prior to the application of the primer to avoid collapse of the collagen 
exposed during decalcification. The technique was developed in the early 90s and 
is called wet bonding technique. Overwetting and overdrying the dentin will result 
in a significant decrease in the bond strength. The later generation of etch-and-
rinse system simplified the technique by applying the primer/adhesive at the same 
time (Table 9.1).

Self-etching systems also have the ability to form hybrid layers however in a 
limited manner and non-uniform fashion. A thinner hybrid layer is also observed 
when functional acidic monomers are used to demineralize and simultaneously 
infiltrate the dentin matrix. The functional monomers in the adhesive blends are 
ionized in water and etch the dentin surface while penetrating within the collagen 
framework [12]. The adhesive system is further polymerized in both techniques, 
resulting in mechanical interlocking with the dentin matrix. Hydrophilic mono-
mers are preferable for penetrating within the dentin matrix after demineralization. 
However the excess water may result in separation of the hydrophilic and hydro-
phobic components of the adhesive system, decreasing the mechanical properties 
of the resin-dentin interface [13]. Good penetration of the adhesive system envel-
oping the exposed collagen fibrils is important for the success of the hybridization 
process.

Adhesive Interface Degradation

The hybrid layer is believed to be essential for maintaining the integrity of the 
resin-dentin bonded interface. The complete replacement of mineral by resin 
monomers during infiltration is unlikely even with the use of low viscosity hydro-
philic monomers and organic solvents [12]. The infiltration of adhesive into dem-
ineralized dentin is influenced by the diffusion ability of the resin monomers plus 
organic solvents within the dentin matrix. Complete enveloping of the dentin 
matrix is likely not to occur by passive infiltration of the resin monomers due to 
the size of the molecules and the available spaces within the collagen molecules 
[1, 14]. The incomplete resin infiltration affects the stability of the interface by 
establishing pathways for fluid penetration accelerating hydrolytic and enzymatic 
degradations.

In addition to the hybrid layer, critical components of the adhesive interface 
are the underlying dentin and the adhesive layer itself (Fig. 9.1). The biomechani-
cal properties of these 3 components are distinct and their integrity overtime also 
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plays an important role in the service-life of dental restorations. Hydrolytic and 
enzymatic degradation mechanisms are believed to be major players in the degra-
dation of the interface components. The processes can be accelerated by the chem-
ical, mechanical stresses in the oral environment. Some of the well-established 
mechanisms of interfacial degradation are described below in detail.

Degradation of Resin at the Interface

The hydrolysis of monomers and breakdown of polymeric chains of meth-
acrylate-based resins are associated with adhesive degradation. After polymeri-
zation the adhesive resins absorb water by diffusion through poorly polymerized 
chains and hydrophilic domains [15–17]. The distance between polymers tends 
to increase, allowing water to stay entrapped between the polymeric networks, 
decreasing the mechanical properties of the polymer [16, 18]. The decrease in 
the modulus of elasticity of the polymer, will allow for polymer chain move-
ment, facilitating the swelling of unreacted monomers [19]. Water can break the 
ester bonds in methacrylate monomers. In addition to hydrolysis, degradation of 
2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]propane (Bis-GMA), by 
salivary and bacterial esterases has been reported [20, 21]. Hydrophilic mono-
mers are used as priming agents to facilitate the diffusion of resin into the col-
lagen rich layer in dentin. However, hydrophilic monomers such as HEMA 
(Hydroxyethyl Methacrylate) and diluent monomers with ethylene glycol group 
(i.e. TEGDMA—triethyleneglycol-dimethacrylate) greatly increase the water 
sorption of adhesives [22].

The clinical technique can also affect the performance of dental adhesive sys-
tems. Significant reduction in the degree of conversion and mechanical properties 
of adhesive systems was observed when solvents were not properly evaporated 
[23–26]. The application of simplified-step adhesive systems to an excessively wet 
dentin surface may lead to phase separation and a hydrophobic-poor and hydro-
philic-rich zone may be formed, lowering the stability of the adhesive interface 
[13]. Acidic monomers remain active when poorly polymerized resulting in con-
tinuous etching of the underlying dentin [27].

Fig. 9.1  a Typical monomer molecules used in dental adhesive systems. b Schematic of the 
resin dentin interface
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Degradation of Dentin Matrix at the Interface

Dentin matrix is mainly composed of type I collagen fibrils, non-collagenous 
proteins and enzymes [1, 28]. Proteolysis of collagen and non-collagenous com-
ponents are associated with loss of anchorage to the dentin reducing the bond 
strength and increasing permeability at the resin-dentin interface. At the adhesive 
interface, the organic dentin matrix can either be left exposed by incomplete resin 
infiltration or become exposed following degradation of adhesive components. The 
exposed collagen is vulnerable to hydrolytic and proteolytic degradation. Collagen 
degradation at the interface has been linked to host-derived enzymes that are com-
monly latent in fully mineralized dentin [29, 30]. More specifically, the degrada-
tion process takes place by activation of host-derived matrix metalloproteinases 
(MMPs) and cysteine cathepsins [31]. The MMPs are zinc and calcium-dependent 
proteolytic enzymes capable of degrading the organic network. Collagenolytic 
(MMP-1, -8 and -13) and gelatinolytic (MMP-2) enzymes, can cleave the collagen 
triple-helical molecule in ¼ and ¾ fragments. The denatured fragments can be fur-
ther degraded by gelatinases and other non-specific tissue proteinases.

Proteoglycans (PGs), which represent about 3 % (w/v) of the organic com-
position of dentin, are organic structures strongly bound to collagen which play 
important roles on the structure and biomechanics of the matrix. The most preva-
lent PGs in dentin, decorin and biglycan, contain either one (decorin) or two (byg-
lycan) glycosaminoglycan (GAG) chains attached to a core protein. In mature 
dentin, negatively charged GAGs provide tissue hydration and organization by 
interconnecting adjacent fibrils. Selective removal of GAGs and PGs results in 
decreased mechanical properties of mineralized dentin and also significantly 
affects the resin-dentin bond strength. Decrease in the resin-dentin bond strength 
of PGs-depleted dentin matrix has been reported following a re-wetting restorative 
technique [32]. Resin infiltration is compromised due to the inability of PGs- and 
GAGs- depleted dentin matrix to re-expand following surface desiccation. Reports 
have also shown that under hydrated condition, enzymatic removal of PGs may 
result in better diffusion of monomers into the dentin tubules [33], as PGs con-
trol diffusion through the matrix and water displacement. The function of PGs on 
mature dentin deserves more attention.

Emerging Concepts and Future Prospects for Polymers  
in Dental Adhesion

It is estimated that resin composite restorations have a service life of 6–7 years, 
which is far less than half of the service life of dental amalgam. The main rea-
son for replacement of direct adhesive resin composite restorations is second-
ary caries. Therefore failures at the interface has, to a great extent, inspired 
development of novel strategies to reduce degradation of the resin-tooth inter-
face. Limitations within the material and intrinsic properties of the dentin have 
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sparked a need to acknowledge the biology nature of the tissue as well as new 
directions in the resin chemistry that has been used in dental adhesive systems 
for the past 40 years. Some of the emerging and future concepts are detailed in 
the two sub-items below.

Material Perspective

Poor degree of conversion of dental resin monomers, elution of un-polymerized 
monomers and degradation of polymeric chains by enzymatic and hydrolytic chal-
lenges, have all been associated with the low stability of the resin at the bonded 
interface. Novel approaches have focused on improving the adhesion to the dental 
tissue as well as increasing stability of the resin and resin-dentin interface.

Resin monomers promoting chemical bond to enamel and dentin have been 
added to many contemporary adhesive systems in an attempt to achieve high 
bond strength via chemical bonding to the inorganic component of the tissue [34]. 
Specifically, formation of ionic bonds between 10-methacryloyloxydecyl dihydro-
gen phosphate monomer (10-MDP) and tissue hydroxyapatite crystals resulting in 
stable Ca-MDP salts [11]. Other functional monomers are also capable of chemi-
cal interaction with the tooth inorganic content. The functional monomers 4-meth-
acryloxyethyl trimellitic acid (4-MET) and 2-methacryloxyethyl phenyl hydrogen 
phosphate (Phenyl-P) can also interact with hydroxyapatite crystal; however a 
more stable reaction is observed for Ca-MDP resulting salts [10, 11].

Aiming at establishing a polymeric chain that is less susceptible to degradation, 
a new class of monomers has been proposed. Silorane-based materials have an 
oxirane ring-opening mechanism of polymerization which is proposed to reduce 
polymerization shrinkage. In addition, siloxane molecules are more hydropho-
bic than methacrylate monomers, which may improve silorane resins` resistance 
to hydrolysis. However, the mechanical performance of silorane resins are not as 
predictable as compared to methacrylate resins [35], which may limits its applica-
tion to areas of non-critical stresses. The substitution of TEGDMA by thiol-ene 
systems has been studied. Thiol-enes alone may not attain as good mechanical 
properties as methacrylate resins, but in association, the mechanical properties 
were equivalent. The methacrylate-thiol-ene resin systems showed increased meth-
acrylate functional group conversion and decreased volumetric shrinkage [36, 37] 
and are promising alternative dental restorative materials.

Additional improvements on the degree of conversion of the adhesive sys-
tems were observed with new and less hydrophobic initiators of polymerization. 
Camphorquinone and aromatic amines are the most commonly used photoini-
tiator systems for light-activated dental resins, but they can be excessively 
hydrophobic making it difficult to activate the more hydrophilic monomers at 
the adhesive systems. The addition of alternative initiators such as 1-phenyl-
1,2-propanedione (PPD), 2,4,6-trimethylbenzoyl-diphenylphosphine oxide 
(Lucerin-TPO) and bisacylphosphine oxide (BAPO) improve resin polymeri-
zation within hydrophilic domains and reduce susceptibility to inactivation by 
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acidic adhesive monomer in self-etching systems. The use of diphenyliodo-
nium hexafluorophosphate (DPIHP) in Bis-GMA and HEMA based experimen-
tal adhesives accelerates the resin polymerization and improve the mechanical 
properties [38].

Biological approaches to reduce degradation of the organic matrix resulted on 
the investigation of functional monomers to inhibit collagenolytic enzymes. An 
example is the incorporation of 12-methacryloyloxydodecylpyridinium bromide 
(MDPB), a polymerizable quaternary ammonium methacrylate [39], into self-etch-
ing resin adhesive blends. As for total-etch adhesive systems, an enzyme inhibitory 
effect can be achieved by adding a quaternary ammonium group, the benzalko-
nium chloride (BAC), to the etching solution. Studies using experimental materials 
showed possible incorporating MMP inhibitors in the methacrylate resin composi-
tion, aiming to a slow and continuous release of the inhibitors within the adhesive 
interface.

Tissue Perspective

As a major component of the bonded interface, the dental tissue components have 
a dramatic effect of the stability of resin-tooth interface. While there is still much 
to learn about the composition and role of organic components in different forms 
of dentin and enamel, there is a consensus that the stability of the dentin matrix 
remains key to the long-term strength and permeability of the interface.

The application of enzyme inhibitors to prevent dentin matrix degradation has 
been extensively investigated and few materials are already available to allow 
dental practitioners to rinse the surface with agents such as chlorhexidine (CHX). 
CHX is a potent antimicrobial agent and it can inhibit MMP-2, -9 and -8 by bind-
ing to the enzyme’s active sites. Similarly, it interacts with cysteine cathepsins, 
likely by interacting with the S2 subsites [40, 41]. It has been suggested that low 
concentrations of CHX (0.05–0.2 %) can inhibit the collagenolytic activity of den-
tin matrix, however the relative low substantivity of priming solutions may limit 
the long-term protective effect. Among other synthetic MMP inhibitors are the 
modified tetracycline. Special attention has been given to Galardin, a hydroxam-
ate-based bisphosphonate, which inhibits MMPs by chelating its zinc active sites 
[31, 42]. This potential effect against MMP-1, -2, -3, -8 and -9 may reduce the 
bond strength loss overtime when compared to CHX. Because the inhibitory effect 
is mainly due to competitive binding of the inhibitory solutions with specific sites, 
the effectiveness is concentration dependent.

Remineralization of unprotected collagen at the dentin-resin interface has been 
proposed to preserve the adhesive bond strengths overtime. The biomimetic rem-
ineralization strategy is based on the use of polyanionic molecules such as poly-
carboxylic and polyphosphonic acids, which will be explained with greater detail 
below. The molecules mimic the mineral nucleation and growth control functions 
of endogenous non-collagenous proteins bound to collagen. In vitro intra-fibrillar 
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and extra-fibrillar mineralization has been reported at the adhesive interfaces in 
presence of Portland cement (tricalcium silicate, dicalcium silicate, tricalcium 
aluminate, and a tetra-calcium aluminoferrite) mineralized using the biomimetic 
 mineralization approach.

Another innovative approach is the biomodification of dentin matrix by multi-
functional agents that increase the biomechanical properties and reduce the bio-
degradation rates of the dentin matrix [43]. Enhanced mechanical properties of 
biomodified dentin matrices are a result of the presence of non-enzymatic colla-
gen cross-links induced by synthetic and nature-derived agents. These agents are 
also potent enzyme inhibitors and greatly decrease biodegradation of dentin in 
presence of host-derived enzymes as well as bacterial collagenase. Plant-derived 
oligomeric proanthocyanidins (OPACs), in particular, strongly interact with 
dentin collagen and also non-collagenous components such as PGs and endog-
enous proteases. Glutaraldehyde is another effective synthetic agent for collagen 
crosslinking, however due to its toxicity its clinical use is limited. 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride associated with n-hydroxysuc-
cinimide (EDC/NHS) has received much attention as a synthetic option with lower 
toxicity when compared to glutaraldehyde. Priming dentin with EDC/NHS shows 
increased long-term stability of the resin-bonded interfaces [44]. Riboflavin [45] 
has also been studied for this purpose, but the use of UV light may limit its use in 
clinical setting. Strategies to incorporate most of these agents into the restorative 
systems are ongoing.

Polymers in Restorative Composites Resins

First introduced over 50 years ago, polymer-based dental materials revolutionized 
restorative Dentistry primarily due to their outstanding esthetic and adhesive prop-
erties. These characteristics have allowed for substantially improved preservation 
of healthy tooth structures, prevention of postoperative sensitivity, reduction of 
microleakage, among other advantages compared to dental amalgams.

Over the years, resin based restorative materials have been the focus of a great 
deal of research, being drastically improved by manufactures, particularly with 
respect to aesthetic quality and mechanical behavior. Despite great improvements, 
failure and replacement of dental composite restorations continue to have great 
impact on clinical outcomes [46]. For instance, restorative composites still present 
a number of drawbacks, like wear, lack of a consistent degree of conversion, frac-
ture and secondary caries [47, 48].

There have been several attempts to improve clinical performance of composite 
restorative materials by incorporating novel multifunctional monomers, develop-
ing different polymerization strategies or modifying filler components of the for-
mulation. The following sections will explore some of the recent developments in 
restorative polymer composites.
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Composition and Classification of Composite Resins

Composites used in Dentistry were developed in 1962 by combining dimeth-
acrylates (epoxy resin and methacrylic acid) with silanized quartz powder [49]. 
Modern restorative composites are comprised of synthetic monomers, typically 
dimethacrylates, reinforcing fillers, typically made from radiopaque glass, quartz or 
silica, chemicals which promote or modify the polymerization reaction, and silane 
coupling agents which bond the reinforcing fillers to the polymer matrix [26].

The resin matrix of commercial dental composites has bis-GMA (bisphenol-A- 
glycidyldimethacrylate) as its predominant base monomer. Due to its high viscosity, 
bis-GMA is mixed with other dimethacrylates, such as TEGDMA, UDMA or other 
monomers of lower molecular weight [26, 50] to reduce viscosity. The monomers 
are heavily reinforced with filler particles, which add dimensional stability, improve 
wear and strength of the material, also reducing polymerization shrinkage [51].

A number of classification systems have been proposed to describe restorative 
composites. These materials may be distinguished by their consistency, and clas-
sified as flowable, conventional and packable [26]; but the most used classification 
system is based upon filler particle size. As restorative composites have evolved, the 
size of filler particles and their size distribution have been changed in an attempt to 
achieve the best possible mechanical properties while maintaining esthetics.

Initial formulations of dental composites (also known as macrofill) had aver-
age particle-sizes ranging from 10 to 50 µm. Clinically they were very resistant, 
but difficult to polish, also retaining poor surface smoothness overtime. Microfill 
composites generally present a wide range of size-distribution of silica particles 
(40–400 nm). At this size, filler loading represents a challenge for manufacturing 
composites with higher filler content due to agglomeration of the small particles in 
the matrix. These characteristics render microfilled composites highly polishable, 
but generally weak due to their relatively lower filler content and particle size.

One of most recent innovations in composite resins has been the development 
of nanofil composites, containing nanoscale particles ranging from 1 to 100 nm 
with a more homogenous size distribution. The increased filler content results in a 
lower amount of resin, which may significantly reduce polymerization shrinkage 
and improve the physical performance of nanocomposites [52]. Further details on 
the advantages of nanocomposites are presented in Sect. “Nanocomposites”.

The majority of resin composites in clinical use today are categorized in the gen-
eral term of hybrid or micro-hybrid composites [41]. This broad category includes 
traditional hybrids, midifill, and minifill composites. The ‘‘hybrid’’ denomination 
implies a resin composite containing submicron inorganic filler particles and fine 
(over one micron) particles. Traditional hybrid resins consisted of a combination 
of 10–50 µm filler particles with amorphous spherical silica reinforcing particles 
of 40 nm. Midifill composites contain average particle sizes slightly greater than 
1 µm, but also containing 40 nm-sized fumed silica microfillers. Minifill (also 
referred as mycrohybrid) materials present refinements in particle size, which gen-
erated restorative composites with sub-micron particles averaging from 0.4 to 1 µm. 
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Most manufacturers have modified the formulation of their mycrohybrids to include 
more nanoparticles, and have named this category as nanohybrids [26]. The combi-
nation of various sizes of filler particles corresponds to an improvement in physical 
properties as well as acceptable levels of polishability [53].

Emerging Classes of Composite Resins

Anti-caries and Ion-Releasing Polymers

Due to the high frequency of recurrent caries after restorative treatments, much 
attention has been given to the therapeutic effects manifested by direct restorative 
materials. Restorative composites have demonstrated to accumulate more biofilm 
over time, when compared to enamel and other restorative materials, thus favoring 
the development of recurrent caries around these restorations [54]. Therefore, in 
an attempt to control or even prevent secondary caries, alternative clinical methods 
for caries prevention have been proposed including the search for new restorative 
materials with antibacterial activity.

Great emphasis has been given to the development of fluoride releasing materi-
als, however, the direct antibacterial effect of dental materials is another important 
property as the inactivation of bacteria is a direct way to eradicate the cause of 
dental caries. Many attempts for developing dentin-bonding systems and restora-
tive materials presenting antibacterial activity have been performed [55–62].

In the pursuit of developing composites with antibacterial activity, alterations 
to the resin matrix and filler components have been performed. Alterations of 
resin matrix constituents have included two relevant methods: firstly, the addition 
of soluble and immobilized antimicrobial agents in the resin matrix; secondly, the 
alteration of the filler components by addition of silver. Similarly, the immobiliza-
tion of an antibacterial agent in a prepolymerized resin filler (PPRF) utilizing an 
antibacterial monomer has been previously reported [63].

Polymers with Soluble Antimicrobial Agents

The antibacterial effects of the restorative composites are relevant primar-
ily in inhibiting plaque accumulation on the surfaces of the restorative material 
and tooth structures surrounding the restoration. Soluble antimicrobial agents 
added to the resin matrix, when exposed to a wet environment, have a tendency 
to be released from the restorative material, thus preventing plaque accumulation. 
Commonly, large amounts of these agents are released within a few days, followed 
by a dramatic decrease in concentration.

Chlorexidine has been the most frequently antibacterial agent incorporated into 
the resin matrix, and has demonstrated a strong antibacterial activity due to the 
release of antibacterial agents [64]. However, while a strong effect against bacteria 
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has been obtained, the antibacterial activity drastically decreases over time, since 
large amounts of the agent are leached out within a few days [65]. Furthermore, 
it has been reported that the addition of chlorhexidine gluconate at a concentra-
tion of as low as 1 % resulted in significant a reduction of tensile and compressive 
strengths of restorative composite resins strengths [35].

Soluble fluoride agents have also been used to modify the resin matrix and 
obtain antibacterial properties in resin composites. Fluoride levels leached from 
composites are mostly much lower compared to levels released from conventional 
or resin-modified glass-ionomers [66]. Fluoride releasing resin composites might 
contribute to the decrease in cariogenic composition of dental biofilms if an appro-
priate amount of fluoride is released in the early stages of biofilm formation [67], 
yet challenges in developing composites with a sustained fluoride release remain.

Polymers with Immobilized Antimicrobial Agents

The immobilization of antibacterial components in the resin matrix has been 
another attempt to modify resin components to render restorative materials car-
ies-resistant. This approach is used to obtain antibacterial composites that do not 
release any antibacterial component. Rather, the immobilized agent acts as a con-
tact inhibitor against bacteria attaching the material surface [32].

To that end, quaternary ammonium dimethacrylate monomers, such as 
12-methacryloyloxydodecylpyridinium bromide (MDPB), were copolymerized 
with resins to yield antibacterial activity. MDPB was developed by combining a 
quaternary ammonium—which presents a wide spectrum of antibacterial activ-
ity—and a methacryloyl group, incorporated into the composite matrix. This agent 
copolymerizes with other monomers in the composite and thus, the antibacterial 
component is covalently linked to the polymeric network [32]. The immobilized 
agent does not leach out of the composite but functions as a contact inhibitor 
against bacteria attaching to the surface, therefore its effect is not able to reach 
the tooth structures surrounding the restoration [68]. In summary, the effects of 
the MDPB-containing composites are not so intensive as the materials that release 
antibacterial agents. Its effect is mainly bacteriostatic, as the agent cannot pene-
trate through the cell wall or membrane unlike free antibacterial agents described 
above [32].

In order to improve the antibacterial activity of these systems, the addition of 
antibacterial monomers in prepolymerized resin fillers (PPRF) have also been 
reported. Using this method, the PPRF can be highly cured and washed before 
they are loaded into the composite, thus ensuring greater immobilization of the 
antibacterial components than when the antibacterial agent is added to the mono-
mer phase. In an attempt to increase the concentration of MDPB in resin com-
posites, the antibacterial monomer was utilized as a PPRF. The incorporation of 
MDPB to the composite as a PPRF, for instance, has been shown to allow for 
an increase of MDPB concentration in the order of 10 times, thus promoting 
more reliable inhibitory effects on plaque accumulation [69]. An experimental 
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composite prepared by the addition of PPRF-MDPB to a commercially available 
composite demonstrated to inhibit the progression of artificially induced second-
ary root caries lesions regardless of adhesive system [70]. The satisfactory results 
found with MDPB led to the incorporation of quaternary ammonium compounds 
(QAS) into restorative composites. In recent years, many attempts to incorporate 
QAS into polymer based restorative materials have been performed, demonstrating 
good results in antibacterial activity [13, 19, 71, 72]. Therefore, it may be expected 
that future composites will present relevant antibacterial properties and that this 
will be a subject of intensive research in future years.

Antimicrobial Fillers

Similar to the modifications described above, alterations to the filler components 
have been conducted in order to achieve antibacterial composites. Numerous stud-
ies have evaluated composites modified by silver-functionalized filler particles. 
For dental composites, in particular, the use of silver-zeolite, silver-apatite, and sil-
ver-supported zirconium phosphate has been reported [46]. Silver-zeolite and sil-
ver-apatite show antibacterial effects which are dependent upon the slow release of 
silver ions, and these effects are expected to last for longer periods of time when 
compared to materials with embedded antibacterial components. Composites con-
taining silver nanoparticles have demonstrated inhibited biofilm formation and 
reduction of biofilm viability [73]. However, poor color stability is a common 
problem for these types of restorative composites.

Low-Shrinkage Composite Resins

Ring-Opening Monomers

One of the main drawbacks in dental composites remains the high polymeriza-
tion shrinkage of these materials. It is well recognized that the polymerization 
stresses resulting from polymerization shrinkage of composite restorations can 
lead to numerous adverse clinical effects, including de-bonding, post-operative 
sensitivity, marginal discrepancies, among other clinically relevant issues [26]. 
The extent of shrinkage is generally influenced by the volume of resin, its com-
position, and the degree of conversion of the cured monomers [41]. Current 
commercial dental composites have a volumetric shrinkage ranging from 1.6 to 
8 vol % [74]. Therefore, the development of non- or minimal-shrinkage dental 
composites has been the focus of extensive research. Investigators have made 
several attempts to reduce shrinkage by introducing monomer molecules that 
present different polymerization strategies to more common linear chain length-
ening, such ring-opening monomers like spiro-orthocarbonates [75], epoxy-
base resins like the siloranes [76], as well as high-molecular-weight monomers 
like dimer acid-based dimethacrylates [77], tricyclodecane (TCD) urethane and 
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organically-modified ceramics (ormocers) [78, 79]. Low shrinkage oxiranes, 
for instance, are cyclic ethers that polymerize through a cationic ring-opening 
mechanism, in contrast to the free radical polymerization of methacrylates [54, 
80]. Oxirane based-resins have shown many advantageous properties, such as 
improved depth of cure, lower polymerization shrinkage, higher strength, as 
well as comparable hardness and acceptable glass transition temperature when 
compared with conventional bis-GMA-based dental composites [81]. However, 
residual monomers released from oxirane-based composites after polymeriza-
tion have shown relevant toxicity [82].

With the similar objective of introducing ring-opening monomers into restora-
tive composites, Weinmann et al. [54] described the synthesis of a new monomer 
system, a ‘silorane’ which is an epoxy functionalized cyclic siloxane whose name 
is derived from the combination of its chemical building blocks siloxanes and 
oxiranes. Siloranes were found to be stable and insoluble in biological fluids [24], 
while showing a much lower mutagenic potential than those of related oxiranes 
[83]. Silorane’s network is generated by the cationic ring-opening polymeriza-
tion of the cycloaliphatic oxirane moieties. In these systems, polymerization starts 
with an acidic cation that opens the oxirane ring and generates a new acidic center, 
a carbocation [16]. After the addition to an oxirane monomer, the epoxy ring is 
opened to form a chain or, in the case of two- or more multifunctional monomers, 
a network. The opening of the oxirane rings during the polymerisation process 
compensates to some degree for the polymerisation shrinkage [61].

The oxirane rings are responsible for the physical properties and the low 
shrinkage, while the hydrophobic properties of the material are related to the 
siloxanes [61]. As a consequence, exogenous discolouration and water absorption 
are reduced. All these reported advantageous characteristics serve to enhance the 
potential of silorane monomers to be used successfully in dental composite materi-
als. Weinmann et al. [54] observed a low shrinkage rate (<1 %) and seven times 
more light stability for the silorane in comparison with resin-based methacrylates. 
The clinical application of siloranes is limited to the posterior teeth because only 
a few low translucent colours are available. Additionally, due to its hydrophobic 
properties, a special adhesive system must be used for silorane restorations.

Stress Decreasing Resin (SDR) Technology

Slowing down the polymerization rate is another mechanism that has been utilized 
to compensate for stresses generated upon polymerization in resin-based compos-
ites. These mechanisms increase the material flow capacity, lower stress build-up 
and thus promote improved interfacial integrity [84]. A recently introduced flow-
able resin-based composite material, intended to be used as a liner in occlusal and 
posterior proximal restorations, differs from conventional resin by incorporating a 
Stress Decreasing Resin (SDR) technology. This material provides an approximate 
20 % reduction in volumetric shrinkage and almost an 80 % reduction in polymeri-
zation stress compared to a traditional resin system due to the addition of a urethane 
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dimethacrylate structure. This is due in part to the larger size of the SDR resin com-
pared to conventional resin systems (molecular weight of 849 g/mol for SDR resin 
compared to 513 g/mol for Bis-GMA). The SDR Technology comprises the unique 
combination of such a large molecular structure with a chemical moiety called a 
Polymerization Modulator, chemically embedded in the center of the polymerizable 
resin backbone of the SDR resin monomer [85].

Emerging Classes of Low-Shrinkage Composites

Silsesquioxane (SSQ), an organosilicon compound forming a cage structure, have 
been studied and present great potential for low-shrinkage nanocomposites. The 
hardness and modulus of nanocomposites with different percentages of SSQ have 
been shown to decrease when increased amounts of SSQ monomers were added. 
Authors have interpreted that the incorporation of SSQ monomers helps to reduce 
both rigidity and polymerization shrinkage [86]. Therefore, in the correct formula-
tion, SSQ materials have great potential to be used as low-shrinkage composites.

Lee and Rhee [87] developed a bioactive poly(methyl methacrylate)/SiO2-CaO 
nanocomposite using either dimethyl-diethoxysilane (DMDES) or tetraethoxysi-
lane (TEOS), which could create 2 and 4 siloxane linkages, respectively, after a 
sol-gel reaction. According to the authors, this nanocomposite can be applied as 
filler materials for bone cement as well as dental composite resin, because of its 
good bioactivity and improved mechanical properties. Chen et al. [88] also devel-
oped a low-shrinkage, high-strength nanocomposite by using a 4-epoxycyclohex-
ylmethyl-(3, 4-epoxy) cyclohexane carboxylate (ERL4221) matrix with 55 % of 
70- to 100-nm nanosilica fillers through ring-opening polymerization. The nano-
composite was shown to exhibit low polymerization shrinkage strain and a low 
thermal expansion coefficient comparable with that of the methacrylate-based 
composites. Other type of resin matrix includes photocurable epoxy-polyols, 
which were shown to have significant advantages over dimethacrylates, including 
lower polymer shrinkage, no oxygen inhibition layer, higher strength, and equiva-
lent hardness, as well as acceptable glass transition temperatures [89].

Nanocomposites

Nanotechnology or nanoscience is the field that studies the manipulation of struc-
tures on the atomic and molecular scales, and where the dimensions of the result-
ing supra-atomic and supramolecular structures fall under 100 nm. The National 
Nanotechnology Initiative defines nanotechnology as the creation of functional 
materials with characteristic dimensions in the range of 0.1–100 nm. When inor-
ganic phases in an organic/inorganic composite become nanosized, they are called 
nanocomposites.

The relevance of nanotechnology in Dentistry, as exemplified by the wide-
spread use of nanoparticles in dental composites, is not new [90]. Colloidal silica 
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particles of a diameter of approximately 40 nm have been in use in dental micro-
filled and hybrid composites for more than 10 years [91]. Currently, dental nano-
composites are composed of a blend of nanofillers distributed in a dispersed form 
or as clusters. Nanomers are monodispersed, non-agglomerated, and non-aggre-
gated silica particles of 20 and 75 nm in diameter. Nanocluster fillers are loosely 
bound agglomerates of nanosized particles that maintain the morphology and 
properties of individual particles [16].

Nanofillers are usually invisible and offer many advantages to dental com-
posites, such as optical property improvement [92], increase of the overall filler 
content to as high as 90–95 % of the composite by weight, and reduction of 
polymerization shrinkage due to a lower amount of the monomeric phase [16].

Nanofillers and nanoclusters enhance the long-term mechanical stability and 
polishing properties of micro-filled composites [38]. The mechanical stability is 
achieved in hybrid composites primarily due to larger filler particles in form of 
“nanoclusters”. Wear in composite resins have typically been linked to an increase 
in surface roughness resulting from removal of resin while filler particle become 
more exposed to the surface of the restoration, or when filler particles are lost due 
to abrasion. Contrarily, in nanocomposites, nanoclusters are broken down into 
individual nanoparticles, and since these particles are smaller than the wavelengths 
of visible light, roughness is not significantly increased. It has been shown that 
surface polish of nanocomposites is also preserved for longer periods of time in 
composites with filler particles of less than 0.4 μm [38].

Although nanocomposites have been marketed as materials presenting superior 
mechanical performance, in some cases the wear and fatigue properties of com-
posites containing nanoparticles were similar or worse than microfilled compos-
ites [4]. Additional studies, nevertheless, report that dental nanocomposites present 
high translucency, high polish and polish retention similar to those of microfilled 
composites, while maintaining physical properties and wear resistance equivalent 
to those of several hybrid composites [5].

Polymers for Denture Base Materials

For a long time, denture base systems relied completely on the use of metallic mate-
rials. The first non-metallic denture base material, Vulcanite, was introduced in the 
1850s, and served as a denture base system for almost 100 years, when it was then 
replaced by poly(methyl methacrylate) (PMMA). Although PMMA was first devel-
oped in 1931 [93], the first commercially available product was not manufactured 
until 1935. PMMA for denture base resins is usually marketed as pre-polymerized 
beads of 35–200 μm in diameter, and cured via emulsion polymerization, whereby 
the methyl methacrylate (MMA) monomer, supplied as a liquid, is mixed with 
powder forming a dough upon initiation of curing, which will proceed via addition 
polymerization; as reinforcements, small proportions of other alkyl methacrylates 
(ethyl or butyl) may be added to copolymerize with MMA. Other modifications to 
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increase solubility and improve viscosity may be performed by adding small quanti-
ties (<5 %) of ethyl acrylate, whereas the most frequently used initiator is benzoyl 
peroxide (0.5–1.5 %). As the pure MMA is clear, addition of pigments to obtain 
the various tissue-like shades is also often preformed. Pigments are compounds such 
as mercuric sulfide, ferric oxide or carbon black. Similarly, opacifiers like zinc or 
titanium oxides as well as titanium dioxide are typically added to enhance pigmen-
tation and improve aesthetics of denture base materials. Moreover, dyed nylon or 
acrylic fibers simulating blood vessels underlying the mucosa are commonly added 
to denture base polymer materials. Monomer liquid also contains a small quantity of 
cross-linking agent such as ethylene glycoldimethacrylate (EGDMA) [94], which is 
essential to improve hardness and wear resistance.

In addition to meeting the aesthetic requirements for denture base materials, the 
simple processing technique and relatively low cost of PMMA have been attrib-
uted to its widespread use in dentistry [95]. Oral tissues show good tolerance to 
PMMA. Also PMMA-based acrylic resins present good color stability, excellent 
polishing ability, and good marginal adaptation. Yet, the major drawbacks of this 
group of resins include exothermic polymerization, high polymerization shrink-
age, low strength and wear resistance, and potential soft tissue irritation associated 
with excess free monomer [96].

PMMA was not the only type of polymer to be employed as a denture base 
material. Other synthetic polymers have also been introduced, including bakelite 
(phenol-formaldehyde) cellulose nitrate, nylon, epoxy resins, vinyl polymers (pol-
yvinyl chloride and polyvinyl acetate) and polystyrene. Polycarbonates infiltrated 
with glass filler particles have also been used as denture based materials and, 
due to their filler content, have shown nine times higher impact properties than 
PMMA. Yet these materials have the disadvantage of more difficult molding than 
acrylics, since injection molding is required [97, 98].

Although PMMA satisfies the majority of mechanical, biocompatibility and 
surface criteria along with reasonable cost and ease of fabrication [99], it still pre-
sents relative low impact and flexural strengths, thus leading to high incidence of 
fractures. Further, the relatively rough surface of PMMA surfaces after fabrication 
encourage microorganism’s adhesion to the denture surfaces adjacent to abutment 
teeth, with a potential negative impact on oral health and hygiene [100].

Recent improvements to the physical and mechanical properties of the 
polymeric denture base materials have been obtained by incorporating nano-
particles. For instance, it has been reported that the addition of nanometer ZrO2 par-
ticles improves hardness and flexural strength of denture base PMMA resins [101]. 
Similarly, embedding carbon nanotubes (CNT), which are well known for having 
superior mechanical properties, has been attempted as an alternative to reinforce 
denture base acrylic resins. Two recent studies concluded that a remarkable reduc-
tion in polymerization shrinkage [102] and improvement in flexural strength [103] 
can be obtained. However, the interfacial bonding between carbon nanotubes and 
the resin matrix has been reported to be weak, as well as a additional factor contrib-
uting to crack propagation within the polymer structure. More recently, a new class 
of glass filler microparticles (ultrafine GM35429) (1.5 µm) modified with 2 % F ion 
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and coated with silane has been incorporated into PMMA for denture base applica-
tions. This recent study has shown that the fluoride containing microparticles func-
tioned as a fluoride reservoir with relatively controlled F released over time, while 
improving mechanical properties and inhibiting microbial adhesion [104].

Polymers for Treatment of Dental Caries

Despite extensive progress in the prevention of tooth decay, caries disease continues 
to be a major challenge in the dental field [1]. In the US alone, dental treatments 
are responsible for over $100 billion of the total financial burden associated with the 
health care system in the country [105]. Therefore, new methods for prevention and 
treatment of caries in enamel and dentin have long been the focus of great attention 
in caries research. Although polymers have been used to restore decayed teeth since 
the late 1940s [8], new strategies have emerged recently, both for preventive treat-
ments and to remineralize decalcified dental structures affected by caries.

Caries Infiltration with Low-Viscosity Polymers

Dental caries starts as small lesions on the surface of dental enamel. These lesions 
initiate and grow due to the acidic microenvironment that is created in the pres-
ence of bacteria colonizing the surface of the tooth. The bacteria-derived acids, 
combined with enzymes, progress to decalcify the highly organized hydroxyapa-
tite crystallites that constitute about 96 % of enamel, and eventually reach the 
undelaying dentin [106]. Given the non-homogenous pattern of decalcification 
and constant variations in pH in the mouth, the appearance of these early enamel 
lesions is opaque, with loss of luster and whitish or yellowish in color—hence 
their name “white spot lesions” [107]. Microstructurally, early enamel lesions 
present a thin surface layer of mineral, while the subsurface lesion is much more 
porous [108, 109] and acts as diffusion pathways for organic acids and minerals.

Commonly, treatments of enamel white spot lesions have either been preventive 
(noninvasive), with a combination of fluoride-based remineralization [110] and re-
adaptation of the patient’s diet, or restorative (invasive), where the lesion is drilled 
and treated with the polymeric restorative materials and strategies described in 
sections “Polymers in Dental Adhesion” and “Polymers in restorative composites 
resins”. Recently, monomers that are commonly utilized for adhesive restorative 
treatments, or combinations thereof, were modified to enable impregnation of 
white spot lesions with photocrosslinkable materials of low viscosity (Fig. 9.3) 
[111]. The rational behind this strategy stems from the idea that the infiltrant 
occludes the lesion porosity and blocks further diffusion pathways for cariogenic 
acids [111]. Moreover, polymeric resins are much more resistant to acid degrada-
tion than enamel apatite is resistant to acidic dissolution, hence further cavitation 
is prevented after infiltration and photopolymerization (Fig. 9.2).
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Evidently, the ability of polymers to impregnate a porous substrate of intri-
cate microstructural features, such as dental enamel, depends on a series of fac-
tors. It has been determined that such interaction may be better described by the 
Washburn equation [112], which accounts for the penetration of a liquid medium 
into a porous solid, where the porous solid is assumed to be bundle of open 
capillaries:

in Eqs. (9.1) and (9.2), d is the distance moved by the liquid, θ the contact angle 
of the liquid to the substrate, γ the surface tension of the liquid, η is the dynamic 
viscosity of the liquid, t the penetration time and r is the capillary pore radius [112]. 
Therefore, from Eq. (9.2), it can be inferred that the penetration coefficient (PC) is 
heavily influenced by the dynamic viscosity of the liquid, η. Therefore, researchers 
identified that a combination of monomer molecules of sufficiently low molecular 
weight would facilitate diffusion into the affected tissues, while a blend of desirable 
properties after curing would be required for adequate reinforcement of the remain-
der of the tooth structure [111]. Early formulations of resins allowing for improved 
infiltration of caries enamel lesions were composed of a mixture of HEMA and eth-
anol [113–115]. However, mixtures of these components at various ratios showed 
imperfect hardening after photopolymerization. Formulation leading to the most 
desirable properties where then developed using blends of TEGDMA, HEMA and 
20 % ethanol, which resulted in penetration coefficients of up to 475 cm/s [111].

(9.1)d
2
= (γ cos θ/2η)rt

(9.2)PC =

γ cos θ

2η

Fig. 9.2  a Confocal image of rhodamine-stained enamel proximal lesions treated with resin 
infiltrant (Icon; DMG). b Fissure caries lesions (green) infiltrated with resin (red) (color figure 
online). Reproduced with permission from [137] and [138]
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Although desirable penetration coefficients could be attained by optimizing the 
ratios of TEGDMA, HEMA and ethanol, critical challenges associated with this 
method were not only restricted to minimizing viscosity (and contact angle) of 
the polymer. Modifying the microstructure of enamel lesions to facilitate impreg-
nation with the resin was also a requirement [116–118]. It has been well known 
that subsurface lesions in carious enamel are much more porous than the so-called 
pseudo-intact surface layer, which forms by dissolution and re-precipitation of 

Fig. 9.3  TEM images of reconstituted collagen (a) and mineralized collagen using a dual 
biomimetic analog mineralization protocol (b). TEM images of dentin carious lesion (c) 
and lesions after  14 days of PILP-assisted remineralization (d). Reproduced with permission 
from [130] and [132]
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mineral ions on the enamel surface. According to Eq. (9.1), the capillary pore 
radius will also have a significant effect on the ability of a viscous fluid to pen-
etrate a porous solid via capillary action. To that end, researchers identified a need 
to acid-etch the pseudo-intact surface layer of enamel lesions and facilitate diffu-
sion of the viscous fluids of the resins into the body of the lesion [117].

Phosphoric acid has traditionally been used as a conditioner of enamel and den-
tin for adhesive restorative treatments, as described in section “Polymers in Dental 
Adhesion”. 37 % phosphoric acid has been shown to decalcify enamel and den-
tin in a desirable pattern, thus facilitating impregnation of adhesive monomers 
required for placement of composite resin restorations in the tissue matrix. Despite 
the known efficiency of 37 % phosphoric acid gels in acid-etching enamel and 
dentin, it has been shown that its effects in increasing the surface porosity of the 
pseudo-intact surface layer of enamel lesions was not sufficient [117]. To over-
come this limitation, 15 % hydrochloric acid (generally for 2 min) has been tested 
and shown to remove about 30 µm of surface enamel, thus allowing for much 
improved penetration of viscous resins in white spot lesions [116].

Although solid evidence for the efficacy of polymer infiltrants in arresting tooth 
decay and preventing further demineralization [119–121], a few aspects remain 
to be answered. Resins composed of mixtures of hydrophobic monomers, as we 
detailed in section “Polymers in Dental Adhesion”, have been extensively dem-
onstrated to undergo hydrolytic degradation in the presence of oral fluids [122]. 
These conditions have been mostly restricted to dentin, which are not the most 
common applications of resin infiltrants. Nevertheless, not only these polymers 
are recommended for infiltration of dentin-affected caries (at early stages), but 
also marginal degradation due to hydrolyses from oral fluids have been exten-
sively reported for restorative composite resins. It is unclear to which extent 
resin infiltrated caries will develop similar patterns of degradation over time. 
Similarly, newer chemistries that enable chemical retention of photolabile resins 
to hydroxyapatite, such as the 10-MDP molecule currently used in various dental 
bonding systems, may provide further improvements for the nano- and micro-scale 
interactions between enamel and polymer resins for infiltration of tooth decay.

Polymers for Assisted Remineralization of Carious Dentin

Although the requirements for caries prevention and diseases development have 
been well established from many years of research in the field of cariology, our 
perception of how tooth decay may be remineralized has expanded substantially in 
the last decade.

One of the primary aspects allowing for such rapid transition has been an 
improved understanding of the complexity of the mineral-matrix interactions 
occurring in mineralized tissues, particularly in dentin and bone. Early work has 
identified that in mineralized tissues, collagen fibrils are reinforced with min-
eral crystallites that are positioned both intrafibrillarly (inside the fibrils) and 



288 T. Thomé et al.

extrafibrillarly (outside the fibrils) [123, 124]. This partitioning has been shown 
to have important implications for remineralization strategies [106]. For instance, 
it has been shown that the mineral concentration of dentine lacking intrafibrillar 
mineral (due to dentinogenesis imperfect type II) has little correlation to the tis-
sue’s mechanical properties, particularly its elastic modulus [125, 126]. These 
results led to the hypothesis that, although mineral concentration may be a suf-
ficient endpoint for assessing remineralization of carious enamel, it may not have 
the same efficiency in evaluating treatment of carious dentin, where the specific 
interactions between the organic and inorganic components appear to have a 
greater influence than mineral content alone [106, 125].

Traditionally remineralization of tooth structures have relied on well estab-
lished concepts of nucleation and crystal growth. Mineral ions interact with the 
tooth substrate and crystallization occurs at specific thermodynamic conditions 
that are appropriate for formation of an stable apatite phase in register with the 
preserved tooth structures. Using these approaches, researchers have been able to 
demonstrate that in carious dentin, the intrafibrillar mineral that is not fully dis-
solved upon acidic attack may function as nucleation sites for subsequent deposi-
tion of calcium and phosphate within the intrafibrillar compartments of collagen 
fibrils [127]. This, in turn, has been shown to lead to significant increases in the 
mechanical properties of partially demineralized dentin.

In nature, however, noncollagenous proteins such as osteopontin, bone sialo-
protein, dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP), 
and dentin phosphoprotein (DPP), have been associated with the mineralization 
of the tissue’s collagen scaffold [128, 129], thus characterizing a protein-medi-
ated mineralization mechanism that is rather different from the classic reminer-
alization strategies traditionally used in dentistry. It is generally accepted that the 
carboxylate groups on the polyaspartic acid residues of highly anionic noncolla-
genous proteins renders these proteins important regulators of biominerlization 
[130, 131]. Therefore, it has been the focus of much research to develop strategies 
that enable mimicry of these biological functions using acidic polymers capable 
of inhibiting apatite nucleation while stabilizing calcium and phosphate ions in an 
amorphous phase. This conjecture forms the basis for the polymer-assisted miner-
alization of collagenous tissues that is the focus of contemporary approaches for 
remineralization of dentin [130]. We point out, as well, that similar polymer-based 
mineralization strategies have been extensively studied recently to prevent degra-
dation of resin-dentin bonds.

Polymer Induced Liquid Precursor (PILP) System

A recent polymer-assisted biominerlization method that has shown great effec-
tiveness in remineralizing carious dentin is based on a Polymer Induced Liquid 
Precursor (PILP) methodology (Fig. 9.3) [132, 133]. The PILP process is 
based on the action of minute amounts of acidic polypeptides which are added 
to a remineralization solution. The anionic polymer functions be sequestering 
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calcium ions, which then builds up a charge to sequester phosphate or carbonate, 
thus inducing liquid-liquid phase separation in the crystallizing medium [8, 10, 
11] and hence facilitating formation of mineral inside collagen fibrils. Several 
anionic polymers have been studied as the process-directing agent and tested 
for their ability to sequester calcium and phosphate ions and form amorphous 
precursors that could infiltrate the intrafibrillar spaces in demineralized colla-
gen [132–134]. Further studies have also compared poly-L aspartic acid (PASP), 
poly-L-glutamic acid (PGLU), polyvynilphosphonic acid (PVPA) and poly-
acrylic acid (PAA). PASP, in particular, represents the original polymeric combi-
nation in which a carboxylated group is attached to the amino acid backbone by 
one methylene group, thus mimicking one of the two most prevalent aminoacids 
in acidic noncollagenous proteins [131]. PGLU, PAA and PVPA are similar car-
boxylated molecules that have been tested due to their potential combinatorial 
effects with PASP in PILP strategies [134]. Results from these studies showed 
that, among the polymers investigated, PASP and the combination of PASP and 
PGLU/PASP formed stable mineralization solutions and resulted in effective 
intrafibrillar mineralization of collagen fibrils. A similar approach was later uti-
lized to remineralize dentin specimens with simulated caries lesions [132].

In the polymer-assisted remineralization, calcium and phosphate ions are 
sequestered by biomimetic analogs of non-collagenous proteins. Similar to the 
function of the native proteins, these biomimetic analogs inhibit early crystalliza-
tion of mineral forming pre-nucleation clusters, which eventually aggregate and 
form larger amorphous calcium phosphate (ACP) particles, which further stabilize 
to form apatite crystallites [131].

Dual Biomimetic Analog Strategy

Similar strategies have utilized a dual biomimetic analog strategy to facilitate 
mineralization of apatite depleted collagen matrices (Fig. 9.3). Contrary to the 
original PILP method, the dual mineralization strategy utilizes a polyphos-
phate-containing biomimetic analog which are allowed to bind to the collagen 
fibrils prior to immersion in a in a poly(anionic) acid-containing mineralization 
medium [135, 136]. In these systems, polyacrylic acid or polyaspartic acid have 
originally been used as the phosphoprotein analog for sequestering calcium ions 
released by a calcium silicate cement, or a supersaturated solutions of calcium 
and phosphate. Additional biomimetic analogue agents have included polyvi-
nylphosphonic acid, sodium trimetaphosphate or sodium ascorbyl phosphate 
[130]. The objective of incorporating these analogs is to prevent fluidic amor-
phous calcium and phosphate particles from agglomerating into larger particles 
crystalized structures which would prevent the formation of a more stable apa-
tite phase in the intrafibrillar spaces in collagen fibrils. Furthermore, the protein 
analogues are believed to function as an apatite nucleation inhibitor, preventing 
auto-transformation of the amorphous phase into apatite prior to their entry into 
the spaces.
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Conclusion

In summary, in this chapter we review emerging concepts of polymeric materi-
als applied to different areas of clinical dentistry. Tooth structures are inherently 
constituted of natural polymers, such as collagen and noncollagenous proteins. 
These so-called biopolymers, particularly in dentin, form the substrate onto which 
dimethacrylate adhesive resins are diffused into to bond restorative compos-
ites. Different approaches taking advantage of innovative polymer chemistry and 
manipulation methods of the natural polymers themselves have been presented as 
methods to prevent degradation of dentin bonding. Existing and emerging classes 
of composite resins were also described. Recent noteworthy composites include 
anti-caries materials with soluble or immobilized antimicrobial agents and anti-
microbial fillers. Recent formulations of low-shrinkage composites also represent 
innovative types of polymers used in restorative dentistry. Ring-opening polym-
erization methods have been described as well as stress decreasing resins (SDR). 
Finally, emerging polymers used for denture base materials and prevention/treat-
ment of tooth decay were touched upon. In summary, polymers represent one of 
major pillars of current restorative dentistry and will continue to evolve with the 
advent of newer technologies and polymer characterization tools. This review may 
provide guidance for future developments in the field of polymeric dentistry.

References

 1. Bertassoni, L.E., Orgel, J.P., Antipova, O., Swain, M.V.: The dentin organic matrix -limita-
tions of restorative dentistry hidden on the nanometer scale. Acta Biomater. 8, 2419–2433 
(2012)

 2. Kumar, G.S.: Orban’s oral histology & embryology,13th edn. Elsevier, Amsterdam (2011)
 3. Dell, A., Famulok, M., Imperiali, B.: Biopolymers. Chemical and biological approaches for 

understanding form and function editorial overview. Curr. Opin. Chem. Biol. 4, 599–601 
(2000)

 4. Bleicher, F., Couble, M.L., Buchaille, R., Farges, J.C., Magloire, H.: New genes involved in 
odontoblast differentiation. Adv. Dent. Res. 15, 30–33 (2001)

 5. Mithieux, S.M., Weiss, A.S.: Elastin. Adv. Protein. Chem. 70, 437–461 (2005)
 6. Bertassoni, L.E., Stankoska, K., Swain, M.V.: Insights into the structure and composition of 

the peritubular dentin organic matrix and the lamina limitans. Micron 43, 229–236 (2012)
 7. Ferracane, J.L.: Current trends in dental composites. Crit. Rev. Oral Biol. Med. 6, 302–318 

(1995)
 8. Bertassoni, L.E., Uskokovic, V.: Nanotechnology in dental sciences: moving towards a finer 

way of doing dentistry. Materials 3(3), 1674–1691 (2010)
 9. Soderholm, K.J.: Dental adhesives… how it all started and later evolved. J. Adhes. 

Dentistry. 9(Suppl 2), 227–230 (2007)
 10. Van Landuyt, K.L., Yoshida, Y., Hirata, I., Snauwaert, J., De Munck, J., Okazaki, M., et al.: 

Influence of the chemical structure of functional monomers on their adhesive performance. 
J. Dent. Res. 87, 757–761 (2008)

 11. Yoshida, Y., Nagakane, K., Fukuda, R., Nakayama, Y., Okazaki, M., Shintani, H., et al.: 
Comparative study on adhesive performance of functional monomers. J. Dent. Res. 83,  
454–458 (2004)



2919 Emerging Polymers in Dentistry

 12. Van Landuyt, K.L., Snauwaert, J., De Munck, J., Peumans, M., Yoshida, Y., Poitevin, A., 
et al.: Systematic review of the chemical composition of contemporary dental adhesives. 
Biomaterials 28, 3757–3785 (2007)

 13. Ye, Q., Park, J.G., Topp, E., Wang, Y., Misra, A., Spencer, P.: In vitro performance of nano-
heterogeneous dentin adhesive. J. Dent. Res. 87, 829–833 (2008)

 14. Habelitz, S., Balooch, M., Marshall, S.J., Balooch, G., Marshall Jr, G.W.: In situ atomic 
force microscopy of partially demineralized human dentin collagen fibrils. J. Struct. Biol. 
138, 227–236 (2002)

 15. Chiaraputt, S., Mai, S., Huffman, B.P., Kapur, R., Agee, K.A., Yiu, C.K., et al.: Changes in 
resin-infiltrated dentin stiffness after water storage. J. Dent. Res. 87, 655–660 (2008)

 16. Ito, S., Hashimoto, M., Wadgaonkar, B., Svizero, N., Carvalho, R.M., Yiu, C., et al.: Effects 
of resin hydrophilicity on water sorption and changes in modulus of elasticity. Biomaterials 
26, 6449–6459 (2005)

 17. Malacarne, J., Carvalho, R.M., de Goes, M.F., Svizero, N., Pashley, D.H., Tay, F.R., et al.: 
Water sorption/solubility of dental adhesive resins. Dent. Mater. 22, 973–980 (2006)

 18. Ferracane, J.L.: Hygroscopic and hydrolytic effects in dental polymer networks. Dent. 
Mater. 22, 211–222 (2006)

 19. Parthasarathy, R., Misra, A., Park, J., Ye, Q., Spencer, P.: Diffusion coefficients of water and 
leachables in methacrylate-based crosslinked polymers using absorption experiments. J. 
Mater. Sci. Mater. Med. 23, 1157–1172 (2012)

 20. Finer, Y., Santerre, J.P.: Salivary esterase activity and its association with the biodegradation 
of dental composites. J. Dent. Res. 83, 22–26 (2004)

 21. Kostoryz, E.L., Dharmala, K., Ye, Q., Wang, Y., Huber, J., Park, J.G., et al.: Enzymatic 
biodegradation of HEMA/bisGMA adhesives formulated with different water content. J. 
Biomed. Mater. Res. B Appl. Biomater. 88, 394–401 (2009)

 22. Park, J., Eslick, J., Ye, Q., Misra, A., Spencer, P.: The influence of chemical structure on the 
properties in methacrylate-based dentin adhesives. Dent. Mater. 27, 1086–1093 (2011)

 23. Bail, M., Malacarne-Zanon, J., Silva, S.M., Anauate-Netto, A., Nascimento, F.D., Amore, 
R., et al.: Effect of air-drying on the solvent evaporation, degree of conversion and water 
sorption/solubility of dental adhesive models. J. Mater. Sci. Mater. Med. 23, 629–638 (2012)

 24. Wang, Y., Spencer, P., Yao, X., Brenda, B.: Effect of solvent content on resin hybridization 
in wet dentin bonding. J. Biomed. Mater. Res. Part A 82, 975–983 (2007)

 25. Ye, Q., Spencer, P., Wang, Y., Misra, A.: Relationship of solvent to the photopolymerization 
process, properties, and structure in model dentin adhesives. J. Biomed. Mater. Res. Part A 
80, 342–350 (2007)

 26. Yiu, C.K., Pashley, E.L., Hiraishi, N., King, N.M., Goracci, C., Ferrari, M., et al.: Solvent 
and water retention in dental adhesive blends after evaporation. Biomaterials 26, 6863–6872 
(2005)

 27. Wang, Y., Spencer, P.: Continuing etching of an all-in-one adhesive in wet dentin tubules. J. 
Dent. Res. 84, 350–354 (2005)

 28. Marshall Jr, G.W., Marshall, S.J., Kinney, J.H., Balooch, M.: The dentin substrate: structure 
and properties related to bonding. J. Dent. 25, 441–458 (1997)

 29. Mazzoni, A., Carrilho, M., Papa, V., Tjaderhane, L., Gobbi, P., Nucci, C., et al.: MMP-2 
assay within the hybrid layer created by a two-step etch-and-rinse adhesive: biochemical 
and immunohistochemical analysis. J. Dent. 39, 470–477 (2011)

 30. Mazzoni, A., Nascimento, F.D., Carrilho, M., Tersariol, I., Papa, V., Tjaderhane, L., et al.: 
MMP activity in the hybrid layer detected with in situ zymography. J. Dent. Res. 91, 467–
472 (2012)

 31. Tjaderhane, L., Nascimento, F.D., Breschi, L., Mazzoni, A., Tersariol, I.L., Geraldeli, S., 
et al.: Optimizing dentin bond durability: control of collagen degradation by matrix metal-
loproteinases and cysteine cathepsins. Dent. Mater. 29, 116–135 (2013)

 32. Bedran-Russo, A.K., Pereira, P.N., Duarte, W.R., Okuyama, K., Yamauchi, M.: Removal 
of dentin matrix proteoglycans by trypsin digestion and its effect on dentin bonding. J. 
Biomed. Mater. Res. B Appl. Biomater. 85, 261–266 (2008)



292 T. Thomé et al.

 33. Mazzoni, A., Pashley, D.H., Ruggeri Jr, A., Vita, F., Falconi, M., Di Lenarda, R., et al.: 
Adhesion to chondroitinase ABC treated dentin. J. Biomed. Mater. Res. B Appl. Biomater. 
86, 228–236 (2008)

 34. Van Meerbeek, B., Yoshihara, K., Yoshida, Y., Mine, A., De Munck, J., Van Landuyt, K.L.: 
State of the art of self-etch adhesives. Dent. Mater. 27, 17–28 (2011)

 35. Lien, W., Vandewalle, K.S.: Physical properties of a new silorane-based restorative system. 
Dent. Mater. 26, 337–344 (2010)

 36. Boulden, J.E., Cramer, N.B., Schreck, K.M., Couch, C.L., Bracho-Troconis, C., Stansbury, 
J.W., et al.: Thiol-ene-methacrylate composites as dental restorative materials. Dent. Mater. 
27, 267–272 (2011)

 37. Cramer, N.B., Couch, C.L., Schreck, K.M., Boulden, J.E., Wydra, R., Stansbury, J.W., et al.: 
Properties of methacrylate-thiol-ene formulations as dental restorative materials. Dent. 
Mater. 26, 799–806 (2010)

 38. Guo, X., Wang, Y., Spencer, P., Ye, Q., Yao, X.: Effects of water content and initiator compo-
sition on photopolymerization of a model BisGMA/HEMA resin. Dent. Mater. 24, 824–831 
(2008)

 39. Tjaderhane, L., Nascimento, F.D., Breschi, L., Mazzoni, A., Tersariol, I.L., Geraldeli, S., 
et al.: Strategies to prevent hydrolytic degradation of the hybrid layer—a review. Dent. 
Mater. 29, 999–1011 (2013)

 40. Carrilho, M.R., Carvalho, R.M., de Goes, M.F., di Hipolito, V., Geraldeli, S., Tay, F.R., 
et al.: Chlorhexidine preserves dentin bond in vitro. J. Dent. Res. 86, 90–94 (2007)

 41. Scaffa, P.M., Vidal, C.M., Barros, N., Gesteira, T.F., Carmona, A.K., Breschi, L., et al.: 
Chlorhexidine inhibits the activity of dental cysteine cathepsins. J. Dent. Res. 91, 420–425 
(2012)

 42. Breschi, L., Martin, P., Mazzoni, A., Nato, F., Carrilho, M., Tjaderhane, L., et al.: Use of a 
specific MMP-inhibitor (galardin) for preservation of hybrid layer. Dent. Mater. 26, 571–
578 (2010)

 43. Bedran-Russo, A.K., Pauli, G.F., Chen, S.N., McAlpine, J., Castellan, C.S., Phansalkar, 
R.S., et al.: Dentin biomodification: strategies, renewable resources and clinical applica-
tions. Dent. Mater. 30, 62–76 (2014)

 44. Bedran-Russo, A.K., Vidal, C.M., Dos Santos, P.H., Castellan, C.S.: Long-term effect 
of carbodiimide on dentin matrix and resin-dentin bonds. J. Biomed. Mater. Res. B Appl. 
Biomater. 94, 250–255 (2010)

 45. Chiang, Y.S., Chen, Y.L., Chuang, S.F., Wu, C.M., Wei, P.J., Han, C.F., et al.: 
Riboflavinultraviolet- A-induced collagen cross-linking treatments in improving dentin 
bonding. Dent. Mater. 29, 682–692 (2013)

 46. Ferracane, J.L.: Resin composite—state of the art. Dent. Mater. 27, 29–38 (2011)
 47. da Rosa Rodolpho, P.A.: Cenci MS, Donassollo TA, Loguercio AD, Demarco FF. A clinical 

evaluation of posterior composite restorations: 17-year findings. J. Dent. 34, 427–435 (2006)
 48. Wilder Jr, A.D., May Jr, K.N., Bayne, S.C., Taylor, D.F., Leinfelder, K.F.: Seventeen-year 

clinical study of ultraviolet-cured posterior composite Class I and II restorations. J. Esthet. 
Dent. 11, 135–142 (1999)

 49. Bowen, R.L.: Properties of a silica-reinforced polymer for dental restorations. J. Am. Dent. 
Assoc. 66, 57–64 (1963)

 50. Zimmerli, B., Strub, M., Jeger, F., Stadler, O., Lussi, A.: Composite materials: composi-
tion, properties and clinical applications. A literature review. Schweizer Monatsschrift fur 
Zahnmedizin = Revue mensuelle suisse d’odonto-stomatologie = Rivista mensile svizzera 
di odontologia e stomatologia/SSO. 120, 972–986 (2009)

 51. Puckett, A.D., Fitchie, J.G., Kirk, P.C., Gamblin, J.: Direct composite restorative materials. 
Dent. Clin. North Am. 51(3), 659–675 (2007)

 52. Chen, M.H.: Update on dental nanocomposites. J. Dent. Res. 89, 549–560 (2010)
 53. Ferracane, J.L., Berge, H.X., Condon, J.R.: In vitro aging of dental composites in water–

effect of degree of conversion, filler volume, and filler/matrix coupling. J. Biomed. Mater. 
Res. 42, 465–472 (1998)



2939 Emerging Polymers in Dentistry

 54. Beyth, N., Domb, A.J., Weiss, E.I.: An in vitro quantitative antibacterial analysis of amal-
gam and composite resins. J. Dent. 35, 201–206 (2007)

 55. Beyth, N., Yudovin-Farber, I., Bahir, R., Domb, A.J., Weiss, E.I.: Antibacterial activity of 
dental composites containing quaternary ammonium polyethylenimine nanoparticles against 
Streptococcus mutans. Biomaterials 27, 3995–4002 (2006)

 56. Buergers, R., Schneider-Brachert, W., Hahnel, S., Rosentritt, M., Handel, G.: Streptococcal 
adhesion to novel low-shrink silorane-based restorative. Dent. Mater. 25, 269–275 (2009)

 57. Ehara, A., Torii, M., Imazato, S., Ebisu, S.: Antibacterial activities and release kinetics of a newly 
developed recoverable controlled agent-release system. J. Dent. Res. 79, 824–828 (2000)

 58. Hiraishi, N., Yiu, C.K., King, N.M., Tay, F.R., Pashley, D.H.: Chlorhexidine release and 
water sorption characteristics of chlorhexidine-incorporated hydrophobic/hydrophilic resins. 
Dent. Mater. 24, 1391–1399 (2008)

 59. Syafiuddin, T., Hisamitsu, H., Toko, T., Igarashi, T., Goto, N., Fujishima, A., et al.: In vitro 
inhibition of caries around a resin composite restoration containing antibacterial filler. 
Biomaterials 18, 1051–1057 (1997)

 60. Takahashi, Y., Imazato, S., Kaneshiro, A.V., Ebisu, S., Frencken, J.E., Tay, F.R.: 
Antibacterial effects and physical properties of glass-ionomer cements containing chlorhex-
idine for the ART approach. Dent. Mater. 22, 647–652 (2006)

 61. Tanagawa, M., Yoshida, K., Matsumoto, S., Yamada, T., Atsuta, M.: Inhibitory effect of anti-
bacterial resin composite against Streptococcus mutans. Caries Res. 33, 366–371 (1999)

 62. Yoshida, K., Tanagawa, M., Matsumoto, S., Yamada, T., Atsuta, M.: Antibacterial activity of 
resin composites with silver-containing materials. Eur. J. Oral Sci. 107, 290–296 (1999)

 63. Imazato, S.: Antibacterial properties of resin composites and dentin bonding systems. Dent. 
Mater. 19, 449–457 (2003)

 64. Jedrychowski, J.R., Caputo, A.A., Kerper, S.: Antibacterial and mechanical properties of 
restorative materials combined with chlorhexidines. J. Oral Rehabil. 10, 373–381 (1983)

 65. Ribeiro, J., Ericson, D.: In vitro antibacterial effect of chlorhexidine added to glassionomer 
cements. Scand. J. Dent. Res. 99, 533–540 (1991)

 66. Wiegand, A., Buchalla, W., Attin, T.: Review on fluoride-releasing restorative materials–flu-
oride release and uptake characteristics, antibacterial activity and influence on caries forma-
tion. Dent. Mater. 23, 343–362 (2007)

 67. Pandit, S., Kim, G.R., Lee, M.H., Jeon, J.G.: Evaluation of Streptococcus mutans biofilms 
formed on fluoride releasing and non fluoride releasing resin composites. J. Dent. 39, 780–
787 (2011)

 68. Imazato, S., Torii, M., Tsuchitani, Y., McCabe, J.F., Russell, R.R.: Incorporation of bacterial 
inhibitor into resin composite. J. Dent. Res. 73, 1437–1443 (1994)

 69. Ebi, N., Imazato, S., Noiri, Y., Ebisu, S.: Inhibitory effects of resin composite containing 
bactericide-immobilized filler on plaque accumulation. Dent. Mater. 17, 485–491 (2001)

 70. Thome, T., Mayer, M.P., Imazato, S., Geraldo-Martins, V.R., Marques, M.M.: In vitro analy-
sis of inhibitory effects of the antibacterial monomer MDPB-containing restorations on the 
progression of secondary root caries. J. Dent. 37, 705–711 (2009)

 71. Cheng, L., Weir, M.D., Limkangwalmongkol, P., Hack, G.D., Xu, H.H., Chen, Q., et al.: 
Tetracalcium phosphate composite containing quaternary ammonium dimethacrylate with 
antibacterial properties. J. Biomed. Mater. Res. B Appl. Biomater. 100, 726–734 (2012)

 72. Cheng, L., Weir, M.D., Zhang, K., Wu, E.J., Xu, S.M., Zhou, X., et al.: Dental plaque 
microcosm biofilm behavior on calcium phosphate nanocomposite with quaternary ammo-
nium. Dent. Mater. 28, 853–862 (2012)

 73. Cheng, L., Weir, M.D., Xu, H.H., Antonucci, J.M., Kraigsley, A.M., Lin, N.J., et al.: 
Antibacterial amorphous calcium phosphate nanocomposites with a quaternary ammonium 
dimethacrylate and silver nanoparticles. Dent. Mater. 28, 561–572 (2012)

 74. Rawls, H.R., Upshaw, J.E.: Restorative resins. In: Anusavice, K.J. (ed.) Phillip’s science of 
dental materials, 11th edn, pp. 399–441. WB Saunders, Philadelphia (2003)

 75. Eick, J.D., Robinson, S.J., Byerley, T.J., Chappelow, C.C.: Adhesives and nonshrinking den-
tal resins of the future. Quintessence Int. 24, 632–640 (1993)



294 T. Thomé et al.

 76. Weinmann, W., Thalacker, C., Guggenberger, R.: Siloranes in dental composites. Dent. 
Mater. 21, 68–74 (2005)

 77. Trujillo-Lemon, M., Ge, J., Lu, H., Tanaka, J., Stansbury, J.: Dimethacrylate derivates of 
dimer acid. J. Polymer. Sci. 44, 3921–3929 (2006)

 78. Wolter H, Storch W, Ott H. New inorganic/organic copolymers (ormocerâ®s) for dental 
applications. In: MRS Online Proceedings Library. 346, 143 (1994)

 79. Moszner, N., Gianasmidis, A., Klapdohr, S., Fischer, U.K., Rheinberger, V.: Sol-gel mate-
rials 2. Light-curing dental composites based on ormocers of cross-linking alkoxysilane 
methacrylates and further nano-components. Dent. Mater. 24, 851–856 (2008)

 80. Aleixo, A.R., Guiraldo, R.D., Fugolin, A.P., Berger, S.B., Consani, R.L., Correr, A.B., et al.: 
Evaluation of contraction stress, conversion degree, and cross-link density in lowshrinkage 
composites. Photomed Laser Surg. 32, 267–273 (2014)

 81. Eick, J.D., Kostoryz, E.L., Rozzi, S.M., Jacobs, D.W., Oxman, J.D., Chappelow, C.C., et al.: 
Invitro biocompatibility of oxirane/polyol dental composites with promising physical prop-
erties. Dent. Mater. 18, 413–421 (2002)

 82. Bettencourt, A.F., Neves, C.B., de Almeida, M.S., Pinheiro, L.M., Oliveira, S.A., Lopes, 
L.P., et al.: Biodegradation of acrylic based resins: A review. Dent. Mater. 26, e171–e180 
(2010)

 83. Schweikl, H., Schmalz, G., Weinmann, W.: The induction of gene mutations and micronu-
clei by oxiranes and siloranes in mammalian cells in vitro. J. Dent. Res. 83, 17–21 (2004)

 84. Ilie, N., Hickel, R.: Investigations on mechanical behaviour of dental composites. Clin Oral 
Investig. 13, 427–438 (2009)

 85. Jin, X., Bertrand, S., Hammesfahr, P.: New radically polymerizable resins with remarkably 
low curing stress. J. Dent. Res. 88, 1651 (2009)

 86. Soh, M.S., Yap, A.U., Sellinger, A.: Physicomechanical evaluation of low-shrinkage dental 
nanocomposites based on silsesquioxane cores. Eur. J. Oral Sci. 115, 230–238 (2007)

 87. Lee, K.H., Rhee, S.H.: The mechanical properties and bioactivity of poly(methyl 
methacrylate)/SiO(2)-CaO nanocomposite. Biomaterials 30, 3444–3449 (2009)

 88. Chen, M.H., Chen, C.R., Hsu, S.H., Sun, S.P., Su, W.F.: Low shrinkage light curable nano-
composite for dental restorative material. Dent. Mater. 22, 138–145 (2006)

 89. Tilbrook, D.A., Clarke, R.L., Howle, N.E., Braden, M.: Photocurable epoxy-polyol matrices 
for use in dental composites I. Biomaterials 21, 1743–1753 (2000)
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Abstract Over the past decade nanoparticulate polymers has been established 
both in pharmaceutical and in clinical research. These kinds of systems are 
expected to stay in the blood for long time and accumulate in pathological sites 
with affected and leaky vasculature, such as tumors or inflammatory areas, via the 
enhanced permeability and retention (EPR) effect, facilitating targeted delivery of 
specific drugs and genes into poorly accessible areas. Moreover, minimally inva-
sive cancer biomarkers are greatly required for routine clinical practice, for exam-
ple to deliver hydrophobic imaging agents. Finally, in the last years nano-scaled 
polymeric systems able to combine both therapy and imaging were designed and 
developed in a new research field that is called theranostics (or theragnostics). This 
chapter summarizes the different kinds of polymeric systems used to synthesize 
therapeutic, diagnostic and theranostic agents in cancer treatment with particular 
attention to nanoparticulate systems.
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Introduction

Nanomedicine is the term indicating the medical application of nanotechnology. It 
aims to solve the problems, related to diseases, at the nanoscale where most of the 
biological molecules exist and operate [1].

The use of nanotechnology has revealed a tremendous potential when applied 
to cancer treatment, prevention, monitoring and diagnosis [2, 3]. Properly engi-
neered nanosized material can target a tumor, sense pathophysiological defects 
in tumors, deliver therapeutic drugs, genes, or imaging agents, respond to exter-
nal triggers to release the agent, and monitor the therapeutic response. Moreover, 
since these nanoparticles are 100- to 10,000-fold smaller than cancer cells, they 
can easily pass through cell barriers. Nanoparticulate systems also allow a selec-
tive drug targeting to solid tumors, in virtue of the EPR effect (Fig. 10.1).

This occurs because of the abnormalities of tumor vasculature, namely hyper-
vascularization, aberrant vascular architecture, extensive production of vascu-
lar permeability factors and lack of lymphatic drainage [4], which stimulate the 
extravasation of nanoparticles and the accumulation of drugs in the tumor inter-
stitium, improving their therapeutic efficacy and reducing harmful non-specific 
side effects [5]. In addition, nanosized materials administered intravenously (i.v.) 
escape renal clearance due to their large size.

When loaded with imaging agents, these kinds of systems offers opportunities 
to exploit optical imaging or MRI in cancer imaging, and guided hyperthermia 
therapy.

In literature, several examples of nanoparticulate systems with a variety of 
composition for cancer treatment are reported, including liposomes, polymeric 
nanoparticles, gold nanoparticles, paramagnetic nanoparticles, and so on. Among 
others, polymeric materials offer unique advantages such as the easy preparation, 

Fig. 10.1  Representation of EPR effect
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mechanical strength, versatility and the possibility to easily modulate their phys-
ico-chemical properties.

This chapter is focused on the recent advances in the design and synthesis of 
polymeric nanosized materials in cancer therapy, diagnosis and theranostics.

Nano-sized Polymers in Therapeutic

The combination of controlled release technology and targeted drug delivery may 
provide a more efficient and less harmful solution to overcome the limitations 
found in conventional chemotherapy. Recent interest has been focused on develop-
ing nanoscale delivery vehicles based on synthetic or natural polymers capable of 
controlling the release of chemotherapeutic agents directly inside cancer cells [6–8]. 
Depending from the chemical-physical properties, these systems can release encap-
sulated drugs through surface or bulk erosion, diffusion, or swelling followed by 
diffusion, in a time- or condition-dependent manner. Moreover, the release may be 
constant over a long period, or it may be triggered by the environment or other exter-
nal events [9]. In general, controlled-release polymer systems can provide drug levels 
in the optimum range over a longer period of time than other drug delivery methods, 
thus increasing the efficacy of the drug and maximizing patient compliance.

Generally, the exploited processes to deliver drug-encapsulated in nanoparticles 
to cancerous tissues are passive and active targeting. As described above, the first 
approach uses the unique properties of the tumor microenvironment, such as the 
leaky tumor vasculature, which is highly permeable to macromolecules and the 
dysfunctional lymphatic drainage system, which results in enhanced fluid retention 
in the tumor interstitial space [10]. As before explained, the tumor-specific deposi-
tion, also known as the EPR effect, occurs as the nanoparticles extravasate out of 
tumor microvasculature, leading to an accumulation of drugs in the tumor inter-
stitium. The extent of nanoparticles extravasation depends on the size of open inter-
endothelial gap junctions and trans-endothelial channels. In general, particles with 
diameters less than 200 nm are the most effective for extravasating tumor microvas-
culature [11, 12]. Besides the size particle modulation, another strategy to obtain a 
passive drug targeting consists in designing engineered materials able to program 
the drug delivery in response to the variations of some parameters of the surround-
ing environment. The responsiveness or smartness of these systems refers to their 
ability to receive, transmit a stimulus, and respond with a useful effect. Typical 
stimuli are the variations of pH, temperature, redox potential, light, magnetic field, 
and concentrations of electrolytes or glucose. For example, the acidic environment 
of cancerous tissues (pH 6.5–7.2) [13, 14], endosomes (pH 5.0–6.5) [15] and lys-
osomes (pH 4.5–5.0), as well as the higher concentration of redox species in the 
intracellular space of tumor cells [16] and the enhanced temperature in cancer tis-
sue, can be exploited in anticancer drug delivery and intracellular drug delivery.

The responses of the so-called “smart” drug delivery vehicles can be dissolu-
tion/precipitation, swelling/collapsing, hydrophilic/hydrophobic transition, bond 
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cleavage, degradation, drug release, and so on. The second strategy to specifically 
deliver the drug in tumor site is active targeting. Active tumor targeting is typi-
cally achieved by conjugating a targeting molecule, that can recognize and bind to 
specific ligands that are unique to cancer cells, on the particle surface. In the fol-
lowing sections, the main classes of polymeric nanosized materials to be used in 
targeted cancer therapy are described.

Dendrimers

Dentritic polymers, or dendrimers, are synthetic, highly branched, spherical, 
monodispersed macromolecules with an average diameter of 1.5–14.5 nm [17, 
18]. The typical dendrimer structure consists of an initiator core, highly branched 
layers composed of repeating units, and multiple active terminal groups. They can 
be synthesized with either divergent methods (outward from the core) or conver-
gent methods (inward towards the core). Tomalia was the first to synthesize the 
3D (polyamidoamine) dendrimers using divergent methods [19]. These dendrim-
ers contain tertiary amines that allow the binding of a number of molecules. In 
the convergent approach, established by Frechet [20], the dendrimer results from 
the generation of monomers added to a main core. Dendrimers have emerged as 
an important class of drug complexing/encapsulating systems and in literature 
several examples of the employment of these materials as drug delivery vehi-
cles have been reported, although one limitation lies in the effort of controlling 
the rate of drug release. The encapsulated, complexed, drugs tend to be released 
rapidly (before reaching the target site) and in the dendrimer-drug conjugates, it 
is the chemical linkage that controls the drug release. However, dendrimers offer 
several advantages as drug carriers targeting cancer. One major advantage is their 
surface functionality providing the selective coupling of imaging agents, target-
ing ligands and/or other components to increase tumor specificity [1]. In a work 
of 2002, Henrik et al. [21] proposed biodegradable polyester dendrimers based 
on 2,2-bis(hydroxymethyl)-propanoic acid monomers for intracellular release of 
DOX after hydrolysis of the hydrazone linkage. Moreover, DOX was conjugated 
to a biodegradable dendrimer with optimized blood circulation time through the 
careful design of size and molecular architecture Specifically, the DOX-dendrimer 
controlled drug-loading through multiple attachment sites, solubility through 
PEGylation, and drug release through the use of pH-sensitive hydrazone den-
drimer linkages. In culture, DOX dendrimers were N10 times less toxic than free 
DOX toward colon carcinoma cells. Upon intravenous administration to tumor 
bearing mice, tumor uptake of DOX-dendrimers was nine-fold higher than intra-
venous free DOX and caused complete tumor regression and 100 % survival of the 
mice after 60 days [22].

The promising properties of polyester dendrimers as a drug delivery system has 
led to further studies based on tunable architectures and molecular weights to opti-
mize tumor accumulation [23, 24].
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Nanogels

Nanogels are nanosized hydrogel particles formed by physical or chemical cross-
linked polymer networks. The main characteristic of these systems consists in their 
ability to retain considerable amount of water, but also the biocompatibility, the sta-
bility in aqueous media and the versatility in release drugs in a controlled manner are 
common properties of this class of materials. Nanogels made from synthetic poly-
mers offer well-defined morphologies that can be customized to gel networks with 
biocompatible and degradable properties. Bisht et al. [25] synthesized polymeric 
nanoparticle encapsulated formulation of curcumin—nanocurcumin—utilizing the 
micellar aggregates of cross-linked and random copolymers of NIPAAM, with VP 
and PEG-A. Further, the mechanism of action of nanocurcumin on pancreatic can-
cer cells mirrors that of free curcumin, including induction of apoptosis, blockade of 
nuclear factor kappa B activation, and downregulation of pro-inflammatory cytokines 
(i.e. IL-6, IL-8 and TNF-α). Nanocurcumin provides an opportunity to expand the 
clinical repertoire of this efficacious agent by enabling soluble dispersion.

Nanogel networks formed of stimuli responsive units extensively regulate 
the drug release profile and have found large application in delivery of antican-
cer drugs. Nanogels generated with polymer chains containing ionizable repeat-
ing groups are suitable for pH-dependant release [26]. The construction of nanogel 
networks with P(AA/MAA) units and PNIPAAM chains underlies a rapid increase 
in the hydrophilicity LCST of the copolymer at all the pH ranges, particularly 
pH < 5 [27]. Polyampholytic or zwitterionic polymeric gel particles have also 
received priority owing to their interior structural features. These features enable 
a response under all pH conditions owing to their effectiveness at a wide range of 
isoelectric points [28]. MMA diethyl acrylate-diethy phthalate nanogels stabilized 
by PEGMEM resulted in varied sizes under different pH conditions, with size fol-
lowing an order of pH 9 > 2 > 5 [29].

Polymeric Micelles

Polymeric micelles result from the auto assembly of di-block amphiphilic copoly-
mers and are composed of two separated functional segments: inner core and outer 
shell [30]. The outer shell controls the in vivo pharmacokinetic behavior, while 
the inner core is responsible for drug loading capacity, stability and drug release 
behavior. The suitable PM size, too large for extravasation from normal vessel 
walls and renal excretion, and too small for extravasation from tumor blood ves-
sels, combined with the pathophysiological characteristics of solid tumor tissues, 
hypervascularity, incomplete vascular architecture, secretion of vascular perme-
ability factors and absence of effective lymphatic drainage leads to EPR effect in 
solid tumors [4, 31] and warrants the passive targeting of these systems.

Biocompatible, targeted sterically stabilized micelles have been used as nano-
carriers for camptothecin, a topoisomerase I inhibitor used in cancer therapy. 
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Moreover, stealth micelle formulations have stabilizing PEG coronas to minimize 
opsonization of the micelles and maximize serum half-life. Currently, SP1049C, 
NK911, and Genexol-PM have been approved for clinical use [32]. SP1049C is 
formulated as DOX-encapsulated pluronic micelles. NK911 is DOX-encapsulated 
micelles from a copolymer of PEG-DOX-conjugated poly(aspartic acid), and 
Genexol-PM is a paclitaxel-encapsulated PEG-PLA micelle formulation. Polymer 
micelles have several advantages over other drug delivery systems, including 
increased drug solubility, prolonged circulation half-life, selective accumulation at 
tumor sites, and lower toxicity.

Polymersomes

Ps are vesicular systems made from synthetic amphiphilic block copolymers [33, 
34] that are organized to form hollow spheres containing an aqueous solution in the 
core surrounded by a bi-layer membrane. The bi-layer membrane is composed of 
hydrated hydrophilic coronas both at the inside and outside of the hydrophobic mid-
dle part of the membrane separating and protecting the fluidic core from the outside 
medium. Compared to polymeric micelles, the main advantages of these systems is 
the possibility to load hydrophilic, hydrophobic or amphiphilic compounds, exploit-
ing the aqueous core or the membrane bilayers. The aqueous core can be utilized 
for the encapsulation of therapeutic molecules such as drugs, enzymes, other pro-
teins and peptides, and DNA and RNA fragments [35–37]. On the other hand, the 
membrane can be considered as a reservoir system for both hydrophobic [38, 39], 
and amphiphilic (i.e. octadecyl rhodamine B [40, 41]) molecules similar to cell 
membranes, which incorporate cholesterol and membrane proteins.

These properties make polymersomes very attractive materials for various 
applications in drug delivery, biomedical imaging and diagnostics [42].

In principle, drug release from Ps is governed by the diffusion of the drug 
through the membrane [43], but many examples of smart Ps, in which the physi-
cal-chemical properties of the starting block copolymers are modulated to respond 
to external stimuli (i.e. pH, temperature, redox conditions, light, magnetic field, 
ionic strength and concentration of glucose), are reported in literature and pro-
posed in cancer therapy.

Ps based on PEGPTMBPEC were reported by Chen et al. and in vitro stud-
ies demonstrated that the release of paclitaxel as well as DOX from these Ps was 
faster at mildly acidic conditions than at physiological pH due to the faster degra-
dation of PTMBPEC at mildly acidic conditions [39].

The occurrence of oxidation-reduction (redox) reactions in the body has also 
been reported as a means to control spatial drug release in the body [44, 45]. 
Oxidative conditions exist in extracellular fluids and inflamed or tumor tissues, 
while intracellular compartments are known to be reductive [46, 47]. Hubbell 
and co-workers developed oxidation responsive Ps based on PEG-PPS-PEG [48]. 
The hydrophobic PPS was oxidized and transformed within 2 h into hydrophilic 
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poly(sulfoxides) and poly(sulfones) upon exposure to hydrogen peroxide in the 
(GOx)/glucose/oxygen system, leading to destabilization of the vesicular structure. 
Reduction-sensitive disulfide block copolymer, PEG-SS-PPS was used to prepare 
Ps that can protect therapeutics in the extracellular environment but releasing their 
contents within the early endosome when the Ps are taken up by cells [49].

Polymeric Nanoparticles in Diagnostic

The conventional imaging agents currently used in clinics for diagnosis suffer 
from disadvantages including the non-specificity, in vivo instability and toxicity. 
For example, imaging molecules such as the fluorophores compounds, including 
blue, green, or red fluorescence dyes with visible range (400–600 nm), have signif-
icant limitations such as tissue auto-fluorescence and light absorbing components 
[hemoglobin, deoxyhemoglobin (max. abs. 560 nm), and water] [50].

Consequently, delivery of low concentrations of contrast agents to region of 
interest affects image quality. In addition, they have limited chemical modifica-
tion sites without significantly changing their biological activities. Due to their 
enormous versatility, nanoparticulate systems offer multifunctional capabilities to 
encapsulate and transport high concentrations of imaging probes selectively to dis-
eased site inside the body.

Polymer-based imaging probes have a large surface areas (easy modification 
with a wide range of imaging moieties), improved plasma half-lives and stability, 
less toxicity, and improved targeting.

They help the detection process of tumor cells by concentrating and protecting 
the marker from degradation, in order obtain a more sensitive analysis.

Currently, the modalities available for imaging of nanoparticles include optical 
imaging, MRI, nuclear imaging, computed tomography, and ultrasound [51].

Optical imaging, which includes fluorescence and bioluminescence detection, 
and radionucleotide-based imaging are both very sensitive but typically have a res-
olution greater than several millimeters. This can be limiting, especially in small 
animal models in which higher resolution is more informative. Optical imaging 
is also restricted to a depth of only several centimeters, and quantification of the 
signal can be problematical due to significant tissue absorption of the signal. By 
contrast, MRI and computer tomography are much less sensitive but demonstrate 
a resolution less than 1 mm. MRI can image deep tissues and has the added advan-
tage of not exposing patients to radiation. However, data acquisition is slow com-
pared with other approaches [52].

For each of these imaging modalities, novel nanoparticles have been developed 
that can enhance tissue contrast or can identify specific biological changes.

Streptavidin-coated fluorescent polystyrene nanospheres [Fluospheres® (green 
fluores cence) and TransFluospheres® (red fluorescence)] were used in single 
color flow cytometry to detect the EGFR on A431 cells (human epidermoid carci-
noma cells) [53]. The results showed that the fluorescent nanospheres provided a 
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sensitivity 25-fold that of the conjugate streptavidin–fluorescein. The encapsulation 
of fluorescent markers resulted in objects that were brighter and more concentrated 
than when simple conjugates of single dyes were used. The same fluorescent nano-
particles were used in combination with R-Phycoerythrin (R-PE, reagent for flow 
cytometry) in multicolor flow cytometry, enabling the concomitant detection of the 
CD3 and CD4 receptors on JURKAT cells (human acute T-cell leukemia cells) [53].

Another approach consists in functionalizing nanoparticles with target-specific 
biomolecules for controlling the navigation under in vivo conditions.

Weissleder and colleagues [54] developed a method to image tumor-associ-
ated lysosomal protease activity in a xenograft mouse model in vivo using auto-
quenched NIRF probes. NIRF probes were bound to a long circulating graft 
copolymer consisting of poly-L-lysine and methoxypolyethylene glycol succi-
nate. Following intravenous injection, the NIRF probe carrier accumulated in solid 
tumors due to its long circulation time and leakage through tumor neovasculature.

Moreover, multimodal polymeric micelles have been developed for the visu-
alization of cancer cells, known to overexpress a specific receptor, by both opti-
cal and nuclear techniques [55]. To achieve active targeting, specific peptide 
sequences were conjugated to nanoparticles, increasing the specificity of tumor 
imaging [56].

Moreover, Yang et al. [57] developed PEG-coated micelles with embedded 
near-infrared fluorescent dye for dual optical and nuclear imaging applications, 
showing a prolonged blood residence and effective accumulation inside solid 
tumors in mice. In another work, polymeric NPs containing the fluorogenic probe 
Cy5.5 and the dark quencher BHQ-312, linked together by a peptide sequence 
specific for a MMP for in vivo tumor imaging were developed by Lee and co-
workers [58]. MMPs are a family of zinc-dependent proteins involved in inflam-
matory diseases and cancer progression. When these NPs are exposed to the 
specific MMP, fluorescence emission of Cy5.5 occurs, due to the enzymatic cleav-
age of the peptide bond between Cy5.5 and the quencher. The specificity of tumor 
imaging is usually enhanced by the conjugation of NPs with specific antibodies. 
Other moieties used in specific targeting include folic acid [59–61], peptides [62, 
63] and cell ligands [64].

Engineered Polymers in Theranostic

Conventional cancer chemotherapy presents relevant limitations associated with 
the non-selectivity of cytotoxic drugs, their narrow therapeutic indices and limited 
cellular penetration. Furthermore, during the anticancer treatment, the real-time 
evaluation of the therapeutic efficacy is of considerable importance in the aim to 
evaluate patient response.

A possible interdisciplinary approach to overcome these drawbacks is the devel-
opment of innovative therapeutic strategies involving the use of tumor-targeted 
nanodevices able to promote specific drug accumulation at the pathological site, 
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but also able to act as diagnostic molecular imaging agents. In this context lies 
Theranostics also called theragnostics, which is an innovative and emerging treat-
ment strategy that combines disease diagnosis with therapy and describes any 
material for this kind of applications. Theranostic approaches can involve the cou-
pling of imaging with several types of therapy leading to imaging-guided drug 
delivery, but also image-guided gene delivery, photodynamic therapy, hyperthermia 
and radiation therapy [65]. Theranostic agents are characterized by the presence 
of both diagnostic and therapeutic functions within a single system that enables 
both diagnosis and targeted therapy at the same time, but also the monitoring of the 
therapeutic response to the treatment increasing the drug efficacy and safety.

In the last decades, the development of theranostic nanoparticles has received 
considerable attention due to their ability to be selectively delivered to tumors by 
passive or active targeting [66]. These TNPs, indeed, are designed for both cancer 
imaging (diagnosis) and treatment (i.e. chemotherapy or gene therapy).

A specific type of TNPs is the “activation” theranostic nanoparticles which are 
monitored for their kinetics in tumors. When imaging shows maximum nanopar-
ticle accumulation in the tumor site, a physical source is applied in order to allow 
the burst release of the anticancer agent which is delivered rapidly and locally [1].

Different types of materials are used in the aim to prepare theranostic agents and, 
among them, imaging ones include photoluminescent mostly fuorescent groups, 
quantum dots [67], magnetic compounds and contrast agents for magnetic resonance 
imaging [68], while common therapeutic approaches are drug delivery [69], gene 
delivery [70], photodynamic therapy [71], hyperthermia and radiation therapy [71].

In this context, the present book chapter aims to focus the attention on polymer-
based materials for theranostics.

A drug delivery system is defined as a device that enables the introduction of 
a therapeutic agent in the body and improves its efficacy and safety, with a reduc-
tion of the side effects, by controlling the rate, the time and the place of release. 
Polymeric nanoparticles are widely employed as effective DDS due to their ease 
of processing and the possibility to control their chemical and physical properties 
via molecular synthesis. Furthermore, the ability of nano-sized particles to prefer-
entially accumulate in tumor tissues provides a platform for improved tumor diag-
nostics [50]. Therefore, by combining targeted delivery with advanced imaging 
technologies, it is possible to develop new polymer-based systems able to diag-
nose and treat cancer at the same time.

A polymer-based material for theranostics should consist of four main compo-
nents (Fig. 10.2) [66]:

•	 the polymeric component, which offers stability, biocompatibility, solubility and 
biodegradability;

•	 the imaging component, such as quantum dots, magnetic nanoparticles or con-
trast agent;

•	 the therapeutic component, that carries a drug, a gene or provokes therapy for 
example a photosensitiser that is used for photodynamic therapy;

•	 the specific targeting agent, usually an antibody or peptide.
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Image-guided drug delivery allows to monitor the biodistribution of the drug at 
real time and at the target site, quantify the drug release and evaluate the drug effi-
cacy [69] while in image-guided gene therapy the incorporation of an imaging 
agent or labelled polymer or gene on the polyplex offers the ability to monitor the 
complex through the transfection/gene delivery procedure.

Polymer-Drug Conjugates

Polymer-drug conjugates offer several advantages such as increased circulations 
times, decreased toxicity, passive tumor targeting and incorporation of different 
functionalities including active targeting moieties or contrast agents [72–74].

N-(2-hydroxypropyl)methacrylamide is widely employed to prepare polymer-
drug conjugates due to its non-toxicity, non-immunogenicity and stability in sys-
temic circulation [75, 76] and several contrast agents have been associated with 
HPMA copolymer conjugates for in vitro and in vivo molecular imaging. Two dif-
ferent approaches are employed in order to functionalize HPMA copolymers with 
diagnostic and therapeutic moieties including copolymerization and chemical con-
jugation. The first one may be the preferred conjugation method due to the flex-
ibility to conjugate single or multimodal diagnostic agents and chemotherapeutic 
drugs, while the other one allows the direct conjugation of the contrast agents and 
therapeutics to the copolymer.

Paramagnetically labeled HPMA copolymer conjugates were synthesized by 
free radical copolymerization of HPMA with monomers containing a chelating 
ligand, followed by complexation with Gd(OAc)3 [77], in the aim to study a non-
invasive method of using contrast enhanced MRI to visualize the real-time phar-
macokinetics, biodistribution and tumor accumulation of copolymer conjugates in 

Fig. 10.2  Schematic representation of a theranostic agent and its main components
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tumor-bearing mice. Contrast enhanced MRI resulted in a real-time, three-dimen-
sional visualization of blood circulation, pharmacokinetics, biodistribution and 
tumor accumulation of the conjugates.

In another study, polymeric nanocarriers based on HPMA copolymer and con-
jugated with low molecular weight drugs were designed in order to improve their 
efficacy [78]. The diagnostic system consisted of self-quenched Cy5 (SQ-Cy5) 
as near-infrared fluorescence probe and the therapeutic system was based on the 
anticancer agent paclitaxel. HPMA copolymer-PTX/SQ-Cy5 systems enable site-
specific release upon enzymatic degradation in cathepsin B-overexpressing breast 
cancer cells.

Dendrimers

Among polymeric architectures, dendrimers are a unique class of repeatedly 
branched polymeric macromolecules characterized by three main parts includ-
ing a core, an inner shell and an outer shell. They are versatile polymeric parti-
cles which can be designed for variable functionality for each of these parts and 
to feature controlled properties such as solubility and thermal stability. Due to 
the presence of many chain-ends and, therefore, improved reactivity properties 
compared to traditional linear polymers [79], dendrimers could undergo several 
chemical modifications for particular applications including imaging modalities. 
Furthermore, their surface functionalities provide the selective coupling of imag-
ing agents, targeting ligands and/or other components to increase tumour specific-
ity [1]. This kind of materials has been widely studied both in cancer therapy and 
diagnosis for example for photodynamic therapy (activation therapies) [80] and 
hyperthermia therapies using gold nanoparticles [81].

Gadolinium has been complexed with dendrimers and it was observed that this 
complex enhanced conventional MR images in a dendrimer molecular weight 
dependent way and substantially better, compared with conventional diethylenetri-
aminepentaacetic acid Gd (III) chelates [82].

Phthalocyanines have promising potential as near-infrared theranostic agents for 
fluorescence image-guided drug delivery and treatment of tumors by photodynamic 
therapy. However, clinical application of phthalocyanines is limited by their poor 
water solubility and insufficient selectivity for cancer cells. In the aim to overcome 
these drawbacks, a dendrimer-based theranostic platform for tumor-targeted deliv-
ery of phthalocyanines was developed by the modification of the Pc molecule with 
a hydrophobic linker which enhances physical encapsulation of the hydrophobic 
drug into a generation 4 polypropylenimine dendrimer (Fig. 10.3) [83].

The surface of the resulting Pc–PPIG4 complexes was modified with poly(ethylene 
glycol) and luteinizing hormone-releasing hormone peptide in order to improve bio-
compatibility and tumor-targeted delivery, respectively. The performed imaging 
experiments showed that the LHRH targeted nanocarrier was capable of an efficient 
internalization into cancer cells. Furthermore, the prepared formulation exhibited 
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low dark cytotoxicity (IC50 = 28 μg/mL) while light irradiation of the cancer cells 
transfected with the prepared theranostic agents resulted in significant PDT effects 
(IC50 = 0.9 μg/mL). The obtained results demonstrated the potential application of 
the developed dendrimer-based nanocarrier as an efficient NIR theranostic agent.

The main limitations of adenovirus-mediated gene therapy are high prevalence 
of neutralizing antibodies, widespread expression of the coxsackie-adenovirus 
receptor and adenovirus sequestration by the liver. Grünwald et al. [84] used the 
sodium iodide symporter as a theranostic gene in the aim to investigate whether 
coating of adenovirus with synthetic dendrimers could be useful to develop adeno-
viral vectors for combination of systemic oncolytic virotherapy and NIS-mediated 
radiotherapy. For this purpose, replication-deficient (Ad5-CMV/NIS) and repli-
cation-selective (Ad5-E1/AFP-E3/NIS) adenovirus serotype 5 carrying the hNIS 
gene were coated with poly(amidoamine) dendrimers generation 5. The obtained 
results showed efficient liver detargeting and tumor retargeting of adenoviral vec-
tors after coating with synthetic dendrimers representing a promising strategy for 
systemic NIS gene therapy. Furthermore, NIS could work as a theranostic gene 
allowing the noninvasive imaging of NIS expression by 123I scintigraphy.

Hydrogels

Thermoresponsive hydrogels are characterized by the ability to transition between 
hydrophilic and hydrophobic states as a function of temperature. By coupling the 
temperature sensitivity with the ability to quickly respond to an external magnetic 
field, it is possible to develop novel hydrogels to be employed as platform systems 
for long-term MR theragnosis.

A long-term theranostic hydrogel system for solid tumors was prepared 
via simple physical mixing, which consisted of three main parts including the 

Fig. 10.3  Schematic 
representation of 
theranostic agent based 
on phthalocyanine-loaded 
dendrimer
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thermosensitive/biodegradable poly(organophosphazene) hydrogel, PEGylated 
cobalt ferrite nanoparticles and the anticancer drug paclitaxel [85]. It was observed 
that the theranostic hydrogel gradually degraded over 28 days, PTX was released 
out from the polymeric matrix over the same period in vitro and the in vivo effi-
cacy of long-term MR theragnosis was estimated successfully over 3 weeks by 
using high field (4.7 T) animal MRI and solid tumor-bearing mice. Based on these 
results, the synthesized hydrogel system showed adequate properties to be used as 
biodegradable platform for long-term MR theragnosis.

Another study reports on the development of spherically shaped thermorespon-
sive magnetic hydrogels (∼200 nm) based on poly(N-isopropylacrylamide) encap-
sulation of Fe3O4 magnetic nanostructures for theranostic application [86]. The 
synthesized system demonstrated multimodal imaging and remote RF-triggered 
drug release leading to cell death for cancer simultaneous therapy and diagnostic 
application.

A stable injectable magnetic nanoparticle incorporated hydrogel system was 
prepared as an alternative for the long-term drug release and diagnosis to the can-
cer patients [87]. The injectable hydrogel system consisted of aminated guar gum, 
DOX and iron oxide-zinc sulphide core-shell nanoparticles as biodegradable pol-
ymer and gelling agent, anticancer drug and imaging agent, respectively. The in 
vitro drug releasing tendency of DOX is seen up to 21st day of incubation demon-
strating the sustained delivery over long period. Furthermore, studies reveal that 
the core-shell nanoparticles can be released slowly from the hydrogel to provide 
the healing and diagnosis of the solid tumor. Based on these results, the prepared 
thermoresponsive injectable hydrogel system has promising applications such as 
sustained drug release, hyperthermia and theranostic for the solid tumor treatment.

Polymeric Micelles

Currently, polymeric micelles are widely accepted as drug and imaging agent deliv-
ery systems due to their ease of formation, stability, ability to encapsulate hydro-
phobic molecules and therapeutic success in preclinical and clinical studies [88].

Theranostic phospholipid based polymeric micelles were synthesized for 
the encapsulation of the anticancer drug DOX and CdSe quantum dots together 
(Fig. 10.4) [89].

DOX and QDs were co-encapsulated into the hydrophobic core of the micelles, 
the release kinetics was carried out in order to confirm the sustained release of the 
DOX and the therapeutic efficacy of the obtained micellar formulation was tested 
in vitro using HeLa cell line. In the aim to evaluate the cellular uptake behavior of 
the micelles, in vitro imaging studies were also performed. The results indicated 
the sustained release of the drug and the potential of these micellar systems as effi-
cient optical fluorescence imaging and controlled drug delivery systems.

In another work, Li et al. [90] prepared UV irradiation-responsive amphiphi-
lic diblock copolymer micelles exhibiting light-triggered hydrophobic-hydrophilic 
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transition within micellar cores and the concomitant enhancement of magnetic 
resonance imaging contrast performance and of the release rate of encapsulated 
hydrophobic drugs. POEGMA-b-P(NIPAAM-co-NBA-co-Gd) diblock copolymer 
covalently labeled with Gd3+ complex (Gd) in the light-responsive block was syn-
thesized at first, then the obtained amphiphilic diblock copolymer spontaneously 
self-assembled in aqueous solution into micellar nanoparticles which can physi-
cally encapsulate DOX as a model chemotherapeutic drug. Upon UV irradiation, 
the photocleavage of hydrophobic NBA moieties led to a hydrophobic-hydro-
philic transition within micellar cores, triggering micelle microstructural changes 
and core swelling. During this process, the microenvironment surrounding Gd3+ 
complexes was subjected to a transition from being hydrophobic to hydrophilic, 
leading to the enhancement of MR imaging contrast performance and of the drug 
release rate. The reported approach of light-triggered co-enhancement of MR 
imaging contrast performance and drug release profiles represents an innovative 
strategy for the preparation of smart polymeric theranostic nanocarriers.

In another study, two types of amphiphilic diblock copolymers, PCL-b-
P(OEGMA-FA) and PCL-b-P(OEGMA-Gd) were synthesized via the combination 
of atom transfer radical polymerization, ring-opening polymerization and ‘‘click’’ 
post-functionalization in the aim to prepare mixed diblock copolymer micelles able 
to act as an integrated multifunctional platform for the cancer cell-targeted delivery 
of chemotherapeutic drugs and magnetic resonance imaging contrast enhancement 
[91]. Mixed micelles co-assembled from PCL-b-P(OEGMA-FA) and PCL-b-
P(OEGMA-Gd) possess hydrophobic PCL cores for loading chemotherapeutic 
drugs and hydrophilic POEGMA outer coronas functionalized with folic acid and 
DOTA-Gd moieties for synergistic functions of targeted delivery and MR  imaging 
contrast enhancement. An anticancer drug, such as paclitaxel, was physically 

Fig. 10.4  Schematic representation of the synthetic strategy of the phospholipid micelles encap-
sulating DOX and QDs
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encapsulated into mixed polymeric micelles in order to perform in vitro drug 
release measurements. The obtained results indicated that the synthesized mixed 
micellar nanocarriers were characterized by synergistically integrated functions of 
cancer-targeted drug delivery, controlled release and MR imaging contrast enhance-
ment confirming their potential application as a novel theranostic platforms.

Polymersomes

Polymeric vesicles, or polymersomes, are versatile vehicles characterized by the 
ability to encapsulate both hydrophobic and hydrophilic molecules and co-deliver 
therapeutic and diagnostic agents at the same time. These vesicular structures offer 
improved control over the membrane thickness and stability and are able to efficiently 
load drugs and imaging agents via covalent or non-covalent forces, incorporate target-
ing strategies, prolong systemic circulation and increase tumor accumulation.

Chiang et al. [92] developed a novel and stable tumor-targeting polymer-
some carrier system for improved cancer theranosis. The DOX-loaded magnetic 
polymersomes were prepared by the self-assembly of lipid-containing copoly-
mer, poly(acrylic acid-co-distearin acrylate) in aqueous solution containing citric 
acid-coated superparamagnetic iron oxide nanoparticles and followed by DOX 
loading via electrostatic attraction. In order to further functionalize these artifi-
cial vesicles, chitosan and poly(γ-glutamic acid-co-γ-glutamyl oxysuccinimide)-
g-poly(ethyleneglycol)-folate were deposited in sequence onto the outer surfaces 
of SPION/DOX-loaded polymersomes to form the layered polyelectrolyte gels via 
electrostatic interactions and in situ covalent crosslinking. When these theranos-
tic polymersomes were effectively internalized by HeLa cells, they exhibited sev-
eral interesting characteristics including: highly stable colloidal structure against 
large volume dilution and protein adsorption, rapid drug release in the intracellular 
acidic endosomes/lysosomes and/or under high frequency magnetic fields, supe-
rior anticancer efficacy by the combined active tumor-targeting via FA receptor-
mediated endocytosis and magneto-thermo-chemotherapy and enhanced MRI 
sensitivity. The combined effects of both pH and magnetic hyperthermia-triggered 
drug release and thermo-therapy has led to a higher cytotoxicity than the treatment 
by DOX alone. The obtained results confirmed the potential application of this 
kind of systems as an advanced cancer theranostic nanodevice.

In another study, the development of polymersomes based on poly(trimethylene 
carbonate)-block-poly(L-glutamic acid) copolymer and able to encapsulate up to 
6 % (w/w) of DOX together with 30 % (w/w) of superparamagnetic iron oxide 
nanoparticles was reported [93]. The prepared vesicular structures, contain-
ing SPIONs and DOX and fluorescently labeled with fluorescein isothiocyanate 
showed an increase of drug release when the sample was exposed to the high fre-
quency alternating magnetic field.

Kokkoli et al. [94] reported on the use of peptide-functionalized polymersomes 
composed of poly(1,2-butadiene)-b-poly(ethylene oxide) for siRNA delivery. 
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The prepared polymeric vesicles were, indeed, functionalized with peptide targeting 
ligands in the aim to enhance cellular uptake and confer an active targeting modal-
ity to the vesicles. The resulted polyplex was followed in vitro by monitoring the 
encapsulated carboxyfluorescein and the obtained results confirmed that the pre-
pared polymersomes represent a promising first generation model system for tar-
geted delivery of siRNA.

Conclusions

Nanomedicine is the term indicating the medical application of nanotechnology 
which is the engineering of functional systems at the molecular scale.

Nowadays, nanosized materials are attracting considerable attention and signifi-
cant research interest due to their potential applications in fields including cancer 
treatment, prevention, monitoring and diagnosis.

The present book chapter aims to focus the attention on polymer-based materi-
als which represent a reliable and inexpensive substrate to synthesize therapeutic 
and diagnostic agents in cancer treatment. Furthermore, polymeric materials offer 
more functionalities where specific targeting moieties and therapeutic and imaging 
components can be attached for simultaneous targeted therapy and imaging pro-
viding innovative theranostic agents characterized by great potential in monitoring 
and treatment of cancer.
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Abstract Drug delivery has experienced an outstanding advance in the last few 
decades. Two key elements have contributed in a large extent to such a progress: 
the better knowledge of the physio/pathological environments through which the 
drugs have to pass through to reach their targets, and the development of novel 
excipients that actively participate in the accomplishment of the aimed delivery. 
In this context polymers occupy an outstanding position due to the versatility of 
the synthesis routes and the possibility of tuning their features and performances 
to fulfill the needs of every particular application. Polymers can finely regulate the 
site and the rate at which the drug is released from the formulation, improve drug 
solubility, contribute to the stability in the physiological environment, and help 
the drug to overcome cellular barriers, facilitating the contact with the therapeutic 
diana. This Chapter reviews the role of polymers on the evolution of drug delivery 
systems and the current performances they are expected to play in improving the 
efficiency and safety of the treatments with both old and novel active pharmaceu-
tical ingredients (APIs). An analysis of how polymers themselves are contribut-
ing to optimize classical methods of preparing drugs dosage forms and to envision 
advanced drug nanocarriers is also included. Whenever possible, the information 
was organized trying to offer structure-property-functionality relationships, with 
examples of commercially available materials.
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BCRP  Breast cancer resistant protein
CAP  Cellulose acetate phthalate
EMA  European Medicines Agency
FDA  US Food and Drug Administration
HLB  Hydrophilic-lipophilic balance
HPC  Hydroxypropylcellulose
HPMC  Hydroxypropyl methylcellulose
MCC  Microcrystalline cellulose
MRP  Multidrug resistant proteins
P-gp  P-glycoprotein
PAA  Poly(acrylic acid)
PAMAM  Polyamidoamine
PCL  Poly-ε-caprolactone
PEI  Polyethyleneimine
PEO  Poly(ethylene oxide)
PGA  Poly(glycolic acid)
PLA  Poly(lactic acid)
PLGA  Polylactic-co-glycolic acid
PPO  Poly(propylene oxide)
PVP  Polyvinylpyrrolidone
ROS  Reactive oxygen species
SMCC  Silicified microcrystalline cellulose
Tg  Glass transition temperature

Evolution of Drug Dosage Forms

Since ancient times humans have dedicated strong efforts to identify remedies that 
could ameliorate wounds and diseases and to implement suitable ways to admin-
ister those remedies in an efficient way. Dosage forms appeared as a tool to facili-
tate the administration of drugs that could not be directly applied or ingested, for 
example due to the small amount required for the effect or its unpleasant taste. 
Ebers papyrus (16th century BC) and other antique documents describe hundreds 
of recipes based in natural remedies that required, for example, the previous boil-
ing in water to extract the active substances and to enable the intake, or the mixing 
with components (mostly fats) for a prolonged permanence on the application site 
(cataplasms or ointments) or an easier swallow (solid preparations). Thus, together 
with the remedy containing the active components, some other materials named 
excipients (derived from the Latin verb excipere, which literally means to mix) 
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had to be incorporated to the medicines in order to make easier their administra-
tion and to maintain their stability for a while. The initial role of excipients was 
that of acting as vehicles, and as such the most used ones were milk, honey and 
wine. Despite the efforts spent for many centuries in having adequate medicines, 
relevant advances in composition and preparation did not occur until the scientific 
method was introduced in the age of Enlightenment [1].

Evolution of knowledge in chemistry, physiology and pharmacology together 
with the industrial revolution in the 19th century made it possible the design and 
manufacture of more complex dosage forms, which are still used nowadays such 
as tablets or capsules, for isolated or newly synthesized active pharmaceutical 
ingredients (APIs) [2]. Industrial revolution was a milestone for the wide access of 
the population to medicines, and prompted the search of excipients able to face up 
to the growing challenges of the new manufacturing procedures [3]. Advances in 
pharmacokinetics and born of biopharmacy in the mid 20th century, made pharma-
cists and clinicians to realize about the importance of preparing dosage forms that 
not only contain the adequate amount of active substance, but that also can release 
it at the adequate rate when the medicine enters into contact with the physiological 
fluids. For systemic treatments, the amount and the rate at which unaltered drugs 
reaches blood stream (bioavailability) was set as a main criterion of quality of a 
medicine. As a consequence, the requirement of drug dissolution test for solid dos-
age forms was established for first time in 1970 [4].

Current pharmacological treatments aim to adapt drug administration to the 
therapeutic needs of the patient so that, using the lowest possible dose, the dis-
ease process can be cured or its symptoms alleviated. Local, systemic and targeted 
release dosage forms are the main approaches to afford this aim (Fig. 11.1). Acute 
processes require that once the medicine is administered either locally or sys-
temically, the drug is immediately transferred from the dosage form to the body. 
Conversely, the treatment of a chronic condition demands a prolonged supply of 
drug in order to maintain effective therapeutic drug levels for a sufficiently long 
period of time. Targeting is particularly useful when the disease requires the use 
of drugs that are very unstable in the biological medium and thus should be pro-
tected from degradation before reaching the site of action, drugs that are highly 
toxic for the non-target tissues and may cause untoward effects if systemically 
distributed (e.g. antitumor agents), or drugs that should reach cellular structures 
that are not easily accessible from the general circulation (e.g. cell nucleus in gene 
therapy). Thus, depending on the particular therapeutic aim and the administra-
tion route, drug dosage forms have to fulfill a wide variety of highly demanding 
performances.

When the medicine is administered through a non-parenteral route, the drug 
has to be transferred from the dosage form to the neighbor biological environ-
ment. Dissolved drug molecules can either accumulate in the tissue in contact 
with the dosage form (Fig. 11.1a; e.g., skin, ophthalmic or bronchial applica-
tion) for local treatment, or can pass through the membranes and enter into the 
bloodstream (Fig. 11.1b), from where the drug will be distributed throughout the 
body, reaching the site of action (systemic effect) and the elimination organs. 
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Intravenous solutions allow direct incorporation of the drug to the blood stream 
(Fig. 11.1c). Parenteral route offers also the possibility of administering colloidal 
(nanometric) carriers with the drug encapsulated for specific delivery to specific 
tissues or cells (targeting) (Fig. 11.1d).

Except for target delivery systems, drug release and passage through biological 
membranes are steps that occur sequentially. As a consequence, the slower pro-
cess determines the overall rate of transfer of drug from the dosage form to the 
blood circulation; that is, the slower process is the limiting step for drug absorp-
tion. If both drug absorption and clearance are rapid, repeated administrations at 
short time intervals may be required to maintain effective plasma levels. The pos-
sibility of modulating the rate of absorption of a drug by applying technological 
means able to adjust the release from the dosage form is the basis of the modi-
fied release dosage forms. This group comprises prolonged (sustained)-release, 
delayed-release and pulsate-release forms (Table 11.1).

Prolonged release dosage forms, also known as rate-programmed release sys-
tems, pursue simplification of dosing regimens, by spacing the intervals between 
successive administrations of doses, and attenuation of peaks in drug levels [5]. 
The second generation of controlled release systems, called activation-modulated 

(a) (b) (c) (d)

Fig. 11.1  Medicines can be designed: (i) to exert a local effect on the application site by means 
of drug release and penetration in surrounding cells (a), (ii) to exert a systemic effect by releas-
ing the drug in a place suitable for drug absorption (b) and/or biodistribution (c), (iii) or to target 
the drug to profound specific tissues or cells via direct transport of the drug (inside nanocarriers) 
through the blood stream towards the target (d). In either case, the drug has to be released from 
the dosage form to get access to the pharmacological target and exert the therapeutic effect, but 
the release occurs in different sites and at different rates



32311 Polymers in Drug Delivery: Fundamentals

ones, appeared to regulate not only the rate, but also the site at which drug release 
should occur. The first devices were developed for site-specific release of orally 
administered medicines, but rapidly adapted to other routes. In these systems, drug 
release is activated by physical (swelling), chemical (e.g., pH) or biochemical 
(e.g., enzymatic degradation) stimuli. Common examples of oral delayed-release 
formulations are the enteric systems for release in the intestine of irritant or labile 
drugs, and the time-retard systems for fitting of drug release to circadian rhythm 
of pathological processes. Some pulsate-release formulations have been developed 
for sequential release of one or various therapeutic substances by combining par-
ticles that degrade at different rates after activation; parenteral administration of 
pulsate-release systems has been successfully applied for vaccination. Most mod-
ified-drug release devices commercialized belong to the two first generations. The 
third generation of controlled release systems pursues the feedback-regulation of 
drug release, by testing the patient condition, especially illness evolution. These 
new systems present the singularity of integrating components that play an active 
role in the therapeutic treatment [6].

Polymer Excipients

As introduced above, the roles that a given dosage form is expected to play are 
very varied, but can be gathered into three large groups: (i) facile drug dosing and 
patient acceptability; (ii) enhanced safety of the treatment and reproducibility of 
the therapeutic response; and (iii) improved drug efficacy (Table 11.2). The dos-
age form has to provide the adequate physical properties to facilitate the adminis-
tration, but also have to correct/modulate physicochemical and biopharmaceutical 
properties of the drug, such as solubility or permeability, which are critical for the 
effectiveness of treatment. Poor aqueous solubility is a common problem among 
new chemical entities, because the current drug discovery methods favor the selec-
tion of highly hydrophobic molecules. In other cases, hydrophilicity and large 
molecular weight hinder the pass through biological membranes. Current diversity 
of requirements regarding spatio-temporal regulation of drug release also make 

Table 11.1  Classification of drug dosage forms according to drug release profile as stated in the 
USP 37–NF 32 (2014)

Dosage form Drug release pattern Performance

Conventional Immediate release Release depends on the physico-chemical 
properties of the drug

Modified release Prolonged Release occurs at slower rate than from 
conventional dosage form

Delayed Release does not occur until a certain lag 
time or a certain stimulus triggers it

Pulsate Sequential release pulses of one or more 
therapeutic substances
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design and development of drug dosage forms a highly challenging task. To ensure 
the quality of medicines, the dosage form has to contribute to the chemical and 
physical stability of the drug, both in the course of the manufacturing process and 
during storage.

The diversity of roles that dosage forms are called to play is only possible 
thanks to strong efforts in the finding/synthesis of suitable excipients able to face 
up to the increasing complexity of production processes and increasingly stringent 
quality requirements. The United States Pharmacopeia (USP37/NF32, 2014) clas-
sifies the excipients in more than 40 functional categories according to their most 
common application in the formulation of pharmaceuticals. Such large list of func-
tions can be reorganized in main four categories:

•	 Processability, i.e., they facilitate the manufacture of the dosage form;
•	 Stabilization, to overcome problems related to the stability of the drug or the 

dosage form;
•	 Correction of organoleptic properties; and
•	 Modulation of drug bioavailability (altering solubility, permeability or drug 

release rate) or the access (targeting) to specific tissues or cell structures.

As material science progresses, novel and everyday more sophisticated materials 
are being evaluated as excipients for drug dosage forms. It should be noticed that, 
among other materials, polymers occupy a relevant position as versatile excipients 
able to perform one or more functions simultaneously. Multifunctional excipients 
are particularly attractive because they simplify development and manufactur-
ing processes and reduce costs. Currently, natural, semi-synthetic and synthetic 
polymers are common excipients (Fig. 11.2). Natural polymers, mainly polysac-
charides and protein derivatives, have been largely used for many years to cover 
the demands of classical dosage forms (tablets, capsules, gels) and are still widely 
used today because the good biocompatibility of most of them, biodegradabil-
ity in the body or in the environment, and obtaining from renewable sources. 

Table 11.2  Main functions of the drug dosage forms

Category Performance

Facile drug dosing and patient acceptability Adequate physical format for administration
Simple and rational dosing
Correction of unpleasant organoleptic 
properties

Enhanced safety of the treatment and repro-
ducibility of the therapeutic response

Improved physical and chemical stability of 
the drug
Protection against microbial contamination
Minimization of toxicity and untoward effects

Improved drug efficacy Modulation of drug solubility, release rate and 
permeability
Enhanced bioavailability
Modulation of drug biodistribution
Easy adherence to the treatment
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Improvements in the extraction and characterization methods make natural poly-
mers reliable materials for quality standards. Moreover, some natural polymers 
perform as multifunctional or can be easily derivatized to modulate their solubil-
ity and biodegradability patterns or to endow them with responsiveness to certain 
stimuli. Synthetic polymers have the advantage of being prepared on demand to 
fit to specific requirements, setting a priori their functional groups and molecu-
lar weight. Outstanding examples of biodegradable and non-biodegradable poly-
mers are poly(l,d-lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG), 
respectively.

In the next sections, examples of polymer excipients suitable for specific func-
tionalities are analyzed.

Polymers as Manufacture Aids and Sustained Release 
Formulations Components

Processing requirements are notably different depending on the physical state of 
the dosage form. Manufacture of dosage forms requires excipients that are able 
to overcome deficiencies of the drug regarding processing and contribute to rapid 
and reproducible production of manageable medicines. Hydrophilic polymers may 
also contribute to slow down drug release by increasing the viscosity of liquid 
formulations or by forming gel matrix networks when solid formulations become 
wet. In contrast, hydrophobic polymers can help regulate drug release by means of 
hydrolytic or enzymatic degradation mechanisms.

Fig. 11.2  Examples of 
natural, semi-synthetic and 
synthetic polymers used to 
prepare drug dosage forms
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Cellulose and Cellulose Derivatives

Cellulose is the main structural component of cell walls in higher plants and 
consists in linear, unbranched polysaccharide of β-1,4-linked d-glucose units. 
Cellulose chains form long crystalline microfibrils aligned with each other’s to 
provide structural support to the cell wall [7]. The strong structure of cellulose 
provides a high resistance against enzymatic reactions that degrade the chains. It 
is also insoluble in water and indigestible by the human gastrointestinal system. 
Modifications of cellulose structure leads to materials widely used in the pharma-
ceutical field to facilitate the manufacture of drugs:

•	 Microcrystalline cellulose (MCC). It is obtained by treatment of cellulose with 
hydrochloric acid to partially depolymerise the structure. After purification by 
filtration and spray-drying, a free-flowing powder of small aggregates of cel-
lulose fibers is obtained [8]. Polymer compactability can be modified by vary-
ing the degrees of polymerization and of crystallinity. It is commonly used as 
diluent in wet granulation and as filler in capsules. The most known commercial 
brands are Avicel® and Emcocel®.

•	 Silicified MCC. Commercialized as Prosolv SMCC®, it is produced by co-pro-
cessing MCC (98 %) with colloidal silicon dioxide (2 %) and commonly used 
as filler binder and glidant [9]. This excipient has better properties for direct 
compaction, such as flowability and packaging properties. In addition, silicified 
MCC has higher bulk density than does regular MCC and maintains compacta-
tion properties after wetting and drying.

•	 Cellulose ethers. Derivatives more hydrophilic than cellulose and thus that can 
easily disperse in water are obtained via substitution of one or more hydroxyl 
groups of the d-glucose units with alkyl, hydroxyalkyl and carboxyalkyl mol-
ecules. Applications of cellulose derivatives depend on the degree of substitu-
tion because it determines the strength of the interaction with water. Non-ionic 
cellulose ethers, such as hydroxypropylcellulose (HPC) and hydroxypropyl 
methylcellulose (HPMC) are commonly used in tableting as binders and film-
coating components. Gelling features of medium-high substituted cellulose 
ethers make them suitable to create gel barriers when tablets enter into contact 
with physiological fluids, which can sustain drug release. They are also suitable 
as thickener agents for the formulation of solutions and suspensions. Low sub-
stituted non-ionic cellulose ethers behave as disintegrants of tablets and pellets 
[10]. Co-processed excipients containing MCC, HPMC and crospovidone show 
excellent flowability, compressibility and mixing ability, and therefore notably 
improve manufacturability of solid dosage forms.

Starch

Starch is a storage carbohydrate consisting of glucose monomers organized as 
amylose and amylopectin chains. Starches are used in solid oral formulations as 
diluents, binders and disintegrants. Deficient flow properties of natural starches 
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can be overcome by substitution with acetate groups, prepared by partial reaction 
of the hydroxyl groups of starch with acetic acid anhydride in an acetyl esterifica-
tion reaction [8, 11]. Alternatively, flow properties can be improved via chemical 
and/or mechanical processing to break all or part of the starch granules (namely, 
the bonds between amylose and amylopectin molecules) in a process named 
pregelatinization. Partial pregelatinization renders the starch flowable, directly 
compressible, and suitable for preparing oral capsules. Both partial and fully 
pregelatinized can be used in wet granulation processes. Combination of prege-
latinized starch with amylose and amylopectine leads to multifunctional excipi-
ents that are effective as binders, disintegrants, flow aids and lubricants [12]. Most 
known commercial brands are Starch 1500®, Sepistab ST200® and C*PharmGel®.

Natural Anionic Polysaccharides

Anionic polysaccharides extracted from seaweeds (alginate, agar, carrageenans; 
Fig. 11.3) and plant cell walls (pectin) and exudates (gum arabic) are largely used 
as thickening and gelling agents. Alginate is a linear polysaccharide composed of 
β(1-4)-d-mannosyluronic acid (M) and α(1-4)-l-gulosyluronic acid (G) blocks. 
The ratio and the distribution of the M and G blocks (Fig. 11.3) notably affect 
to the sensitiveness of alginate to pH and calcium ions because the different rela-
tive position of the carboxylic acid group in each block [13]. Alginate also offers 
a wide range of possibilities of derivatization to improve its performance [14]. 
Alginic acid and its sodium, calcium, ammonium and potassium salts have been 
shown suitable for oral and topical dosage forms, acting as diluent and disintegrant 
in solid forms and as thickener, emulsifier and taste-masking agent in liquid and 
semisolid. Alginic acid is particularly suitable for preparing microcapsules, pellets 
and microspheres that are easily cross-linked in the presence of calcium ions [15].

Carrageenans or carrageenins are hydrocolloids extracted from some red 
seaweeds. They mainly consists of linear β-d-galactose and 3,6-anhydro-α-d-
galactose copolymers with a variable density in sulfated groups, which leads to 
three different families: kappa (κ, 1 sulfate group per dimer) which has a helical 
tertiary structure and strong gelling capability; iota (ι, 2 sulfate groups per dimer); 
and lambda (λ, 3 sulfate groups per dimer) which does not form gels (Fig. 11.3). 
Only κ-carrageenan hydrogels exhibit pH- and temperature-sensitiveness [16]. 
At low concentration, carrageenans are added to emulsions to increase the physi-
cal stability. They are also used as pelletizer agents for extrusion-spheronization, 
binder agents in tableting, and as components of hard and soft capsule shells.

Agar or agar-agar is obtained from the cell walls of some species of red algae 
or seaweeds and is widely employed as emulsifying and suspending agent, thick-
ener, and tablet binder. Agar is a heterogeneous mixture of two unbranched pol-
ysaccharides: agaropectin and agarose, which share the same galactose-based 
backbone (Fig. 11.3). Agaropectin is heavily modified with acidic side-groups, 
such as sulphate and pyruvate, while agarose has neutral charge and possesses 
longer chains [17]. Thus, depending on the composition, agar are designed as neu-
tral agarose, pyruvated agarose (with little sulfation) and sulfated galactan.
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Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP), also known as povidone and commercialized as 
Kollidon® (Fig. 11.4), is a synthetic linear polymer widely used in pharmaceuti-
cal industry. It is highly soluble in water, but also in some organic solvents such 
as butanol. The thickening ability of PVP depends on its molecular weight, and 
several grades can be distinguished which are identified with a K-value (average 
molecular weight estimated from relative viscosity values). PVP is also used as 
adhesive and binding agent in tablets, and as taste masker in oral solutions and 
chewing tablets. Chemically and physically cross-linked insoluble PVP (crospovi-
done) has good flow properties and strong swelling capability, performing as 
disintegrant of tablets. Water-soluble copolymers of N-vinylpyrrolidone and viny-
lacetate (copovidone; Fig. 11.4) are used as binders and as film-forming agents 
of tablets, pellets and granules. Compared to PVP grades, copovidone has lower 
hygroscopicity, better dry binding properties, and higher plasticity [18].
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Acrylic Acid-Based Polymers

High molecular weight, crosslinked, acrylic acid-based polymers are known 
as Carbopol® and Noveon®. Carbopol® homopolymers consists of acrylic acid 
crosslinked with allyl sucrose or allylpentaerythritol. There exist also Carbopol® 
copolymers (with C10-C30 alkyl acrylate) and interpolymers (which contain 
a block copolymer of polyethylene glycol and a long chain alkyl acid ester). 
Noveon® polycarbophil is a polymer of acrylic acid crosslinked with divinyl gly-
col [19].

These polymers have microgel structure and behave as thickening agents in 
lotions, creams and gels, oral suspensions, and in transdermal gel reservoirs. They 
are also useful to communicate controlled release properties to solid dosage forms. 
In contact with the aqueous media, acrylic acid-based polymers form gel matrices 
that hinder drug diffusion more efficiently than other polymers. It should be noticed 
that due to the presence of carboxylic acid groups, acrylic acid-based polymers 
undergo relevant conformational changes as a function of pH and ionic strength. 
At pH above the pKa (5.5–6.5), the ionized polymer chains expand and can easily 
entangle with neighbor chains forming highly structured, viscoelastic gels.

Polyesters

Polyesters are biocompatible and biodegradable polymers including poly(lactic 
acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), 
and poly-ε-caprolactone (PCL). These biocompatible polymers are widely used 
to encapsulate drugs in micro/nanoparticles and in macroscopic implants [20, 21]. 
Poly(α-hydroxy) esters are not biodegraded by enzymes in the body, but undergo 
hydrolytic degradation via surface or bulk degradation pathways. Surface degrada-
tion occurs when the rate of hydrolytic chain scission and the production of oli-
gomers and monomers which diffuse into the surroundings is faster than the rate 
of water intrusion into the polymer bulk. As a consequence, the formulation erodes 
over time without affecting the molecular weight of the polymer bulk. Bulk degra-
dation occurs when water penetrates the entire polymer structure, causing hydroly-
sis throughout the entire polymer matrix and thus overall reduction in molecular 
weight. In the case of PLGA, if the generated carboxyl-containing species do not 
diffuse out the matrix, they can act as internal autocatalyzer that accelerates the 
bulk degradation compared to the surface. Due to these biodegradation patterns, 
PLGA formulations exhibit bi/triphasic release profiles: initial burst of drug close 
to the surface, slow release of the entrapped drug until the molecular weight of 
the polymer becomes lower than a critical threshold, and rapid release when most 
polymer has degraded [22]. PCL is less used mainly because it bioerodes at slower 
rate than other aliphatic polyesters, but has the advantage of degrading in neutral 
species and not in acid byproducts [23].
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Polymers for Coating

Coating of solid dosage forms allows facing up to a variety of formulation 
demands: taste masking, improvement of appearance, easy swallowing, prolonged 
stability and spatiotemporal control of drug release [24, 25].

Shellac is an excellent film-forming natural polyester resin secreted by insects. 
It consists in a complex mixture of aliphatic and alicyclic acids, which serves as 
moisture barrier of tablets and pellets due to its low permeability to water and oxy-
gen [26, 27]. Shellac films protect drugs from degradation in the gastric environ-
ment. However, its use is limited by stability problems.

Cellulose ethers also exhibit good filmogenic features. Low-viscosity grades 
are suitable for aqueous film-coating, while higher-viscosity grades are used with 
organic solvents. HPMC films are gastrosoluble. Oppositely, ester derivatives of 
HPMC such as hypromellose acetate succinate or hypromellose phthalate can pro-
vide enteric films that resist prolonged contact with the strongly acidic medium, 
but dissolve in the mildly acidic or neutral intestinal environment. Cellulose esters, 
particularly acetate and acetate phthalate (CAP), are commonly applied to solid-
dosage forms either by coating from organic or aqueous solvent systems, or by 
direct compression. CAP has the advantage of being compatible with most plasti-
cizers [28].

Pectin, amylose, dextran and inulin provide coatings that degrade by enzymes 
of colonic flora. These polysaccharides are commonly combined with cellulose 
ethers or esters or synthetic polymers to obtain biphasic release profiles or colon-
specific release [29–31]. Drugs conjugated to dextran (linear polymer backbone of 
α-D-glucopyranose units) show enhanced stability in the upper part of the gastro-
intestinal tract, but they can be absorbed in the colon [32].

There is a large list of methacrylate copolymers that can provide specific per-
formances as film-coating materials (Table 11.3) [33, 34]. Protective coatings seal 
the formulation, masking unpleasant odor and taste. Gastroresistant films aim to 
provide protection of the drug against gastric fluid and of gastric mucosa from 
aggressive drugs. Films insoluble at any pH, but permeable can provide sustained-
release along the entire gastrointestinal tract [8, 34]. Similarly, polyvinyl acetate 
films are insoluble in dilute acid and alkali media and thus act as diffusion barriers 
over a long period of time.

Polymers That Enhance Drug Solubility or Dissolution Rate

A large majority of active substances are poorly soluble in water, which lim-
its the feasibility of dissolution of the therapeutic dose. Moreover, certain treat-
ments require that the drug is rapidly bioavailable when administered in oral 
solid dosage forms. Among other technological strategies, the use of  polymers 
as solubilising and release-rate enhancer excipients has received a strong 
 attention [35].
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Self-Assembly Polymers

Amphiphilic polymers, mainly block copolymers, may self-assembly in aqueous 
medium rendering structures similar to micelles of conventional surfactants (poly-
meric micelles) or vesicles that resemble liposomes (polymersomes). The hydro-
phobic regions of the polymer chains form the core, while the hydrophilic blocks 
extend towards the aqueous phase as a shell. The resultant polymeric micelles can 
host drugs of diverse polarity in the core or in the core-shell interface, enhanc-
ing the apparent solubility of the drug up to several orders of magnitude [36]. A 
variety of amphiphilic polymers have been synthetized. Common examples of 
hydrophilic blocks are poly(ethylene oxide) (PEO), poly(N-vinyl pyrrolidone), 
poly(N-isopropylacrylamide) or poly(acrylic acid) (PAA). Suitable hydrophobic 
blocks may be PLA, PCL, poly(propylene oxide) (PPO), poly(trimethylene car-
bonate), polyethers, polypeptides, and poly(β-aminoester)s [37–39].

Commercially available grades of sequential PEO-PPO-PEO or reverse PPO-
PEO-PPO triblock copolymers of Pluronic® family (also known as poloxamers) 
are already components of topical, oral and parenteral formulations approved 
by US Food and Drug Administration (FDA) and European Medicines Agency 
(EMA) [37, 40]. Related X-shape copolymers with a central ethylenediamine 

Table 11.3  Synthetic polymers commonly used as film-forming agents for coating of solid dos-
age forms. Data taken from references [8, 34]

Function Composition Features Trade names

Protective Cationic copolymer based on 
dimethylaminoethyl meth-
acrylate, butyl methacrylate, 
and methyl methacrylate

Soluble pH < 5, 
permeable pH > 5

Eudragit® E 100, 
E 12.5, E PO

Polyethylene glycol with side 
chains of polyvinyl alcohol

Water-soluble Kollicoat® IR

Enteric Poly(methacrylic acid-
co-ethyl acrylate) 1:1; 
poly(methacrylic acid-co-
methyl methacrylate) 1:2; 
poly(methyl acrylate-co- 
methyl methacrylate-co-
methacrylic acid) 7:3:1

Soluble pH > 5.5–7.0 Eudragit® L 30 
D-55, L 100-55, 
L 100, L 12.5, S 
100, S 12.5, FS 
30 D.
Acryl-EZE® 
93A, MP
Kollicoat® MAE

Sustained-release Poly(ethyl acrylate-co-methyl 
methacrylate-co-trimethyl-
ammonioethyl methacrylate 
chloride) 1:2:0.2 and 1:2:0.1; 
poly(ethyl acrylate-co-methyl 
methacrylate) 2:1

Insoluble, low or high 
permeability

Eudragit® RL 
100, RL PO, RL 
30D, RL 12.5, 
RS 100, RS PO, 
RS 30D, RS 
12.5, NE 30D, 
NE 40 D, NM 
30D
Kollicoat® EMM

Polyvinylacetate Kollicoat® SR
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group and four branches of PEO-PPO are commercialized as Tetronic® (poloxam-
ine) [41]. These block copolymers are available in a number of varieties differing 
in length of hydrophilic PEO and hydrophobic PPO blocks and hydrophilic-lipo-
philic balance (HLB), which in turn enables the preparation of micelles with cores 
displaying a variety of sizes and hydrophobic environment [37, 40]. The choice 
of the core-forming segment is a critical issue for a variety of properties of poly-
meric micelles such as stability, drug-loading capacity, and drug-release profile. In 
general, polymeric micelles exhibit better thermodynamic (lower critical micellar 
concentration) and kinetic (less prone to rapid disassembly) stability than conven-
tional micelles. The main advantage is that once diluted in the physiological flu-
ids, drug-loaded polymeric micelles maintain their stability for minutes to hours 
even the polymer concentration in the medium is well below the critical micel-
lar concentration. This feature endows polymeric micelles with ability to circulate 
for a prolonged time in the blood stream if the surface is endowed with stealth 
features. Although Pluronics are non-degradable biomaterials, molecules around 
10–15 KDa are filtered by kidney and eliminate in the urine [42]. Pluronic formu-
lations have been widely investigated demonstrating their usefulness to enhance 
solubilization of poorly-water soluble drugs and also prolonging their release pro-
file in oral, rectal, topical, ophthalmic, nasal and injectable preparations.

An amphiphilic copolymer composed of PEG, polyvinylcaprolactam and poly-
vinylacetate side chains (Soluplus®; Fig. 11.5) has also shown excellent solubi-
lising properties for class II drugs, particularly crystalline drugs [43–45]. This 
copolymer as well as some other block copolymers cited above can be also incor-
porated to solid dosage forms and create self-micellizable systems that accelerate 
drug release.

Polymers for Solid Dispersions

Solid dispersions provide drug particles of reduced size, promote wetting, avoid 
agglomeration, and change the crystalline state of the drug, which in turn lead to 
an increase in drug dissolution rate and even solubility [46]. Common techniques 
to prepare solid dispersions require (i) dissolution of the drug and the polymer in a 
common solvent followed by spray-drying or freeze-drying; or (ii) mixing in solid 
state followed by cogrinding or melt extrusion [47, 48]. Suitable polymers are 
those that can be dissolved in a variety of organic media if the solution approach 
is going to be applied, or that exhibit low temperature of melting (if crystalline) 
or low glass transition temperature, Tg (if amorphous) for methods that require 
melting [48, 49]. In the solid dispersion, molecular interactions between drug and 
polymer or formation of eutectic products notably favor drug dissolution process 
[50, 51].

Poloxamer, PVP, copovidone and PEG are suitable solubilizing agents for solid 
dispersions. Soluplus® enable hot-melt extrusion to be carried out at low tempera-
ture without the addition of other excipients such as plasticizers [52]. Some hyper-
branched polymers (e.g. Hybrane®, Fig. 11.5) of reduced Tg are also suitable for 
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this technique and their pharmaceutical potential is under research [53]. Compared 
to other techniques, the advantage of hot-melt extrusion is that it can work in a 
continuous mode without the use solvents. Requirements for biocompatible poly-
mers used in hot-melt extrusion are thermoplastic behavior, Tg in the 50–180 °C, 
low hygroscopicity, and ability to solubilize hydrophobic drugs. For this later 
requirement, polymers bearing hydrogen bond acceptor or donor groups or amide 
moieties are particularly adequate.

Polymers That Enhance Drug Permeability

Non-parenteral administration requires that the drug molecules can pass through 
the lipid bilayer of cell membranes close to the administration site (for local 
effect) or through the entire physiological membranes that act as a barrier for the 
access to the blood stream. Once in the blood, the drug molecules themselves or 
incorporated in suitable nanocarriers should extravase towards the target tissues. 
Several structures and physicochemical phenomena oppose to drug permeation: 
the gap between cells is very small; drug molecules have to partition between 
aqueous phase and oily phase of the bilayer membrane; efflux pumps expel mol-
ecules from inside cells to the outer cellular medium; or cytochromes at the mem-
brane can degrade the passing through molecules [54]. Cell penetration in the 
target site has also to overcome similar problems.

Polymers may enhance drug permeability if they can (i) open the intercellular 
spaces, (ii) increase the fluidity of the lipid membrane, (iii) inhibit or evade efflux 
pumps, (iv) inhibit or evade enzymatic activity, and/or (v) facilitate the access to 
the cell by an alternative mechanism.
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Chitosan is a semisynthetic polyssacharide obtained via deacetylation or enzy-
matic degradation of chitin. Its backbone consists of β-1,4-linked d-glucosamines 
with a variable degree of N-acetylation (40–98 %) and molecular weight (50–
2,000 kDa) [55]. Chitosan favors the transport of drugs across membranes due to 
its bioadhesion properties and the transient opening of the tight junctions [56, 57]. 
Limited solubility of chitosan at physiological pH can be overcome with the use of 
derivatives. The N-substitution of some primary amine of chitosan with carboxyl 
groups can yield monocarboxymethyl chitosan which exhibits zwitterionic char-
acter [58]. N-trimethyl chitosan obtained by partial quaternization of chitosan is 
water-soluble in a range of pH between 1 and 9, and has been shown efficient for 
buccal penetration of high molecular weight molecules and for gene delivery [59, 
60]. Other cationic polymers like poly-l-lysine, poly-l-arginine and polyethyl-
eneimine (PEI) are also able to induce reversible opening of tight junctions.

Mucoadhesive polymers, such as derivatives of PAA and thiol-functionalized 
polymers, enable a strong attachment to cysteine groups of glycoproteins from 
mucus layer, resulting in an increased residence time and enhanced permeability 
[61, 62]. Functionalization with thiol groups notably increases the mucoadhe-
sion strength of chitosan, PAA derivatives, alginate or carboxymethyl cellulose 
[63–65].

A variety of polymers have been shown able to inhibit efflux pumps and thus 
to notably increase drug accumulation inside cells [66]. Efflux pump proteins 
are active membrane transporters (encoded by the ATP Binding Cassette, ABC, 
gene family) involved in the expelling of a broad range of structurally diverse 
compounds out of healthy cells, protecting them from adverse xenobiotics [67]. 
Efflux pumps affect the absorption, distribution, metabolism and elimination of 
endogenous substances and also of drugs, ultimately decreasing their bioavailabil-
ity. P-glycoprotein (P-gp), one of the most studied mammalian ABC proteins, is 
ubiquitous distributed throughout the body, with the highest levels found in the 
epithelial cell surfaces, mainly at the apical membranes of the intestines, liver 
and kidney, and the blood-brain barrier [68]. Other important drug-related efflux 
pumps are the multidrug resistant proteins (MRP) 1 and 2 as well as the breast 
cancer resistant protein (BCRP), which overexpressed in tumor cells and lead to 
low concentrations of anticancer agents, being responsible for multidrug resistance 
and, consequently, for the chemotherapy failure [69]. Efflux pumps are polyspe-
cific because the drug-binding site is a large and flexible region which contains 
multiple hydrophilic electron donor/acceptor groups, charged groups and aromatic 
aminoacids providing a number of subsites where drugs can bind [70].

The development of compounds able to selectively block or to inhibit the 
ATP-dependent transport function of these proteins is a very important issue for 
the improvement of the drug therapy, mainly in the fields of oral delivery, brain 
targeting and cancer therapy [71]. Oral bioavailability of drugs substrate of efflux 
pumps can be improved by co-administration of efflux pump inhibitors. In the case 
of cancer treatment, modulators of drug efflux pumps are not expected to kill mul-
tidrug resistant cells, but to restore the cytotoxic effect of coadministered antican-
cer agents. The modulators or inhibitors of efflux pumps can be categorized into 
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two groups: (i) small molecule inhibitors, and (ii) polymeric inhibitors. The poly-
mers have the advantage of being pharmacologically inactive avoiding the toxic-
ity problems related to the active small inhibitors. Natural polysaccharides, such 
as dextran, anionic gums, or sodium alginates have been proved to inhibit efflux 
pumps at concentration above 0.05 % [72]. Synthetic polymers based on PEO 
block copolymers [73] and dendritic [74] and thiolated [75] polymers are effec-
tive even at lower concentration. Moreover, hydrophilic polymeric inhibitors are 
not absorbed from the gastrointestinal tract and thus act locally without causing 
systemic adverse effects.

In general terms, drug-polymers formulations can overcome multidrug resist-
ance phenomena following two different approaches: (i) circumventing efflux 
pump transport or (ii) inhibiting efflux transporter proteins [72]. Polymeric 
micelles and polymer-drug conjugates take advantage of the first approach since 
the micelles or the conjugates can be uptaken via endocytosis, escaping from 
membrane diffusion affected by efflux pumps. Differently, unimers of block 
copolymers, e.g. Pluronics, enhance in vivo intracellular drug accumulation 
due to the inhibition of P-gp, MRP1 and MRP2 pumps [76, 77]. Pluronic® P85 
(4,600 Da) is so far one of the most potent inhibitor of efflux pumps. The uni-
mers rapidly bind cell membrane, penetrate into the cells and co-localizes with the 
mitochondria. This leads to inhibition of the respiratory chain, decreases oxygen 
consumption and causes ATP depletion. The inhibition of the ATPase and deple-
tion of ATP and the fluidization of the membrane hinders the activity of the efflux 
pumps, enabling a more efficient entry of drugs into the cells. In the multidrug 
resistant cancer cells, the production of reactive oxygen species (ROS) and the 
release of cytochrome C, due to the impairment of mitochondrial respiration, 
enhances drug-induced apoptosis and prevents the activation of the anti-apoptotic 
cellular defense [78].

Polymers for Gene Delivery

Gene material cannot easily enter into cells and is extremely unstable in the extra-
cellular medium. Therefore, systemic administration of gene material requires 
nanocarriers that can deliver it in the appropriate cells. Most polymers intended 
as non-viral gene vectors are cationically charged in order to form complexes with 
DNA which is anionic at physiological pH. The resultant colloidal polyplexes 
should exhibit removable stealth surface to enable the transport through biologi-
cal barriers without preventing the entrance into the target cells. The polycation 
should also perform as endosomolytic component to facilitate the escape of DNA 
from endosomes in order to avoid degradation, traverse the cytoplasm intact and 
enter into the nucleus [79].

Although very efficient regarding DNA complexation, highly charged cati-
onic polymers, such as PEI, poly(L-lysine) and polyamidoamine dendrimers 
(PAMAM), exhibit toxicity problems. Thus, combination of cationic moieties with 
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hydrophilic non-ionic components (e.g. grafted with Pluronic, carbohydrates or 
cyclodextrins) or even anionic groups (e.g. glycolic acid, polyacrylic acid) is under 
investigation [80].
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Abstract Over the last two decades the smart polymeric materials have involved 
the interest of the scientific community because they can be used in the design and 
formulation of dosage forms that respond, with a considerable variation of their 
properties, to changes in their environment. As result, these materials control the 
drug release into specific physiological compartments. Concerning on the envi-
ronmental stimuli these include pH, temperature, light, chemicals, etc. The smart 
polymeric materials stimuli-responsive can be synthetics or naturals and have been 
used in the biotechnological, medicinal and engineering fields. The present chapter 
is aimed to focus the importance of this category of drug delivery systems and, 
in particular, it provides a summarizing overview of the range of smart polymeric 
materials and the drug delivery systems that exploit them.
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CST  Critical solution temperature
DDS  Drug delivery systems
DEAAm  N,N-diethylacrylamide
DHP  Disulfide-crosslinked heparin-Pluronic
DMAEMA  2-(dimethylamino)ethyl methacrylate
DNQ  2-diazo-1,2-napthoquinone
DSC  Differential scanning calorimetry
EVAc  Ethylene-vinyl acetate copolymer
5-FU  5-fluoruracil
GSH  Glutathione
HA  Hyaluronic acid
IPN  Interpenetrating polymer network
IPMCs  Ionic polymeric-metal composites
LC  Liquid crystal
LCST  Lower critical solution temperature
LMWGs  Low-molecular-weight hydrogelators
MBAAm  N,N′-methylenebisacrylamide
ME  Merocyanine
MEMS  Micro-electro-mechanical-systems
MNPs  Magnetic nanoparticles
MSCs  Mesenchymal stem cells
NIPAAm  N-isopropylacrylamide
PAA  Poly(acrylamide)
PAAc  Poly(acrylicacid)
PAAm-g-XG  Poly(acrylamide-grafted-xanthan gum)
PbAEs  Poly(b-amino esters)
PCL-PEG-PCL  Poly(ε-caprolactone)-block-poly(ethyleneglycol)-block-

poly(ε-caprolactone)
PDAAEMA  Poly(N,N-diakylamino ethylmethacrylates)
PEG  Poly(ethylene glycol)
PEG–PPS–PEG  ((Poly(ethylene glycol))–(poly(propylene sulfide))–PEG)
PEI  Poly(ethylene imine)
PEO–PPO–PEO  Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 

oxide)
PL  Poly(lysine)
PLGA  Poly(lactic/glycolic acid)
PLLA-PEG-PLLA  Poly(L-lactic acid)-poly(ethylene glycol)-poly(L-lactic acid)
PMAA  Polymethacrylic acid
pMWNTs  Pristine multi-walled carbon nanotubes
PNIPAAm  Poly(N-isopropylacrylamide)
PNVC  Poly(N-vinylcaprolactam)
PSS  Sulphonated-polystyrene
PT  Polythiophene
PVA  Polyvinyl acetate
PVDF  Poly(vinylidene fluoride)
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RCM  Rate controlling membranes
UCST  Upper critical solution temperature
SP-hb-PG  Spiropyran-initiated hyperbranched polyglycerol
SPION  Superparamagnetic iron oxide
SR  Stimuli-responsive
ULS  Ultrasound

Introduction

Stimuli-Responsive (SR) materials, also called “smart materials” have been 
attracting great interest within scientific community in the last few decades [1–4]. 
They possess unique properties that have made this class of materials very prom-
ising for several applications in the field of nanoscience. In particular, the smart 
materials undergo changes in response to small external variations in environmen-
tal conditions or to physical or biochemical stimuli. In addition, there are dual 
SR materials that simultaneously respond to more than one stimulus [5–7]. For 
instance, temperature-sensitive polymers may also respond to pH changes [8–11].

Many efforts have been carried out to find new solutions for developing SR 
materials for the reason that a smart response to external or internal stimuli allows 
a better localization of the system in the desired biological compartment and 
a controlled release of the loaded drug at the site interested from the pathologi-
cal event. The polymers have proved interesting for the development of stimuli-
responsive materials due to their chemistry that permits to modulate the properties 
by inserting sensible chemical moieties, a responsive compound. In this case, the 
polymer serves only as a carrier for that compound. On the other hand, SR sys-
tems containing polymers can be also designed with a responsive polymers. These 
systems strictly path the normal physiological process of the disease state where 
the amount of drug released is precious according to the physiological need [12]. 
Biopolymers such as proteins, carbohydrates and nucleic acid are all basic compo-
nents of living organic systems that are responsible for the cells construction and 
process [13, 14]. These natural polymers have led to the development of numerous 
synthetic polymers that have been designed to simulate these biopolymers. In par-
ticular, a great range of polymeric materials has been synthesized to response to 
different stimuli such temperature, light, solvent, ionic strength, electric, magnetic, 
mechanical, pH, enzymes and receptors (Fig. 12.1) [15]. These polymers might 
recognize one or more of the listed stimuli as a signal, judge the magnitude of this 
signal, and then change their chain conformation in direct response [16].

The responses are manifested as variations in the shape, surface, solubility, 
degree of intermolecular association and others [17]. Particularly, the subsequent 
polymer structure and property alterations lead to the overall characteristic switch-
ing. The extraordinariness of these polymers lies not only in the fast structural 
macroscopic changes but also these transitions being reversible. Therefore, the 
polymer is capable of returning to its initial state as soon as the trigger is removed 
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[13, 14]. There is a great deal of literature available about the different types of SR 
polymers. These materials have been utilized in the form of cross-linked hydro-
gels, reversible hydrogels, micelles, modified interfaces and conjugated solutions.

The main aim of this review is to highlight the various smart polymeric materi-
als and the drug delivery systems (DDS) that exploit them. These are useful to 
realize biomimetic devices [18], intelligent medical instruments and auxiliaries 
[19, 20], electrochemical devices [21], artificial muscles [22], heat shrinkable 
materials for electronics packaging [23], microelectromechanical systems [24] and 
actuators and sensors [25].

Stimuli-Responsive Polymers

The stimuli that commonly drive the changes within SR polymers are represented 
in Fig. 12.1 [5–7]. These ones, commonly classified as physical, chemical, or 
biological, are also classified as both external or internal stimuli. The polymeric 
SR materials are too known as self-regulated devices, where the release rate is 

Fig. 12.1  Stimuli of SR polymers
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controlled by a mechanism of feedback that is produced within the body to control 
the structural changes in the polymer network and exhibit the desired drug release, 
without any external mediation [26, 27]. On the other hand, externally controlled 
SR polymers depend on the applied stimuli that are produced with the support of 
different stimuli-generating strategies, which results in pulsed drug delivery which 
may be defined as the rapid and transient release of a certain amount of drug 
within a short time period immediately after a predetermined off-release period 
[15, 26, 27].

Physically Dependent Stimuli

A very effective way of achieving site-specific drug targeting is by employing 
externally regulated polymeric drug delivery systems that are responsive to stimuli 
such as temperature, electric field, light, ultrasound, magnetic fields and mechani-
cal deformation that typically modify the polymeric chain dynamics. Temperature 
is the most common stimulus for SR polymers.

Temperature-Responsive Polymers

Temperature-sensitive or thermo-responsive hydrogels and polymers have 
attracted great attention in different fields because some diseases manifest a tem-
perature modification [28, 29]. In particular, they are characterized by a critical 
solution temperature (CST) around which the hydrophobic and hydrophilic inter-
actions between the polymeric chains and the aqueous media brusquely change 
within a small temperature range bringing to the disruption of intra- and inter-
molecular interactions and resulting in chain collapse or expansion. Typically, 
these polymer solutions possess a temperature above which one polymer phase 
exists, namely upper critical solution temperature (UCST), and below which 
a phase separation occurs with the formation of an hydrogel [30]. On the other 
hand, polymer solutions that appear as monophasic below a specific temperature 
and biphasic above it generally possess a so-called lower critical solution tem-
perature (LCST). The LCST is a fascinating phenomenon found for various water 
soluble polymers which tend to phase-separate from solution upon heating. The 
most investigated temperature-responsive polymer featuring a LCST in water is 
the poly(N-isopropylacrylamide) (PNIPAAm). The LCST of PNIPAAm was of 
~32 °C, proximate to the human body temperature. By altering the temperature 
of PNIPAAm solution in water, its solubility behavior can be reversibly changed 
from hydrophilic-soluble to hydrophobic-insoluble and thus can be induced exter-
nally (Fig. 12.2). Then, above the LCST, the polymer become increasingly insolu-
ble leading to gel formation.

The phenomenon of transition from a solution to a gel is commonly referred 
to as sol-gel transition. The sol–gel transition of thermosensitive hydrogels can be 
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experimentally verified by a number of techniques such as spectroscopy [31–33], 
differential scanning calorimetry (DSC) [31, 32] and rheology [33].

Other N-substituted polyacrylamides [34, 35], and further classes of polymers 
such as poly(oligoethyleneoxide-(meth)acrylate)s [36], poly(2-oxazoline)s [37], 
poly(N-vinylalkylamides), e.g. poly(N-vinylcaprolactam) (PNVC) [38], copoly-
mers such as poly(L-lactic acid)-poly(ethylene glycol)-poly(L-lactic acid) (PLLA-
PEG-PLLA) triblock copolymers [39], poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (PEO–PPO–PEO) copolymers [40] and many natural 
polymers [41], e.g. polysaccharides and proteins, utilize temperature change as 
the trigger that determines their gelling behavior without any additional external 
factor. Researchers have used them alone or in combination to fabricate thermally 
responsive hydrogels with desired properties. Hydrogels based on these polymers 
have been interesting for biomedical uses as they can swell in situ under physi-
ological conditions and provide the advantage of convenient administration.

Temperature-Responsive Polymers Applications

The major advantage of thermosensitive polymeric systems is the avoidance 
of toxic organic solvents, the ability to transport both hydrophilic and lipophilic 
drugs, reduced systemic side effects, site-specific drug delivery, and sustained 
release properties.

Hydrogels responsive to temperature are being used to obtain an on–off 
drug release profile in response to a gradual change of temperature [42–44]. In 
particular, hydrogels PNIPAAm-BMA based loading indomethacin were ana-
lyzed for their on-off release profile. The on state was reached at low tempera-
tures and off state at high temperatures. This behavior is due to the formation of 
scarcer permeable gel surface layer when the temperature was rapidly changed. 
This layer acts as barrier whose formation was regulated through the length of 
the methacrylate alkyl side-chain [45]. Thermo-responsive polymers were used 
also to overcome the limited therapeutic activity and insolubility of antitumoral 
drugs due to their toxicity and to the limited accessibility of tumors. The literature 
reports on the development of different systems (prodrugs, liposomes, micro- and 

Fig. 12.2  Thermoresponsive polymers: reversible switch from a hydrophilic swollen state to a 
hydrophobic collapsed state
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nano-particles), such as anti-cancer drugs carriers, whose therapeutic efficacy is 
rather limited [46, 47]. Instead, soluble polymeric drug carriers have proved capa-
ble to increase drug tumor permeability [48] but, these carriers fail to intrinsically 
target a specific physiological compartment.

Thermo-responsive polymeric micelles can be used to target adriamycin at the 
tumoral site. In particular, block copolymers containing hydrophobic polymers, 
such as poly(butyl methacrylate) (PBMA) and end-functionalized PNIPAAm 
[49–51], forming a micellar structure in aqueous solution below the transition tem-
perature of PNIPAAm, act as an inert material in the hydrated form. Upon 32 °C, 
the polymeric chains became hydrophobic due to their dehydration and aggrega-
tion and precipitation occur. The cores of micelles then acted as a reservoir for the 
hydrophobic drug adriamycin.

However, use of PNIPAAm is limited due to cytotoxicity attributed to the 
presence of quaternary ammonium in its structure, its non-biodegradability and 
its ability to activate platelets upon contact with body fluids. Many efforts have 
been made to decrease the initial burst drug release related to thermosensitive 
systems due to slow in vivo sol–gel transition. Literature data suggest that signifi-
cant progress in release characteristics can be achieved by optimizing the chain-
length ratio between hydrophilic and hydrophobic segments. A novel triblock 
polymeric system poly(ε-caprolactone)-block-poly(ethylene glycol)-block-poly(ε-
caprolactone) (PCL-PEG-PCL) showed a noticeable decrease in initial burst 
release by coupling to a peptide. Moreover, in vitro drug release studies showed a 
wide-ranging sustained-release profile for over 1 month [52] (Fig. 12.3).

With the aim to develop a drug delivery system with thermal stimuli respons-
ing, Nozawa et al. have been investigated liquid crystal (LC)-entrapped mem-
branes, polymer alloyed membranes and LC-adsorbed membranes for the 
transport and release of indomethacin. Polymer alloyed membranes were obtained 
by polymerizing acrylic monomers in presence of LC and LC-adsorbed membrane 
were obtained by adsorbing LC into porous hydrophobic polymer membrane. 
Permeation experiments showed that below and above the gel-liquid crystal phase 
transition temperature of the LC, the extent of thermo-sensitivity for LC-adsorbed 

Fig. 12.3  Drug release from a polymeric system
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membranes was greater than that for the alloyed membrane. The permeability ratio 
was found to be about 120 with the LC-adsorbed membrane. The obtained results 
indicated that the LC-adsorbed membrane was an useful candidate as a thermo-
responsive system for DDS [53].

Photo-Responsive Polymers

Photo-sensitive polymers have received increasingly attention in recent years 
because light can be applied straightaway and under specific conditions with high 
accuracy. The light is both negligibly absorbed by both cells and tissue and greatly 
consequently by the polymers. This makes light-responsive polymers highly 
advantageous for applications in wide fields including drug release, biomaterials, 
and artificial tissues [54–60]. Photo-responsive polymers contain light-sensitive 
chromophore moieties. Without external stimuli, these polymers can maintain 
their structures but, upon light absorption, these moieties can be broken from the 
polymer chain that can be degraded into smaller molecular fragments. Generally, 
light-sensitive polymers, UV or visible light sensitive, are classified into two main 
categories that are the side-chain-type polymer containing the chromophores as 
lateral groups of the chain backbone and the main-chain-type structure possessing 
single or multiple photosensitive species covalently- or non-covalently connected 
to the backbone. Chromophores groups are azobenzene [11, 61], spiropyran [62, 
63] and nitrobenzyl [64, 65] and a variety of azobenzene or spiropyran-contain-
ing photo-responsive polymers such as poly(acrylamide) (PAA) [41, 66] and 
PNIPAAm [43, 44].

Photo-Responsive Polymer for the Drug Controlled Delivery

UV-sensitive hydrogels could be synthesized by introduction of bis(4-dimethyl-
amino) phenylmethyl leucocyanide, a leuco derivative molecule, into the poly-
meric matrix in which ionization of the leuco derivative with UV radiation result 
in discontinuous swelling caused by an increase in osmotic pressure within the gel 
due to the appearance of cyanide ions formed by UV irradiation [67]. When the 
UV light is removed the hydrogels shrink. Instead, visible light–responsive mate-
rials can be prepared [68] by introducing trisodium salt of copper chlorophyllin, 
a light-sensitive chromophore, to PNIPAAm hydrogels. When the light is applied 
the chromophore absorbs it which is dissipated as heat giving an increase of the 
hydrogel temperature that alters its swelling promoting the drug release.

Polymeric vesicles obtained from the self-assembly of a photocleavable amphi-
philic block copolymer, as a light-triggered DDS, were also investigated. The vesi-
cles disintegrate upon UV irradiation, yielding small micellar-like structures, and 
simultaneously releasing their payload. The versatility of these system was tested 
both for low molecular weight molecules, proteins, enzymes and DNA. By vary-
ing the UV intensity, the loaded drug was released in a controlled manner [69].
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Recently, spiropyran-initiated hyperbranched polyglycerol (SP-hb-PG) micelles 
were reported [70]. These carriers responded to UV/visible light and could dis-
sociate due to conversion of the hydrophobic chromophore SP to zwitterionic and 
hydrophilic merocyanine (ME). In addition, chromophores such as coumarin, 
o-nitrobenzyl, stilbene, dithienylethene and 2-diazo-1,2-napthoquinone (DNQ) 
have been employed in light-responsive micelles, which can respond either to UV/
visible or NIR irradiation to undergo structural or phase changes and trigger the 
drug release from micelles [71–74].

Ichimura and coworkers reported about photo-responsive polymer membranes 
based on poly(vinyl alcohol) derivatives having AZB side chains with differ-
ent lengths, filled with liquid crystal (LC), and investigated the photo-response 
of LC alignment. They found that liquid crystal alignment changes were possible 
if the AZB unit was linked to poly(vinyl alcohol) backbone by a sufficient long 
spacer. The response times could be reduced by using high intensity sources [75]. 
Moreover, when visible light illuminates the surface of the membrane, the azoben-
zene moieties straighten out and the liquid crystals fall into line, which allows 
drug to easily flow through the holes. But when ultraviolet light illuminates the 
surface, the dye molecules bend into a new shape and the liquid crystals scatter 
into random orientations, clogging the tunnel and blocking drug from penetrating 
(Fig. 12.4).

Electro-Responsive Polymers

Increasing research and development efforts have been dedicated to the field of 
electro-responsive polymers (ERPs) due to their advantages of precise control 
via the magnitude of the current, the duration of an electrical pulse or the inter-
val between pulses [76, 77]. ERPs are promising candidate materials for the 
design of drug delivery technologies, especially in conditions where an “on‐off” 

Fig. 12.4  Photo-controlled alignment in liquid crystals
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drug release mechanism is required. Typical ERPs are naturally occurring poly-
mers such as chitosan, alginate and hyalouronic acid are commonly employed to 
prepare electro-responsive materials. Major synthetic polymers that have been 
used include polythiophene (PT) or sulphonated-polystyrene (PSS), polyaniline, 
polypyrrole, ethylene vinyl acetate, and polyethylene.

In some cases, combinations of natural and synthetic polymers have been used. 
Most polymers that exhibit electro-sensitive behavior are polyelectrolytes and 
they undergo deformation under an electric field due to anisotropic swelling or 
de-swelling as the charged ions move towards the cathode or anode (Fig. 12.5). 
Greatest stress is felt by the region surrounding the anode and smaller stress near 
the vicinity of the cathode. This stress gradient contributes to the anisotropic gel 
deformation under an electric field [78, 79].

Neutral polymers that exhibit electro-sensitive behaviour require the pres-
ence of a polarizable component with the ability to respond to the electric field. A 
rapid bending of gel in silicon oil was observed in the case of lightly cross-linked 
poly(dimethylsiloxane)-containing electrosensitive colloidal SiO2 particles.

These polymers can show swelling, shrinking or bending in response to an 
external field [80, 81] and they may be blended into responsive hydrogels in con-
junction with the desired drug to obtain a patient‐controlled drug release sys-
tem useful for neurotransmitters and vaccine delivery. The “on‐off” drug release 
mechanism can be achieved through the environmental‐responsive nature of the 
interpenetrating hydrogel‐EAP complex via (i) charged ions initiated diffusion of 
drug molecules due to an increase in osmotic pressure in the polymer; (ii) con-
formational changes that occur during redox switching of EAPs; or (iii) electro‐
erosion. For example, when an electrochemical stimulus is applied to multilayer 
polyacrylamide films, the combined effects of H ions migrating to the region of 
the cathode and the electrostatic attraction between the anode surface and the neg-
atively charged acrylic acid groups lead to shrinking of the film on the anode side 
[78, 82].

The hydrogel‐EAP composites include other implications such as, application 
towards biosensors, DNA hybridizations, micro‐surgical tools and miniature bio-
reactors and may be utilized to their full potential in the form of injectable devices 
as nanorobots or nano‐biosensors.

Fig. 12.5  De-swelling of 
the polymeric drug delivery 
device due to electric field
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Electro-Responsive Polymeric Drug Delivery Systems

ERPs poly(2-acrylamido-2-methyl-propane sulphonic acid-co-n-butylmethacrylate) 
based were used to delivery edrophonium hydrochloride and hydro-cortisone 
in a pulsatile manner [83]. The control of drug release was achieved by varying 
the intensity of electric stimulation in distilled deionized water. For a positively 
charged drug, the release pattern depends on ion exchange between hydrogen ion 
produced by electrolysis of water and positively charged solute.

Liu and coworkers have been also designed and successfully realized a 
novel micro-electro-mechanical-systems (MEMS) based polymer drug delivery 
microsystem. The device consists of an array of metallic contacts, able to create 
an uniform electric field. In particular, a hydrogel polymer matrix loaded with 
hematoxylin dye, as model of hydrophilic drug, has been studied. The delivery 
microsystem operated at normal body temperature (37 °C) under an applied volt-
age of 20 V. The release rate and dose were accurately controlled. The polymer 
responds to the electrical stimulus by shrinking and releases the hematoxylin dye 
into solution. The release of hematoxylin in the media was monitored using ultra-
violet-visible spectrophotometry.

Different drugs can be encapsulated within the hydrogel polymer matrix. The 
de-swelling of the polymer upon exposure to the applied electric field allows the 
encapsulated drug to be released from the matrix. The control of the applied volt-
age can be used to achieve pulsatile drug delivery. Alternatively, small volumes of 
drug may be continuously delivered to maintain the optimal therapeutic dose for 
the patient [84].

An electro-responsive drug delivery system was also developed using 
poly(acrylamide-grafted-xanthan gum) (PAAm-g-XG) hydrogel for transdermal 
delivery of ketoprofen [85]. When a swollen PAAm-g-XG hydrogel was placed 
between a pair of electrodes, a de-swelling of the hydrogel was observed in the 
vicinity of electrodes carrying the electric stimulus. Ketoprofen-loaded PAAm-g-
XG hydrogel was also crosslinked with poly(vinyl alcohol) to prepare films as rate 
controlling membranes (RCM). The in vitro drug permeation study from the for-
mulations was performed through excised rat abdominal skin. The drug permea-
tion across the skin was significantly improved in the presence of electric stimulus 
as compared to passive diffusion and was found to be dependent upon the applied 
electric current strength and crosslink density of RCM. A pulsated pattern of 
drug release was observed as the electric stimulus was switched on and off. These 
PAAm-g-XG hydrogel could be useful as transdermal drug delivery systems actu-
ated by an electric signal to provide on-demand release of drugs.

Pristine multi-walled carbon nanotubes (pMWNTs) were incorporated into 
a polymethacrylic acid (PMAA)-based hydrogel matrix by in situ radical poly-
merisation [86]. The effect of pMWNTs and cross-linker concentration on the 
electrical and mechanical properties of the hydrogel was carefully studied. The 
incorporation of pMWNTs into the polymeric network improved the electrical 
properties of the hydrogel. Moreover, the drug release from the gels was signifi-
cantly enhanced at high pMWNT concentrations. But, the presence of pMWNTs 
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within the hydrogel matrix affected the hydrogel mechanical properties by 
decreasing the pore size and, consequently, the swelling/de-swelling of the gels. 
The damage on the gel surfaces after electrical stimulation and the loss of the pul-
satile release profile at high cross-linker concentrations, suggested that the mecha-
nism of drug release involved a compacting effect and intensified the stress on the 
polymeric network as a result of the electrical properties of pMWNTs.

Ultrasonically Responsive Polymers

An innovative approach of exploiting ultrasound in drug delivery consists on the 
application of the ultrasonic waves directly at the polymers or the hydrogel matrix 
[87]. For the ultrasonically responsive polymers the release mechanism is driven 
by the cavitation. In particular, the ultrasound (ULS) energy generates both high 
and low pressure waves, resulting in an alternative growth and shrinkage of gas-
filled microbubbles. These high-low pressure waves regulate the intermittent open-
ing of the pores of the polymer, thus inducing the delivery of the respective drugs.

The most widely employed polymers for the ULS-responsive uses could be 
biodegradable or non-biodegradable. The biodegradables ones include polygly-
colides, polylactides, bis(p-carboxyphen-oxy)alkane anhydride with sebacic acid. 
Instead, the non-biodegradables materials are ethylene-vinyl acetate copolymers or 
the poly(lactide-co-glycolide) microspheres, PHEMA hydrogels, the PEO-b-PPO-
b-PEO micelles and the poly(HEMA-co-DMAEMA) hydrogels. The releasing 
agents are p-nitroaniline, p-amino-hippurate, bovine serum albumin and insulin. 
When exposed to ultrasound, these bioerodible polymers respond rapidly and 
reversibly. It is believed that the ultrasound also causes an increase in tempera-
ture in the delivery system, which allows the diffusion [88, 89]. ULS-responsive 
polymers are advantageous because they are non-invasive and capable of penetrat-
ing deep into the interior of the body and thus drug delivery can be focused and 
carefully controlled through a number of parameters including frequency, power 
density, duty cycles and time of application [90, 91]. Biologically the ultrasound 
action is related to the generation of thermal energy, perturbation of cell mem-
branes, and enhanced permeability of blood capillaries [92].

Application of Ultrasound in Drug Delivery

Ultrasound responsive drug delivery systems have great potential for applications 
requiring stimulated release in vivo with a high degree of control over spatial and 
temporal location. Numerous carriers for ultrasonically enhanced drug delivery 
have been explored including polymeric ultrasound contrast agents with targeting 
potential, modified lipospheres and nano-/micro-bubble-enhanced chemotherapy 
(Fig. 12.6) [93–97]. Miyazaki and coworkers used ULS-responsive matrix eth-
ylene-vinyl acetate copolymer (EVAc) based to achieve a 27-fold increase in the 
release of 5-fluoruracile. The ultrasound strength increase results in a proportional 
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increase in the amount of 5-FU release [98]. EVAc systems were also tested as 
delivery device of insulin. It was found that exposure of insulin-loaded matrices to 
ULS significantly reduced the blood glucose levels on the rats [99].

Kwok et al. have reported on the development of ULS-sensitive barrier mem-
branes able to give a pulsatile drug release. A co-polymer of 2-hydroxyl meth-
acrylate (HEMA) and PEG dimethacrylate was loaded with particulate insulin and 
PEG, after which the surface of the polymer was coated with methylene chains. 
Upon exposure to ultrasound the methylene chains became disordered, permitting 
the insulin to diffuse out of the matrix [100, 101].

In addition, Suzuki et al. [102] achieved tumor-specific ultrasound-enhanced 
gene transfer with novel liposomal bubbles, which entrapped an ultrasound imag-
ing gas. Extraordinarily, the bubble liposomes healthy transferred genes, only at 
the site of ultrasound exposure, into tumor cells and solid tumor tissue [103–106].

Magnetically-Responsive Polymers

The use of an oscillating magnetic field to modulate the rates of drug delivery 
from a polymeric matrix was one kind of method to achieve externally controlled 
drug delivery systems [107]. When planning a magnetic-responsive delivery sys-
tem characteristics such as the magnetic properties of the carrier particles, field 
strength and geometry, drug/gene binding capacity and physiological parameters 
like the depth to target, the rate of blood flow, vascular supply and body weight 
need to be considered [108]. Magnetic targeting is based on the attraction of mag-
netic polymer carrier to an external magnetic field source that effectively traps it 
in the field at the target site and pulls it toward the magnet [109–113]. In order to 
maintain the magnetic loaded carrier at a specific location, the externally applied 
field must have a relatively strong gradient. When the drug is released from the 
magnetic matrix this is no longer responsive to the applied field.

Several carriers for magnetically enhanced drug delivery have been studied 
including nanoparticles with a magnetic core and a polymer shell and liposomes 
which have a magnetic core and an artificial liposomal shell are reported [114–
119]. These materials may also be embedded in hydrogels which can carry drugs 

Fig. 12.6  Action of ultrasound targeted microbubble destruction. Microbubbles are attached 
with drugs or genes



354 R. Cassano and S. Trombino

that are released upon heating [110, 120]. To produce highly efficient magnetic-
responsive materials, the “doping” of polymer materials with magnetic nanoparti-
cles (MNPs), made of inorganic matter (most often superparamagnetic iron oxide 
(SPION) Fe3O4 or g-Fe2O3, or ‘‘soft’’ metallic iron, but also “hard” magnetic 
materials e.g. Co, Ni, FeN, FePt, FePd…), appeared to be the more appealing and 
efficient solution.

Many hydrophilic polymers were proposed to host magnetic nanoparticles, in 
particular thermosensitive gels like poly(N-isopropylacrylamide) (PNIPAAm). 
However, PNIPAAm and other polymers exhibiting a LCST are generally less 
polar than polyvinyl acetate (PVA) and can be inefficient for trapping the MNPs 
due to the absence of hydrogen bonds and to a mesh size of typically 10–20 nm, 
i.e. larger than the size of superparamagnetic iron oxide MNPs (5–10 nm) [121]. 
To overcome this problems, strategies reported in the Fig. 12.7 concerning on a 
statistical copolymer network with a chelating comonomer such as 2-acetoace-
toxyethylmethacrylate (AEMA) [122], a semi-interpenetrated network with algi-
nate chains wrapping the MNPs [123] or a composite network of PNIPAAm and 
poly(ethylene glycol) (PEG) using PEG400–dimethacrylate as crosslinker of 
NIPAAm [124] were proposed.

Magnetic Field Responsive DDS

By merging magnetic and polymer materials one can obtain composites with 
exceptional magnetic responsive features. In this context, magnetic responsive 
micro- and nano-particles have been explored as possible drug carriers for site-spe-
cific drug targeting [125, 126]. Cytotoxic anti-cancer drugs were attached to these 
carriers and injected into the subject both via intravenous or intra-arterial injec-
tion. External magnetic fields generated by rare earth permanent magnets were 
then used to direct and concentrate the drug at the tumor site [127]. Subcutaneous 
implants of EVAc-insulin, capable of decreasing glucose levels in diabetic rats for 
105 days, were also designed [128, 129]. Additionally, Hsieh et al. embedded mag-
netic steel beads in an EVAc copolymer matrix that was loaded with bovine serum 
albumin as a model of drug. They demonstrated increased rates of drug release in 

Fig. 12.7  Strategies proposed to trap magnetic nanoparticles inside a hydrogel network
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the presence of an oscillating magnetic field [117, 130]. During the exposure to 
the magnetic field, the beads oscillate within the matrix, on the other hand creat-
ing compressive and tensile forces. This consecutively acts as a pump to push an 
increased amount of the drug out of the polymer matrix. In vivo studies were later 
conducted demonstrating the effectiveness of an optimized version of this system, 
consisting of EVAc-protein matrices containing magnetic beads, loaded with insu-
lin. In particular, was demonstrated that glucose levels can be repeatedly decreased 
on demand by applying an oscillating magnetic field [131–134].

Chemically Dependent Stimuli

Stimuli that occur internally are classified as chemical or biological. The pH as 
well as the ionic strength, redox and solvent are defined chemically-dependent 
stimuli.

pH-Responsive Polymers

pH sensitive polymers are materials which respond to the changes in the pH of 
the surrounding medium by varying their dimensions. Such materials increase its 
size (swell) or collapse depending on the pH of their environment (Fig. 12.8). This 
behavior is due to the presence of certain functional groups in the polymer chain 
such as acidic or basic groups that can either accept or release a proton in response 
to changes in environmental pH.

The pH is an important environmental parameter for biomedical applications, 
because pH changes occur in several specific or pathological sites.

The changes along the gastrointestinal tract from acidic in the stomach 
(pH = 2) to basic in the intestine (pH = 5–8) has to be considered for oral delivery 
of any kind of drug. Certain cancers as well inflamed or wound tissue exhibit a pH 
different from 7.4 as it is in circulation. For example chronic 7.4 and 5.4 and can-
cer tissue is also reported to be acidic extracellularly [135–137].

Fig. 12.8  Swelling-
de-swelling transition of a pH 
responsive hydrogel
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Consequently, this parameter can be exploited for a direct response at a certain 
tissue or in a cellular compartment. As mentioned above, pH responsive polymers 
consist of polymers with a large number of ionisable groups known as polyelec-
trolytes. Polyelectrolytes are classified into two types: weak polyacids and weak 
polybases. Weak polyacids accept protons at low pH and release protons at neutral 
and high pH [138]. Poly(acrylicacid)(PAAc) and poly(methacrylicacid) (PMAA) 
are commonly used pH-responsive polyacids [139, 140]. As the environmental pH 
changes, the pendant acidic group undergoes ionization at specific pH called as 
pKa. This rapid change in the charge of the attached group causes alteration in 
the molecular structure of the polymeric chain. This transition to expanded state is 
mediated by the osmotic pressure exerted by various stimuli responsible for con-
trolling drug release from smart polymeric delivery systems [26–143]. pH respon-
sive polymers typically include also chitosan [144], albumin [145], gelatin [146], 
poly(acrylic acid) (PAAc)/chitosan IPN [147], poly(methacrylic acid-g-ethylene 
glycol) [P(MAA-g-EG)] [148, 149], poly(ethylene imine) (PEI) [150], poly(N,N-
diakylamino ethylmethacrylates) (PDAAEMA), and poly(lysine) (PL) [151, 152].

pH-Stimuli Sensitive Polymer DDS

Oral pH sensitive drug delivery systems are gaining importance because they are 
able to deliver the drug at specific part of the gastrointestine. Antibiotics, especially 
macrolide ones like erythromycin, enzymes and proteins are rapidly degraded by 
gastric juices. Others, such as acidic drugs like NSAID’s (e.g., diclofenac, valproic 
acid, or acetylsalicylic acid) cause a local irritation of the stomach mucosa.

Recently, it has been reported that aqueous dispersions or suspensions can be pro-
duced, in which the drug is present in enteric-coated form. The enteric-coated time 
clock system consists of a tablet core covered with a mixture of hydrophobic material 
and surfactant, which is applied as an aqueous dispersion [153]. The drug release 
from the core of the time clock system occurs after a pre-determined lag time.

Many polyanionic materials, such as PAAc, are pH sensitive and the degree 
of swelling of such polymers can be modulated by changing the pH. The use of 
these systems, too in conjunction with temperature-sensitive lipids, offers potential 
to target drugs to areas of inflammation or to achieve site-specific, pulsatile drug 
delivery [154].

Methylene-bis-acrylamide/methacrylic acid anionic microgels were also pre-
pared by precipitation polymerization and loaded with doxorubicin and condensed 
by incubating in buffer at pH 5. The condensed particles were then coated with a 
lipid bilayer. Disruption of the lipid bilayer by electroporation was shown to cause 
the microgel particles to swell and release their drug. The concept of pH-sensitive 
liposomes emerged from the observation that certain enveloped viruses infect cells 
following acidification of the endosomal lumen to infect cells and from the knowl-
edge that some pathological tissues (tumors inflamed and infected tissue) have a 
more acidic environment compared to normal tissues. Although, pH-sensitive 
liposomes are stable at physiological pH, they destabilize under acidic conditions, 



35712 Drug Delivery Systems: Smart Polymeric Materials

leading to the release of their aqueous contents [155]. The liposomes are internal-
ized by endocytosis after binding to cell surface receptors. In addition, pH-sen-
sitive hydrogels have been used in making biosensors and permeation switches 
[156]. The pH-sensitive hydrogels for these applications are usually loaded with 
enzymes that change the pH of the local microenvironment inside the hydrogels. 
One of the common enzymes used in pH-sensitive hydrogels is glucose oxidase 
which transforms glucose to gluconic acid. The formation of gluconic acid lowers 
the local pH, thus affecting the swelling of pH-sensitive hydrogels.

Soleimani and Sadeghi have reported on a super-absorbent hydrogel, starch-g-
poly(sodium acrylate-co-2-hydroxy ethyl methacrylate) (starch-g—poly(NaAA-
co-HEMA)) based, showing a maximum water absorbency in solutions with 
pH = 8. This hydrogel exhibited high sensitivity to pH, so that, several swelling 
changes of it or drug releasing percent were observed in lieu of pH variations in a 
wide range. Furthermore, the reversible swelling–deswelling behavior in solutions 
with acidic and basic pH, makes the hydrogels suitable candidates for controlled 
releasing systems [157].

Ion-Responsive Polymers and Their Applications

Ionic polymers were increasingly attractive for many applications in biotechnol-
ogy and medicine such as drug delivery. They are also called polyelectrolytes, 
ionic gels, or ionic hydrogels. They dissociate, in a solution, into polyions and a 
larger number of oppositely charged counter ions. Interactions between polyions 
and counter ions cause phase transition, change in diffusivity and change in order 
of magnitude in equilibrium swelling. Typical examples of pH-sensitive poly-
mers are PAAc, PMAA, poly(ethylene imine), and poly(N,N-dimethyl aminoethyl 
methacrylamide) [108–110, 158, 159].

Shahinpoor and Kim presented the fundamental properties and characteristics 
of ionic polymeric-metal composites (IPMCs) as biomimetic sensors, actuators 
and artificial muscle. The IPMC is composed of a perfluorinated ionic polymer 
layer, whose surfaces are coated by a conductive medium such as platinum. A strip 
of perfluorinated ionic membrane bends toward the anode under influence of an 
electric potential. The water containing counter ions moves toward anode creating 
a motion of the actuator [160]. Ion-exchange resins are frequently used for taste-
masking, counterion-responsive drug release and sustained drug release. Polymers 
responding to ions in the saliva and gastrointestinal fluids are also used for con-
trolled drug release in oral drug formulations.

Redox-Sensitive Polymers as DDS

Polymers containing labile groups present an advantageous opportunity to develop 
redox-responsive biodegradable systems. Disulfide linkages have been broadly 
applied in reduction-responsive polymeric drug delivery systems [117]. In fact, 
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they are unstable in a reducing environment, being cleaved in favour of corre-
sponding thiol groups [115, 116]. Polyanhydrides [111, 112], poly(lactic/glycolic 
acid) (PLGA) [113], and poly(b-amino esters) (PbAEs) [114], linking acid labile 
moieties, also induce redox responsiveness. PbAEs are useful to prepare efficient 
carriers for cytotoxic agents. On the other hand, poly(NiPAAm-co-Ru(bpy)3) finds 
application in the development of artificial muscles. Nguyen et al. reported on a 
polymeric nanogel useful to enhance the stability, redox responsiveness, and the 
efficacy for intracellular protein delivery. The thiolated heparin-Pluronic conjugate 
was self-assembled and oxidized to form a disulfide-crosslinked nanogel network 
under a diluted aqueous condition. The disulfide-crosslinked heparin-Pluronic 
(DHP) nanogels with encapsulated RNase A were characterized by in vitro release 
and cytotoxicity tests depending on the existence of glutathione (GSH). The DHP 
nanogels exhibited reduced hydrodynamic size, higher encapsulation degree, and 
augmentable release responding to the GSH concentration. The cytotoxicity data 
confirmed that DHP nanogels were more effective for the intracellular delivery of 
RNase A compared to non-crosslinked nanogel [161].

Moreover, novel redox-responsive polycationic hydrogels of N,N-diethylacrylamide 
(DEAAm) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) were successfully 
synthesized by cross-linking reactions via quaternary ammonium compounds with 
a disulfide. The ability of the polymer network to enclose and release substances by 
reductive cleavage or oxidative formation of disulfide bonds was shown exemplarily 
using different dyes. The redox-responsive character was proven by oscillatory rheo-
logical measurements and different material properties of polycationic polymer discs 
were also investigated. Because of its polycationic structure, this polymeric system 
could be a promising compound for complexation of DNA-like substances. Its ability 
for selective release in reductive environments, like tumor tissues, could possibly be 
used in medical applications or in chemotherapy [162].

Biologically Responsive Polymers

Biologically dependent stimuli characteristically include analytes and biomacro-
molecules such as receptors, enzymes, glutathione, glucose, and metabolites that 
are over-produced in inflammation.

Glucose Responsive Polymers as Drug Carriers

Glucose sensitive materials are generated through the conjugation of glucose oxi-
dase (GOx) to a smart pH-sensitive polymer. These systems are potentially useful 
for the insulin delivery [6, 119]. The incorporation of GOx may provide controlled 
access to the substrate and release of the product via disruption of the barrier func-
tion of the membrane. GOx oxidizes glucose to gluconic acid, which causes a pH 
change in the environment [4] and, subsequently, drastic changes in the polymer 
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conformation. Hubbell et al. described glucose oxidase (GOx) encapsulated within 
PEG–PPS–PEG ((poly(ethylene glycol))–(poly(propylene sulfide))–PEG) polym-
ersome [163]. This enzyme-loaded polymersome is permeable to glucose result-
ing in intravesicular formation of H2O2 upon generation of gluconic acid. Peroxide 
generation causes polymersome destabilization and particle destruction. This type 
of enzyme-amplified approach to particle degradation may have utility in drug 
delivery and the detection of biological analytes.

One of the most popular applications of glucose-sensitive polymers is the fabri-
cation of insulin delivery systems for the treatment of diabetic patients. Delivering 
insulin is different from delivering other drugs, since insulin has to be delivered 
in an exact amount at the exact time of need. Many devices have been developed 
for this purpose and all of them have a glucose sensor built into the system. In a 
glucose-rich environment, such as the bloodstream after a meal, the oxidation of 
glucose to gluconic acid catalysed by glucose oxidase (GluOx) can lower the pH 
to approximately 5.8. This enzyme is probably the most widely used in glucose 
sensing, and makes possible to apply different types of pH-sensitive hydrogels for 
modulated insulin delivery [164].

Enzyme-Responsive Polymers

Among a range of external stimuli that have been utilized for the design of novel 
responsive polymers, enzymes have recently result to be a promising triggering sub-
ject. Enzyme-catalyzed reactions are highly selective and efficient toward specific 
substrates under mild conditions. They are involved in all biological and metabolic 
processes, serving as the main protagonists in the chemistry of living organisms at a 
molecular level. The integration of enzyme-catalyzed reactions with responsive pol-
ymers can additional increase the design of DDS characterized by high specificity 
and selectivity. In most enzyme-responsive polymer systems, enzymes are used to 
destroy the polymer or its assemblages. In addition, two other different types of sys-
tems, namely, enzyme-triggered self-assembly and aggregation of synthetic polymers 
and enzyme-triggered sol-to-gel and gel-to-sol transitions, are known (Fig. 12.9).

The major advantage of enzyme responsive polymers is that they do not require 
an external trigger. For instance, polymer systems based on alginate/chitosan or 
DEXS/chitosan microcapsules are responsive to chitosanase [126]. On the other 
hand, azo-aromatic bonds are sensitive to azo-reductase [127]. These enzymes, 
naturally produced by bacteria principally located in the colon, are capable of 
degrading polysaccharides like pectin, chitosan, amylase/amylopectin, cyclodex-
trin and dextrin [120, 125, 165].

Enzyme-Sensitive Polymers as DDS

Enzyme-sensitive polymers have been exploited frequently and they have become 
one of the most important branches of drug delivery systems. Zhang et al. 
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prepared and synthesized mPEGylated peptide dendrimer–drug conjugate as a 
promising candidate of drug delivery system via a two-step click reaction with 
excellent characteristics and functionalities. A tetra-peptide sequence GFLG, 
which was cleavable in the presence of cathepsin B overexpressed in the tumor 
cells, was employed as linker to connect the anticancer drug DOX to mPE-
Gylated peptide dendrimer. Due to the controlled release of drug and the particu-
lar nanoscale size, mPEGylated dendrimer–GFLG–DOX conjugate was found to 
have obviously improved in vivo antitumor efficacy over commercial DOX for-
mulation at an equal dose, as well as low side effects, which were measured by 
changes in body weight and histological analysis. Overall, the structural design of 
mPEGylated peptide dendrimer–DOX conjugate-based nanoparticle in this study 
may provide useful strategy for design and preparation of peptide dendrimer as 
a safe and effective drug delivery system [166]. The use of enzyme catalysis as a 
tool to disassemble self-assembled hydrogels to control the release encapsulated 
drug provides a further opportunity to design a wide range of enzyme-specific 
low-molecular-weight hydrogelators (LMWGs). Vemula and coworkers reported a 
novel approach for controlled delivery of multiple drugs by an enzyme triggered 
hydrogel degradation mechanism. In particular, they described the synthesis of 
LMWGs (amphiphiles) from well-known drug acetaminophen (which is known as 
Tylenolreg), and their ability to self-assemble into nanoscale structures in aque-
ous solutions to form hydrogels that subsequently encapsulate a second drug 
such as curcumin which is a known chemopreventive hydrophobic drug. Upon 
enzyme triggered degradation, hydrogels showed single and double drug delivery 
at physiological conditions in vitro. After treating with prodrug amphiphiles, mes-
enchymal stem cells (MSCs) retain their stem cell properties such as maintaining 

Fig. 12.9  Scheme of three main types of enzyme-responsive polymeric materials
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their adhesive and proliferation capacities with high viability. This new platform 
approach will have prospective effect on hydrogel based drug delivery research 
through developing drug delivery vehicles from a wide range of prodrug-based 
gelators [167].

Inflammation-Responsive Smart Polymers

The inflammation is one of the manifestations of immune response and the chief 
immune components involved are the cells of the polymorphonuclear leukocytes 
(PML) [168]. These include the neutrophils, eosinophils and basophils. Apart from 
these, T-cell and B-cell lymphocytes and macrophages are also involved in the 
amplification of these signals. One of the hallmarks of inflammatory response is 
the generation of free radicals. Thus design of a system with bonds that will lyse 
due to the action of free radicals (for example, OH−, the hydroxyl radical) will 
enable release of drugs at the site of inflammation. Polyglycerolpolyglycidylether 
cross-linked with hyaluronic acid was used as the polymer matrix. The hyaluronic 
cross-links were degraded rapidly in the presence of hydroxyl radicals resulting in 
release of the drug. This system enables rapid release of drug at the site of inflam-
mation [169].

Polymers with Dual Stimuli-Responsiveness

It is possible to obtain polymeric structures sensitive simultaneously to more than 
one stimulus. Particularly interesting are the dual temperature- and pH-responsive 
smart polymers that are attracting increasing attention recently for their advan-
tages in biotechnological and biomedical applications. In this respect, Leung 
and coworkers have prepared smart core-shell microgels based on PNIPAAm, 
N,N′-methylenebisacrylamide (MBAAm) and chitosan or PEI in the absence of 
surfactants. The materials exhibited a well-defined core-shell structure consist-
ing of temperature-sensitive cores, based on PNIPAAm, and pH-sensitive shells, 
made of cationic water-soluble polymers [170]. Moreover, Kuckling et al. pre-
pared copolymers of NIPAAm with acrylamide derivatives bearing carboxylic 
groups attached to spacers with different chain length and studied the influence of 
both temperature and pH on their properties [171]. pH/temperature dual stimuli-
responsive microcapsules have been prepared by incorporating carboxyl groups 
into PNIPAAm hydrogel shells by random copolymerization of NIPAAm and 
acrylic acid (AA) to endow the microcapsules with temperature responsiveness as 
well as pH responsiveness [172, 173]. The reversible change in hydrogen bond-
ing between the two components NIPAAm and AA and water, and the ionization 
of carboxylate groups under different environmental condition resulted in the dual-
stimuli response. Chitosan based PNIPAAm films having both thermal and pH sen-
sitivity were prepared by combination of chitosan with PNIPAAm and PEG [174].  
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The resulting film had an LCST at around 32 °C, due to the presence of 
PNIPAAm, and showed pH responsiveness due to the amino groups of chitosan 
component. Poly(vinylidene fluoride) (PVDF) hydrophobic films grafted with 
PAA demonstrated convective permeability that changed significantly with the pH 
and/or the salt concentration of the surrounding fluids [175].

Nanogels with pH and temperature dual stimuli-responsive properties charac-
terized by interpenetrating polymer network (IPN) structure, based on PNIPAAm 
and PAAc, were also synthesized by in situ polymerization of acrylic acid and 
N,N-methylenebisacrylamide (Fig. 12.10). These IPN nanogels have the advantage 
of less mutual interference between the temperature-responsive and pH-responsive 
components, which is beneficial for their applications in controlled drug release 
and sensors [176].
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Abstract The use of polymers in nephrology represents a success story. Their 
selection, chemical modification and application in medical devices applied 
to hemodialysis (HD) and peritoneal dialysis (PD) allows for the success-
ful treatment of more than 2.5 million dialysis patients worldwide in 2013 (HD: 
2,250,000; PD: 272,000). Properties of polymer families applied for the produc-
tion of membranes, tubing, PD-bags and filter housing material refer to perfor-
mance, sterilization and blood compatibility. For all polymers, including those for 
housings and tubing, the amount of leachables has currently received increasing 
interest. It can be explained by the notion that treatment durations increase and the 
number of elderly patients with an impaired immune system is on the rise. New 
developments and selection of new polymers should target unspecific adsorption 
characteristics and interactive systems.

Keywords Membrane polymers · Leachables · Biocompatibility · Biostability

Abbreviations

ACE  Angiotensin converting enzyme
ACEi  ACE-inhibitor
BPA  Bis Phenol A
CA  Cellulose acetate
CDA  Cellulose-di-acetate
CTA  Cellulose-tri-acetate
C3a, C5a  Activated complement factors 3 and 5 in its desarginine variation
DEHP  Di-ethyl-hexyl phthalate (also DOP)
DINCH  Di-isononyl-cyclohexane
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EVOH  Ethyl-vinyl alcohol copolymer (also EVAL)
HD  Hemodialysis
IgE  Immunoglobulin E
ETO  Ethylene oxide
LDL  Low density lipoprotein
MDA  4,4′-Methylene-di-aniline
PAN  Polyacrylonitrile
PAES  Poly(aryl)ethersulfone
PD  Peritoneal dialysis
PEPA  Polyester polymer alloy
PES  Polyethersulfone
PC  Polycarbonate
PMMA  Polymethylmethacrylate
PSu  Polysulfone
PP  Polypropylene
PUR  Polyurethane
PVP  Polyvinylpyrrolidone
SC  Sieving coefficient
TOTM  Tri-octyl trimellitate
VEGF  Vascular endothelial growth factor

Introduction

The treatment of patients suffering from end stage kidney disease by hemodialysis 
(HD) or peritoneal dialysis (PD) represents a success story in medical application of 
polymers. At the beginning of the twentieth century, John Abel in the United States 
[1] and Georg Haas in Germany [2, 3] started their research on blood purification 
techniques and treated animals and humans with kidney failure. It can be assumed 
that they might have had a dream at that time: their inventions would be generally 
accepted by the medical community and become a routine therapy. This dream 
shed light on the situation of dialysis at that time, when the famous German clini-
cian Franz Volhard (1872–1950) has stated in the late 1920s “Dialysis is useless 
and even dangerous!” As a consequence of this opinion, Georg Haas abandoned his 
research on the artificial kidney shortly afterwards. This dream, however, has come 
true about 100 years later. In 2014, more than 2.5 million patients owe their life to 
hemodialysis or peritoneal dialysis. Dialysis has thus, developed from an experi-
mental to a routine therapy whilst simultaneously patient survival considerably 
improved. Some figures may illustrate this notion. A recent survey specified the sit-
uation of dialysis patients in Japan [4] and reported that in 2011 more than 80,000 
patients underwent dialysis for longer than 10 years and an impressive high number 
of more than 11,000 patients were successfully exposed to hemodialysis for even 
more than 25 years. The longest survivor in Japan currently dialyzes longer than 
43 years [4] with an exposure to foreign polymer material during that time.
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The number of dialysis patients and consequently the need for more filters, 
bags, and tubing will further increase in upcoming years, as the number of dialysis 
patients worldwide will increase by 6 % annually. It will reach the figure of 4 mil-
lion patients in the year 2020.

These figures illustrate three facts:

(a) Long term survival on dialysis is possible due to a better understanding of 
physiological mechanisms and improved medical therapies.

(b) The current average annual cost of treatment, guestimated to be about 50,000 
US-$ in 2009 [5], is no obstacle for increasing patients numbers. Disposable 
medical devices, such as filters and tubing that are manufactured on the basis 
of an economy of scale, as well as improved logistics for the provision of 
these goods, may contribute to this effect.

(c) The need for improving the quality/purity of medical devices becomes 
increasingly important due to the extended exposure of long term dialysis 
patients to polymers and medical devices. “Leachables” from polymers might 
become one of the key-words of the next decades.

Medical devices for dialysis therapy have been optimized and adapted to medical 
needs in recent years. Polymers have been carefully investigated and qualified for 
optimized blood compatibility and selected for their suitability under specific man-
ufacturing and cost conditions. As a consequence, some polymers did not survive 
this careful screening process in the past (Table 13.1).

Membrane Polymers in the Market Place

The fate of the famous Cuprophan® dialysis membrane may serve as an exam-
ple. Dialysis membranes, made from regenerated cellulose (e.g., Cuprophan®), 
used to be the golden standard for dialysis membranes for about four decades. Its 
manufacturers profited from a worldwide market share of more than 70 % in the 
1970s. It could be shown, that the production capacity for Cuprophan® dialysis 
membranes paralleled the development of patient numbers in the 1970s. However 
in 2006 and about 35 years later, its main producer (Membrana GmbH, Germany) 
decided to cease the production of dialyzers with this membrane polymer. It 
can be argued that its alleged lack of blood compatibility and the availability of 

Table 13.1  Classical membrane polymers abandoned by manufacturers in the past

Polymer name Manufacturer Reason

Cuprophan®, 
Hemophan®

Membrana 
GmbH

Loss of market share, alleged lack of biocompatibility

Polycarbonate (PC) Gambro Only as flat sheet membrane available

Cellulose acetate (CA) Cordis Dow Loss of market share, manufacturing company  
dis-appeared from market
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alternate biocompatible polymers provoked this development. A famous publica-
tion challenged this membrane polymer already in 1985 and thus, anticipated this 
situation by asking: “Cellulose membranes, time for a change?” [6].

Since then, only cellulosic dialysis membranes, made from derivatives of cellu-
lose acetate, CDA and CTA, are commercially available. As a consequence, many 
scientific publications in which properties and outcomes of Cuprophan® applica-
tion are compared are invalid today even if they are in favor of other membrane 
polymers. However, they are of importance and should not be neglected as they 
may serve for advising scientists on how to select polymers for developing new 
biomaterials.

For instance, the knowledge gained in these publications about adequate test-
ing of membrane polymers, the effects of polymer composition to related clinical 
sequelae, etc., can be successfully used for the selection and the characterization 
of new polymers.

Polymers for New Therapies and the System’s Approach?

Unfortunately and despite many improvements in polymer behavior and perfor-
mance, dialysis as a membrane-based procedure for blood purification is still 
an incomplete renal replacement therapy, as the mortality and morbidity of the 
affected patients remain high compared to the healthy population. To date, the fol-
lowing questions have not yet been answered satisfactorily:

1. “Is it possible to improve patient mortality by either improved devices with 
optimized polymers, or by modified and more efficient treatment modes?”

2. “Is it possible to improve patient survival through the introduction of com-
pletely new concepts, such as wearable artificial kidneys (WAKs) or through 
regenerative therapies?”

First successful attempts into this direction have been made with the introduction 
of convective therapies such as high-flux dialysis or hemodiafiltration (HDF). 
Increased pore sizes achieved with high-flux membranes allow for the removal 
of families of molecules and the possible high ultrafiltration rates improve 
removal by convective transport. The concept of a dialysis dose, based on the 
amount of a substitution fluid, called high-volume hemodiafiltration, turned 
out to be successful further [7, 8]. The ESHOL study published in 2013 [8] 
has proven a 30 % reduction of mortality in HD-patients given that this cohort 
has been treated by HDF with a substitution volume of more than 20 L. In a  
parallel arm of this clinical trial, patients were treated by normal high-flux dial-
ysis. Obviously, treatment modes, such as high volume HDF combined with 
the application of high-flux membranes, has led to this advantage. As a conse-
quence, polymers have to be suitable for this treatment mode and allow for an 
adequate ultrafiltration (water permeability), hydrophilicity and porosity in case 
of membranes.
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Finally, it’s important to note, that a “systems approach” is obligatory when 
comparing different polymers in medical application. The exclusive study of the 
properties and characteristics of individual polymers in nephrology is not suffi-
cient. In fact, one should consider a series of mutual interactions, e.g., between 
different polymers in a single device, their behavior within the device during 
different therapies, polymer interactions with the actual medication and other 
bystander conditions, such as long term stability [9]. Figure 13.1 depicts the vari-
ety of polymers used for medical devices in dialysis, such as dialyzers and tubing.

This paper will discuss properties, requirements for use and characteristics 
related to possible clinical outcomes of polymers that are used in dialysis therapy.

Polymers for Dialyzers and Dialysis Membranes

For some people, it’s unbelievable and may sound like a surprise: 900 different 
types of dialyzers are commercially available worldwide in 2014. They differ in 
geometric design, membrane polymer and surface area, capillary geometry and 

Fig. 13.1  Polymers used for medical devices for dialysis and peritoneal dialysis. Polyurethane 
(PUR) is applied as potting material for capillary membranes, silicone rings guarantee a leak-
age-free system, polycarbonate and polypropylene are used for casings, and a series of poly-
mers are incorporated as membrane materials (PSu-polysulfone, PES-polyether-sulfone, 
PA-polyamide, PAN-polyacrylonitrile, PMMA-polymethylmethacrylate, CTA-cellulose-tri-
acetate). PVC-polyvinylchloride as a biomaterial for tubing needs plasticizers for its flexibility, 
such as DEHP/DOP-di-ethyl-hexylphthalate/di-octyl-phthalate, TOTM-tri-octyl trimellitate, 
DINCH-di-isononyl-cyclohexane
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undulation and can further be distinguished by their sterilization technique, steam, 
ethylene oxide gas, γ-rays, ß-rays, and E-beam.

The following questions may come up and bother clinic administrators and 
nephrologists:

Is there a real need for so many different types of polymers and filters?
Are so many filters desired by the nephrological community based on the specific 

healthcare requirements of dialysis therapies?
Is this market situation artificial and only stimulated by the international competition 

of dialyzer manufacturers?

Obviously, there is a need for so many different dialysis filters. The cohorts of 
dialysis patients vary in age, gender, body weight, blood volume, comorbid con-
ditions, drug administration, predisposition to allergies and other physiological 
bystander conditions. Dialysis as a therapy for chronically ill patients tends to 
become more and more a practical model for personalized dialysis treatment regi-
men with respect to all patients. Thus, such a diversity of medical devices that is 
unprecedented in other realms of medical device technology, is needed.

Polymers for Dialyzer Housing

Recent years have seen a mayor change in the geometry of dialyzer housing 
and the corresponding membranes. For many years, Kiil dialyzers have been 
the work-horse of dialysis therapy. Here, the patient’s blood was circulated in 
a parallel flow mode through four cellophane channels made up of eight cel-
lophane membranes. On the outside of the cellophane sheets dialysis fluid  
circulated at reduced hydrostatic pressure in the grooves of plastic boards [10]. 
The dimensions of the plastic boards were 970 × 340 × 20 mm and made of 
an epoxy resin compound. In fact, this size and the long lasting preparation 
time limited its use to a small number of patients. Improvements have been 
made with the introduction of the parallel plate dialyzers from Gambro/Hospal, 
fabricated with a polycarbonate housing and containing either a flat sheet 
Cuprophan or a PAN-membrane. Flat sheet dialyzers never dominated the  
market, because the mayor breakthrough came with the development of capil-
lary-membrane dialyzers in 1968 [11]. Richard Steward, the first author on the 
first publication on capillary membranes spun his capillary membranes from 
saponified cellulose acetate polymers [11]. The concept of this device facili-
tated practical dialysis therapy and enabled manufacturers to produce filters 
in large quantities. There is certainly no doubt that the development of capil-
lary dialyzers was the reason for the expansion of patient numbers worldwide. 
Figure 13.2 depicts the scheme of a modern capillary dialyzer.

Standard dialyzer housings are made from polycarbonate. Its transparency 
and easy handling for labelling and sterilization is highly welcome by physicians 
and manufacturers. During the last decade, new developments have led to the 



37713 Polymers in Nephrology

introduction of housings made from two other polymers. Polypropylene (PP) was 
introduced for its polysulfone Fx-class by Fresenius Medical Care [12], and for 
the Sureflux-dialyzers provided by Nipro Medical Corporation, Japan. Polystyrene 
as housing material is available for PMMA dialyzers by Toray Industries, Japan.

Dialyzer cages made of polypropylene (PP) are not transparent, they appear 
opaque. However, they offer advantages that are appreciated by both, manufactur-
ers and physicians. Medical grade PP is available at a cheaper price than medical 
grade polycarbonate which adds to lower manufacturing cost. In contrast to poly-
carbonate, PP does not release bis-phenol A (BPA). BPA is termed an exogenous 
hormone or endocrine disruptor because it interferes with the estrogen receptor at 
cell surfaces similar to the plasticizer di-ethyl-hexyl phthalate (DEHP). As a con-
sequence of this interaction, BPA is made responsible for some adverse clinical 
effects, such as diabetes mellitus type II [13], impact on gene transcription [14], 
modulation of VEGF secretion [15]. Reports on dialysis patients describe its high 
protein-binding and thus explain its presence in the blood of dialysis patients in 
high amounts [16].

Fig. 13.2  The standardly used “artificial kidney” is a dialyzer that contains more than 10,000 
capillary membranes. Blood is guided through these hollow fibers whereas the dialysis fluid is 
perfused in an opposite direction. Due to size, reproducibility and perfection of engineering fea-
tures this type of dialyzer now dominates the dialysis market, mostly as a single-use device, since 
many years. The annual production capacity for hollow fibers in 2013 made from different poly-
mers is about 450,000,000 km. This figure is equivalent to three-times the distance between the 
Earth and the sun
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Compared to polycarbonate, however, handling of polypropylene in terms of 
labelling and sterilization needs special knowhow. It’s use as housing for medical 
devices is thus limited to engineering plastics experts.

Polymers for Potting of Capillary Membranes

Hollow fiber membranes must be fixed at both ends of a capillary dialyzer with a 
potting compound. Polyurethane has turned out to be the most suitable biomaterial 
for this purpose.

Polyurethanes (PUR or PU) are traditionally and most commonly formed by 
reacting a di- or poly-isocyanate with a polyol in a polyaddition reaction. While 
most polyurethanes are thermo-setting polymers that do not melt when heated, 
thermoplastic polyurethanes are also available.

Unfortunately, isocyanates are the most frequent cause of occupational asthma 
in industrialized countries. Exposure to isocyanates may result in the formation 
of specific IgE antibodies [17, 18]. There are also reports in the literature, that 
4,4′-Methylene-di-aniline (MDA) can be released from aromatic polyurethanes 
after gamma-irradiation or steam sterilization [17, 19] suggesting the advantage of 
aliphatic polyurethanes in contrast to its aromatic derivatives.

Finally, polyurethane polymers used as potting material in dialyzers are known 
for effectively binding and adsorbing the sterilization gas ethylene oxide (ETO). 
Due to the very slow release kinetics of ETO, a dialysis patient may be continu-
ously exposed to the gas and IgE-antibodies against an albumin-ETO conjugate 
are found in dialysis patients and severe allergic reactions could be observed in 
hypersensitive patients [18]. A rigorous rinsing of the dialyzer prior to its clinical 
use allowed for avoiding this “first-use syndrome”. Dialyzer manufacturers mean-
while have improved the quality of dialyzers by reducing the PUR potting mass to 
its minimum necessary amount.

Polymers for Dialysis Membranes

The selection of the polymer material for the production of dialysis membranes 
has significant implications on the quality of hemodialysis therapy. Only a lim-
ited number of polymers are suitable for the spinning and extrusion process 
involved in the manufacture of capillary membranes. The selection was origi-
nally based on experiences from textile fiber production. Further, biochemical 
and physical properties that may result from the membrane formation process, 
determine the selection of a polymer. The ideal polymer family should allow the 
production of biocompatible dialysis membranes and possess a stable physical 
stability. The latter guarantees an easy production process and sterilization with-
out problems.
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The majority of patients with kidney disease are currently treated with dialyz-
ers containing synthetic membranes with high-flux properties [20]. Figure 13.3 
depicts changes in market shares for membrane flux and polymer type from the 
year 2000 to 2013 [21]. The figure shows that membrane polymers have evolved 
as part of a routine therapy, essentially in line with clinical observations and con-
stantly changing clinical requirements [20].

Eighteen different membrane polymers can be attributed to four synthetic and 
to one cellulosic membrane family. They will be described shortly in the following 
and characterized by features that outline their specific individual advantages or 
disadvantages. Table 13.2 depicts an actualized list of polymers used for dialysis 
membranes and the appropriate manufacturers of dialyzers. Their characteristics 
will be discussed below.

Membrane Families, Their Main Features and Specific 
Properties?

Polymers for the manufacturing of dialysis membranes can be grouped as families 
and are described in the following.

Group 1, Polysulfone-family Members: Polysulfone (PSu, Fresenius Medical Care, 
Germany), Polyethersulfone (PES, Membrana, Nipro Medical Corporation, Japan), 
Polyester polymer alloy (PEPA, Nikkiso, Japan), Blends from Polyamide/Polysulfone 
(PA/PSu, Gambro, Sweden), as well as blends made of PES/PVP. Recent research on 
membranes with antioxidant features have led to the production of a polysulfone mem-
brane with immobilized Vitamin E (PSu/Vit E, ASAHI, Japan).

Membranes from polysulfone dominate the dialysis market since many years. 
Today, 93 % of all synthetic membranes stem from the parent polyarylethersulfone 

Fig. 13.3  Worldwide changes of dialysis membrane properties observed between the years 2000 
and 2013. Cellulose-based membranes have lost their importance and market share continuously. 
They are replaced by synthetic polymers as membrane materials. In addition “flux” has become 
an issue either. High-flux membranes, characterized by their ultrafiltration coefficient to be 
UFC => 20 [ml/h·mmHg] are now used in more than two thirds of all dialysis centers
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family of which 71 % are from polysulfone (PSu) and 22 % from polyethersulfone 
(PES). Polysulfone belongs to a family of thermoplastic polymers which are 
known for their thermal and chemical stability. They contain the subunits “aryl-
SO2-aryl” and “benzyl-SO2-benzyl” (Fig. 13.4) of which the polysulfone group 
provides the name of the polymer.

What Is the Difference Between Polysulfone (PSu)  
and Polyarylethersulfone (PES/PAES)?

Polysulfone, polyethersulfone and polyarylethersulfon are used as synonyms by 
many scientists due to their great similarity in performance and chemical stabil-
ity. Generally spoken, polysulfones (PSu) are a group of polymers that contain 
sulfone- and alkyl- or aryl- (e.g., arylether-) groups. According to the chemical 
nomenclature, only those polymers belong to the polysulfone family, that con-
tain an additional isopropylidene group. Polymers without the isopropy-lidene 
group are called polyarylethersulfones (PAES) or in short polyethersulfones (PES) 
(Fig. 13.4).

Fig. 13.4  Chemical structure and characteristics of polysulfone (PSu) polymers used for dialy-
sis membranes. Its specific chemical characteristics are shown in the panel above. PSu- mem-
brane dimensions are depicted in the centered panel: a capillary cross section, inner diameter 
200 µm, b cross section of the membrane wall; the membrane is only 1 µm thick and backed 
by a rather open support structure of 39 µm that maintains mechanical stability, c view on the 
outer membrane surface area, showing its high porosity, d view on the rather smooth inner mem-
brane surface area where pore sizes are between 1 and 3 nm. The lower panel shows the detailed 
molecular structure of polysulfone (PSu) and polyethersulfone (PES)
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Modification of PSu Membranes

The polysulfone polymer, as such, is a hydrophobic polymer and must be ren-
dered hydrophilic at least in part. This is generally achieved through blending PSu 
with polyvinylpyrrolidone (PVP). A PSu/PVP blend allows for both, an efficient 
ultrafiltration profile of the final membrane, and the formation of a domain-like 
surface structure with hydrophilic and lipophilic spots at the blood contacting sur-
face. Already in 1983, Streicher and Schneider reported on their clinical experi-
ments in dialysis with the first PSu membrane in its high-flux version. To their 
surprise, they were able to observe a high sieving coefficient (SC = 0.7) and an 
efficient removal of ß2-microglobulin and compared its performance with the 
glomerular basement membrane [22]. This was long before the removal capac-
ity of ß2-microglobulin was considered of paramount importance for membrane 
efficiency in later years. The success of this membrane polymer can be further 
attributed to appropriate and efficient solute and fluid removal capabilities and to a 
pronounced intrinsic blood compatibility [23].

It is possible to affect blood compatibility and biocompatibility of so called 
non-physiological interfaces by chemical modifications of the polymer contact 
zone. The contact zone between blood and the membrane polymer represents such 
a non-physiological interface [24]. Blood compatibility of artificial surfaces is pri-
marily determined by protein adsorption and protein adsorption depends on sur-
face properties of the membrane. A general scheme of how surface reactivities are 
influenced by the chemical composition of a membrane is depicted in Fig. 13.5.

As a consequence, none of the surfaces with single-characteristics properties 
satisfies biocompatibility sufficiently. Domain-like surface structures are essential 

Fig. 13.5  Overall biological response as a function of surface properties. Inert surfaces for the 
anticoagulation system are hydrophobic, cationic charged and OH-group bearing. Inert systems 
for complement are also hydrophobic and cationic (modified from [24])
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in order to achieve optimized blood compatibility (see above). Poylsulfone/polyvi-
nylpyrrolidone blends (PSu/PVP) offer such domain-like structures with the well-
known biocompatibility features.

PSu Membranes and Endotoxin Binding Capacity

A further major advantage of PSu-membranes relates to their adsorptive capacity 
for bacterial endo-toxins. Dialysis therapies with high-flux membranes expose the 
patients to large volumes of dialysis fluid, e.g., during high-volume hemodiafiltra-
tion [7, 8]. Should these fluids be contaminated with endotoxins that derive from 
the outer cell wall of Gram-negative bacteria during cell growth or lysis, there is 
a risk of these substances entering the patient’s bloodstream [25, 26]. Endotoxins 
activate a number of physiological pathways, triggering the generation of potent 
pro-inflammatory substances, such as cytokines (IL-1, IL-6, TNF, etc.) and growth 
factors (e.g., VEGF) [26]. Subsequent inflammation, the underlying mechanism 
for most related disease states including chronic kidney failure, is widely recog-
nized to be a major risk factor for cardiovascular disease-related mortality in dialy-
sis patients.

Depending on their chemical constitution and microstructures, polysulfone 
membranes are able to prevent entry of endotoxins into the patient’s blood stream 
[27–29, Fig. 13.6]. However, polysulfone and polysulfone membranes are not all 
alike.

Fig. 13.6  Endotoxin adsorption at the inner layer of a membrane made of a polysulfone/poyl
vinylpyrrolidone blend. This adsorption capacity prevents endotoxins possibly originating from 
contaminated dialysis fluid to enter the patient’s blood stream
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Weber and coworkers were able to show in an in vitro model, that endotoxin 
adsorption depends both, on chemical composition and the manufacturing process 
of the membrane [30]. In fact, hydrophobic parts of the lipopolysaccharide molecule 
(LPS, endotoxin) are considered to interact with hydrophobic entities within the pol-
ysulfone structure thereby facilitating their removal [29] (Tables 13.3 and 13.4).

As a summary, it is possible to improve both, blood compatibility and the 
adsorption of dialysate contaminants, such as endotoxins, through a chemical 
modification of the membrane poly-mer, as realized in some polysulfone dialysis 
membranes.

Group 2, Polyacrylonitrile family Members: PAN (ASAHI Kasei Medical, 
Japan), AN69, AN69ST, AN69-Heparin (Gambro/Hospal/Baxter Healthcare, 
Sweden, France, USA).

Already in 1972, Rhône Poulenc introduced the first synthetic highly permea-
ble dialysis membrane to the market. This membrane was made from a copolymer, 
the hydrophobic polyacrylo-nitrile (PAN) and the hydrophilic Na-Methallyl-
sulfonate and was called AN69 [31]. Later, a PAN membrane, fabricated exclu-
sively with the PAN-polymer was also offered by ASAHI Kasei Medical in Japan.

This membrane will be discussed in more detail because related data may 
serve for the characterization of other negatively charged polymers in medical 
application.

The chemical structure of the PAN (AN69) copolymer membrane is depicted in 
Fig. 13.7.

Due to its microstructure and its high electronegativity based on the methal-
lylsulfonate compound, the copolymer AN69 shows a high adsorptive capacity 
and similar to other negatively charged membranes, both, at its surface and within 
its wall. This holds true for those positively charged proteins, like the polyam-
ines spermidin, cadaverin or putrescin that originate from the ornithine metabo-
lism, for complement fragments C3a, C5a and Complement factor D [32–34]. 
Consequently, low complement activation is observed during hemodialysis with 
AN69. Further, the specific adsorption features of this membrane polymer may 
affect the therapeutic availability of proteins or drugs, such as recombinant eryth-
ropoietin (rh-EPO) [35–37]. With a subcutaneous administration of rh-EPO during 
dialysis with AN69, however, this membrane-polymer specific effect could have 
been overcome [37].

Negatively charged surfaces are cited as favoring the activation of the contact 
phase system [38, 39]. However, there are results showing negatively charged sur-
faces, that do not promote contact phase activation [40, 41] as the involved adsorp-
tion of factor XII and factor XIIa are not remarkably different from a wide variety 
of other blood proteins. Obviously, other determining factors play a role, such as 
preceding platelet activation [41] or the specific charge density of negative charges 
at the surface of the membrane. Contact phase activation may be avoided, given 
that the density of negative charges is above or below the specific charge density. 
Clinical observations, however, have shown that negatively charged membranes 
of a defined charge density activate the kallikrein-kinin system and that this reac-
tion vwas amplified by a simultaneous administration of the pharmaceutical drug 
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ACE-inhibitor [42–45]. Clinical and biochemical observations showed that by this 
means, the vasodilator bradykinin is activated. A severe blood pressure drop fol-
lowed in those hemodialysis patients who had been treated with such a membrane. 
Clinical consequences in terms of blood pressure drop and duration were depend-
ent on ACEi dose (Fig. 13.8, [46]). The effect is currently mentioned in leaflets 
that accompany medicinal drugs and alert for contraindications. They could, 
 however prevented by changing the pH of the buffer solution ( Fig. 13.9, [47, 48]). 
This observation should be kept in mind, when other negatively charged polymers 
are used in clinical application, such as, for instance, for adsorber particles made 
from dextran sulfate or acrylic acid.

Fig. 13.7  Chemical structure of the AN69–PAN membrane. This membrane is a copolymer 
made from polyacrylonitrile and [Na+ methallylsulfonate−]

Fig. 13.8  Sheep model on hemodialysis: given that a negatively charged dialysis membrane, 
such as AN69, is used together with ACE-inhibitors (Enalapril), a dose dependent blood pressure 
drop is observed (modified from [46])
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Similar observations have also been reported for negatively charged white 
blood cell removal filters [49], for LDL adsorber particles made of dextran sulfate 
[50]. Fatal consequences on the basis of this mechanism have been reported for the 
heparin contaminant “over sulfated chondroitin sulfate” [51].

A modification of the AN69 membrane achieved by coating the membrane with 
a polyethyleneimine layer has led to the development of the AN69-ST membrane 
[52]. This coating neutralized the electronegativity (zeta potential) of the original 
polyacrylonitrile AN69 membranes and showed reduced generation of kinins. A 
comparison of AN69 and AN69-ST membranes in an ex vivo model of plasma 
showed that plasma dialysis with AN69 membranes led to significant bradykinin 
and des-Arg(9)-bradykinin release, which was potentiated by the administration 
of ACE-inhibitors (ACEi). This kinin formation was dramatically decreased by 
AN69-ST membranes, even in the presence of an ACEi, and kinin recovery in the 
dialysates was also significantly lower with these membranes [52].

A further most recent modification of the polyacrylonitrile membrane allowed 
for the immobilization of heparin in order to be able to perform hemodialysis 
treatment with reduced amounts of the anticoagulant. The introduction of posi-
tive charges offers binding sites for the negatively charged heparin molecule. Early 
observations on this effect stem from the clinical use of the positively charged cel-
lulosic membrane “Hemophan” and the positively charged AN69ST membrane 
[53, 54]. Recent developments have led to the production of the cationic HeprAN-
membrane in 2008, that has been grafted with heparin on its bulk polymer and 
been successfully used in clinical trials [31, 55].

Group 3, Polymethylmethacrylate family Member: polymethylmethacrylate 
(PMMA, Toray Industries, Japan) with of a series of different PMMA modifica-
tions (Table 13.5).

Fig. 13.9  The formation of bradykinin after blood contact with negatively charged surfaces can 
be prevented by varying the blood pH through applying different buffers. Bicarbonate buffer fits 
best for both, citrated and heparinized plasma. Of course, these adaptations require to be per-
formed locally in the extracorporeal blood circuit (adapted from [48])
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In 1977, Tory Industries introduced their dialysis membranes fabricated from 
polymethylmethacrylate (PMMA). They were the first to be sterilized by gamma 
rays [56], because the PMMA polymer shows disadvantages when sterilized with 
ETO. The desorption kinetics for this sterilizing gas, e.g., the reduction to 1/10 
of its initial residual value, amounts up to 3 years. Dialysis membranes from 
PMMA exhibit specific adsorptive features at their surface. The middle molecule 
ß2-microglobulin is effectively adsorbed in its wall structure as well as serum free 
light chains [57]. Observations about improvement of anemia in dialysis are also 
reported [58] and a recent report documents on improvements in the skin disease 
“prurigo nodularis” [59, 60], when patients received a dialysis with PMMA mem-
branes. The authors comment on this finding as follows: “The therapeutic effect 
might be due to a better removal of unknown uremic toxins using a highly perme-
able membrane with adsorption capacity” [59]. Some PMMA membranes exhibit 
negative charges at their blood-contacting surface. Consequently, reports on ana-
phylactoid reactions related to contact phase activation can be found in the litera-
ture [61] and discussions circled around the same arguments as described above 
for the AN69 membrane.

Group 4, Ethylene vinyl alcohol copolymer family Member: Ethylene vinyl 
alcohol copolymer (EVAL, EVOH, Kawasumi/Kuraray Laboratories, Japan) with 
of a series of different EVAL/EVOH modifications (Table 13.6).

The ethylene vinyl alcohol copolymer (EVAL/EVOH) is a hydrophilic and 
uncharged synthetic polymer blend [62]. The polymer used to fabricate EVOH 
membranes is a random copolymer of ethylene and vinylalcohol. Due to its origi-
nal hydrophilicity, no hydrophilizing agents, such as polyvinylpyrrolidone (PVP), 
are needed. EVOH membranes have a smooth surface and retain structural water. 
As a consequence, they adsorb few plasma proteins and membrane fouling during 

Table 13.5  PMMA membrane and manufacturer

Membrane producer Type Permeabilities Sterilization Wall structure
Internal diameter of 
capillary

Toray Industries PMMA Low flux Gamma rays Homogeneous
Internal diameter: 200 µm
Wall thickness 20/30 µm
Spacer yarns around fiber

Japan High flux Wet

Table 13.6  EVAL/EVOH membrane and manufacturer

Membrane producer Type Permeabilities Sterilization Wall structure
Internal diameter of 
capillary

Kawasumi EVAL Middle flux Gamma rays Homogenous

Laboratories Inc, Japan EVOH wet Inner diameter: 175 µm
Wall thickness: 60 µm
Inner diameter: 175 µm
Wall thickness: 25 µm
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treatment is reduced. Reports on its biocompatibility show that the membrane 
offers specific advantages when its impact on cell-cell interactions is assessed. 
Cell aggregates formed with erythrocytes, neutrophils and platelets and their 
dynamic interactions came out positive when compared with other membrane 
polymers [63]. As one of the consequences, reduced neutrophil activation can be 
related to a reduced oxidative stress [64]. EVAL membranes exhibit less but larger 
pores than its counterparts and thus, offer a good permeability for larger uremic 
retention products whilst having a moderate UF-coefficient.

Group 5, Classical cellulose family Members: cellulose-di-acetate (CDA), 
cellulose-tri-acetate (CTA), (Nipro Medical), cellulose modified with Vitamin E 
(ASAHI Medical) (Table 13.7).

Cellulosic membranes have dominated the market for many years. The dis-
cussion about the alleged lack of blood compatibility has finally provoked 
the end of their production of regenerated unmodified cellulose membranes 
(Cuprophan®) in 2006.

When it became clear, that the OH-groups of cellulose are involved in com-
plement activation through forming ester bonds with the C3b molecule, chemi-
cal modifications of cellulose have been performed already in 1983 [65]. At that 
time, a cellulose acetate modification provided better results in terms of leukocyte 
activation than the classical Cuprophan membrane. It appeared that blocking the 
OH-groups by esterification with acetic acid yields better results [65]. Replacing 
the hydroxyl group by acetyl groups further renders the membrane partly hydro-
phobic and leads to a reduced protein adsorption. Today, only membranes made 
of cellulose-di-acetate (CDA) and cellulose-tri-acetate (CTA) are available. When 
analyzing the protein adsorption capacity of CTA membranes with the help of pro-
teomics, it could be shown that CTA bound more proteins (239 spots) than the pol-
ysulfone Helixone membrane (179 spots). This is in contrast to many early reports 
that cellulose acetate membranes exhibit only a low binding capacity for peptides/
proteins [66].

Table 13.7  CDA and CTA membrane and manufacturer

Membrane 
producer

Type Permeabilities Sterilization Wall structure

Internal diameter of 
capillary

Nipro, Japan Cellulose-di-acetate Low flux Gamma rays Homogenous
Inner diameter: 
200 µm
Wall thickness: 15 µm

Cellulose-di-acetate High flux

ASAHI Kasei 
Medical, Japan

Vit-E coated 
cellulose

Low flux Gamma rays Homogeneous
Inner diameter: 
200 µm
Wall thickness: 25 µm

Exebrane (Terumo)
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There are also reports in the literature that attribute allergic reactions to the 
therapy with cellulose acetate membranes. The clinical finding of hearing loss, 
red-eye-syndrome, etc., after a treatment with cellulose-di-acetate membranes was 
attributed to polymer degradation due to saponification of cellulose acetate. This 
might have happened during gamma irradiation for sterilization [67]. Current CTA 
membranes are submitted to optimized gamma sterilization processes through 
reducing the presence of oxygen during the sterilization procedure [68].

Polymer Developments for Future Membrane Applications

Currently used polymers in nephrology have to satisfy many needs. These require-
ments differ according to both, technical production and clinical application. 
Polymers for dialysis membranes should be suitable for a reproducible membrane 
manufacturing, allow an easy sterilization and show long term stability, at least 
along the time line of the expiry date of the final product. As an example for blood 
compatibility, steam sterilization for dialyzers represents now the most widely 
technique for dialyzers (Fig. 13.10).

Polymers applied for products in nephrology should therefore be able to resist 
the necessary temperature and pressure conditions, i.e. 121 °C and 1 bar.

Clinical parameters related to polymers applied in dialyzers refer to blood compati-
bility and biostability. Membrane polymers should have adsorptive capacity for specific 
uremic retention products, even when these are unknown yet [59]. Adsorption of endo-
toxins [27–30] and of anaphyla-toxins, such as C3a and C5a [34] have considerably 
contributed to the safety and biocompatibility of dialysis treatments.

Extractables and leachables, that are released from polymers, have turned to 
become an issue, since more and more dialysis patients undergo this therapy for 

Fig. 13.10  Sterilization procedures for dialyzers. Heat and steam sterilization represent the most 
widely used techniques in Europe whereas irradiation techniques (gamma rays and E-beam) are 
predominant in the rest of world
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longer periods of time [4] and thus, leachables that are not cleared by the failing 
kidney, might accumulate in the patient with deleterious consequences. This also 
holds true for polymers applied to dialyzer housing and tubing. Much effort has 
already been invested in order to improve this situation by selecting the optimal 
polymer or abandoning mal-performing types.

Chemical modification techniques of polymers primarily aim at altering the 
surface and bulk properties of the final product in order to enhance its perfor-
mance in the biological environment. Currently applied polymers, e.g. for dialysis 
membranes, have reached a satisfactory level. They offer a high degree of both, 
performance adaptability and blood compatibility after an appropriate chemical 
modification. As an example, the sieving coefficient curve of dialysis membranes 
can be shifted towards larger molecular weights and thus be adapted to medical 
needs (Fig. 13.11).

Two questions may still arise:

1. Which requirements determine the selection of polymers in nephrology in the 
future?

2. How can polymers contribute to future therapy changes, such as for instance 
high volume hemodiafiltration under long term exposure conditions?

Current dialysis techniques are still and mostly based on the removal of matter 
or the removal of uremic retention solutes. Transport mechanisms for removal 
are diffusion and convection. Only apheresis techniques use both, filtration and 
adsorption processes. What about adding adsorption as a third removal mechanism 
also to dialysis? Ronco and Tetta have recently addressed this similar question and 
proposed to add adsorption features to the current therapies [69, 70].

Fig. 13.11  Sieving coefficient curve for dialyzers as a tool for optimizing blood purification 
techniques. Shifting the curve to larger molecular weights with more open membranes allows for 
performing therapies, such as haemodiafiltration and liver failure therapies
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Adsorption onto the membrane does contribute to the removal of noxious 
compounds, such as interleukin-1 and interleukin-6 (IL-1, IL-6), tumor necrosis 
factor (TNF), peptides and ß2-microglobulin [71]. As a result of the restricted 
surface area of dialyzers, however, adsorption capacity will rapidly be satu-
rated. Acceptable rates of net removal by adsorption can only be achieved if the 
surface area is drastically increased by specifically designed devices [75, 76] or 
blood purification systems combining filtration and adsorption mechanisms in two 
devices, either arranged in parallel or in series.

Further complications may arise in that uremic toxicity depends on individual 
patient characteristics [72] and an increased capacity of the albumin molecule to 
bind toxins in the uremic state [73, 74], that leads to the accumulation of protein-
bound uremic toxins. Consequently, either protein-permeable membranes will play 
a major role in the future or adsorber systems should be implemented in addition.

Results are already available as some polymers used for dialysis membranes 
exhibit intrinsic and specific adsorptive features for endotoxins [27–30], comple-
ment proteins or even unknown peptides [59].

However, the need for specific adsorptive features of polymers may still be 
questionable. Which argument supports this notion? Already in 1978, Henne and 
coworkers received a patent for their invention on a combination of tubular cel-
lulosic membranes with carbon adsorber particles for the unspecific removal 

Fig. 13.12  In an early 
invention form 1978 
adsorption and filtration 
are combined. One of two 
concentrically arranged 
tubular membranes is 
prefilled with carbon adsorber 
particles
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of uremic retention products (Fig. 13.12, [75]). A similar approach is currently 
pursued at Twente University in the Netherlands, where scientists successfully 
inserted adsorber particles into the wall of capillary membranes and improved 
its membrane performance in in vitro experiments [76]. Of course, current car-
bon adsorber beads are cheap and thus easily available, however adsorption is 
still unspecific. Improvements could be realized by using charged beads or beads 
that bear immobilized antibodies for a specific removal. This proposal, however, 
should be seen under the premise that a culprit molecule for kidney failure has not 
yet been identified. Exemptions are water, potassium and phosphate.

The picture also shows the spinning orifices for the two membranes in the 
center (Adapted from [71]).

Proteome analyses of the ultrafiltrate of low- and high-flux membranes, moreo-
ver, have shown that around 1,000 different peptides can be found here [77]. In 
light of these observations, it may be reasonable to suggest that the removal of 
groups of different molecules might be more advantageous than focusing on single 
toxins. That approach would favor either or both, the use of non-specifically acting 
adsorber beads or the application of highly efficient filtration techniques, such as 
high-volume hemodiafiltration [8]. Polymer development for future therapies must 
be seen under these conditions and first results can already be reported [78, 79].

Summary and Conclusion

Polymers in nephrology represent a success story among all polymer applications for 
medical devices. This notion bases on the fact, that currently more than 2.5 million 
patients suffering from kidney failure are successfully treated in 2013 [21]. The qual-
ity and performance of the polymers that are part of the necessary medical devices 
can be attributed to this success. However, several factors have still to be considered. 

Fig. 13.13  Requirements for polymers to be used in blood purification therapies
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A polymer will always remain one part of the extracorporeal system. Polymers may 
interfere with administered drugs, sterilization techniques or the specific pathological 
situation of an individual patient, e.g. his or her hypersensitivity, blood composition 
(uremia, diabetes) or even the individual circadien rhythm that affects physiological 
parameters. Figure 13.13 depicts a summary of properties for polymers that are and 
will be selected for future therapies.
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Abstract Efficient dermal wound care implies providing a healing environment 
at the site of injury. Current repair techniques, including polymeric dressings, 
are able to accelerate only the healing of epidermal and partial thickness acute 
wounds based on maintaining the area moist. However, these are not efficient in 
treatment of full-thickness and chronic wounds, which lack in inborn regenerative 
elements and are highly prone to infections. For this reason the research interest 
is nowadays shifted towards functional biomaterials to tackle severe skin deterio-
rations by providing a beneficiary for healing pro-active and pathogen-free envi-
ronment. Recent advances in molecular biology and materials science together 
with better understanding of wound pathophysiology allowed for designing of 
new wound care approaches that rely on biochemical stimuli to promote wound 
closure. Biopolymers that couple intrinsic antimicrobial and wound repair proper-
ties with hydrophilicity appear as suitable dressing platforms. These can be further 
upgraded using various bio-entities (therapeutic molecules, cells) with the ability 
to address specific targets in the biochemical environment of wounds in order to 
stimulate the healing process. This chapter summarises the abundant experimental 
and clinical data on polymers in advanced wound dressings, scaffolds for dermal 
regeneration and platforms for drug delivery.
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Abbreviations

bFGF  Basic fibroblast growth factor
BSA  Bovine serum albumin
ECM  Extracellular matrix
GAGs  Glycosaminoglycans
GM-CSF  Granulocyte macrophage colony stimulating factor
HA  Hyaluronic acid
HClO  Hypochlorous acid
MMPs  Matrix metalloproteinases
MPO  Myeloperoxidase
NPWT  Negative pressure wound therapy
PDGF-BB  Platelet-derived growth factor BB
PRP  Platelet rich plasma
PHMB  Polyhexamethylene biguanide
ROS  Reactive oxygen species
SF  Silk fibroin
VEGF  Vascular endothelial growth factor

Wounds: Formation and Repair

Skin Integrity and Its Function

Skin, the largest organ in the human body composed of epidermis, dermis and 
hypodermis, has several important functions, including regulation of water, elec-
trolyte balance and thermoregulation. The outer epidermis forms a protective bar-
rier to keep the water in the body and prevent pathogens from entering in addition 
to helping the skin to regulate body temperature. This layer is a stratified scaly 
epithelium composed of proliferating basal and differentiated suprabasal keratino-
cytes. The stratum corneum is the outermost part of epidermis with specific barrier 
properties. It consists of non-viable cells and is very firm but pliable and wrin-
kled. The underlying dermis is composed of a very dense fibre network—extracel-
lular matrix (ECM), dominating the mechanical behaviour of the total skin, and 
therefore providing structural support to the organ. This gel-like matrix, secreted 
locally by the cells that it surrounds, is composed of a variety of polysaccharides 
and proteins: collagen fibrils, microfibrils, and elastic fibres, embedded in proteo-
glycans. An intricate network of these macromolecules, assembled in close associ-
ation with the surface of the cell that produced them, provides the unique structure 
of the ECM, exhibiting high tensile strength combined with the substantial elastic-
ity and compressibility. The deepest skin layer, the hypodermis or subcutaneous 
adipose tissue, is composed of loose fatty connective tissue. All skin layers contain 
blood vessels, lymph vessels, nerve endings, sweat glands and hair follicles.
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Acute Wounds and Healing Process

According to the Wound Healing Society (www.woundheal.org), a wound is the 
result of disruption of normal anatomic structure and function of a tissue. A der-
mal wound is defined as a break in the integrity of the skin, raised due to exter-
nal or internal noxious stimulus, which leads to an inadequate performance of the 
skin functions. It is therefore vital to restore the skin integrity and consequently 
functions as soon as possible. A completely healed wound implies that the affected 
part of the skin has returned to its normal anatomical structure and function, and 
similar appearance within a reasonable period of time [1]. The primary causes of 
acute wounds include mechanical injuries due to external factors such as abrasion 
and tear, after a frictional contact between the skin and hard surfaces, including 
penetrating wounds caused by knives and firearm shots, surgical incisions, etc. 
Burns and chemical injuries arise from radiation, electricity, corrosive chemicals 
and thermal sources, among others. Another classification of wounds is based on 
the number of skin layers and area of skin affected. Based on this it is possible to 
distinguish between an epidermal (superficial) wound and an injury involving both 
the epidermis and dermis that in addition affects the blood vessels and is referred 
to as a partial thickness wound. Full thickness skin wounds occur when the under-
lying subcutaneous fat or deeper tissues are damaged in addition to the epider-
mis and dermal layers. Epidermal and partial thickness wounds can regenerate due 
to the self-healing capacity of the body for re-epithelisation. Conversely, in the 
full-thickness wounds regenerative elements that reside in dermis are completely 
destroyed and the epithelisation is possible only on the wound edges.

Normal wound healing involves a complex series of orchestrated events leading 
to the repair of injured tissues. These dynamic events occur as a sequential cascade 
of processes requiring the coordinated completion of a variety of cellular activities 
correlating with the appearance of different cell types in the wound during various 
stages of the healing process [2]. Acute wounds heal in a very orderly and effi-
cient manner characterised by four overlapping phases: haemostasis, inflammation, 
cell migration/proliferation, and maturation (remodelling) phase. After injury the 
bleeding flush out bacteria and antigens from the injury site, also causing aggrega-
tion of the platelets now accumulated at the site that form a haemostatic plug and 
prevent an excessive loss of blood. In addition, platelets release growth factors and 
adhesive proteins to activate cells in the surrounding area. During the inflamma-
tory phase neutrophils arrive at the site of the injury, liberating phagocytes and a 
variety of enzymes and reactive oxygen species (ROS), crucial for wound cleaning 
and the prevention of infections [3]. Phagocytes engulf dead cells (necrotic tissue) 
previously liquefied by a simultaneous enzymatic (protease) action to a yellow-
ish slough with bad odour. The inflammatory phase occurs almost simultaneously 
with haemostasis and lasts for about 3 days in normal healing process. However, 
if the action of the inflammatory factors is prolonged or they are found in counts 
higher than normal, the process is harmful for healthy cells—the common situa-
tion found in chronic wounds [4]. The migration phase involves the movement of 

http://www.woundheal.org
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keratinocytes and fibroblasts to the injured area to replace damaged and lost tissue. 
These cells regenerate from the margins, rapidly growing over the wound to cause 
epithelial thickening. Accompanied proliferative phase is characterised by the in-
growth of capillaries and lymphatic vessels into the wound and collagen synthesis 
by fibroblasts giving the skin strength and form. The newly formed granulation tis-
sue and ECM consist mainly of glycosaminoglycans (GAGs), proteoglycans and 
collagen. During the angiogenesis (formation of new blood vessels) the fibroblasts 
transform into myofibroblasts that bring the margins of the wound together in order 
to reduce its size. The final phase of wound healing is the transformation of granu-
lation tissue into a scar, characterised by a decreased inflammation. Myofibroblasts 
further undergo apoptosis and a new collagenous matrix replaces the provisional 
one [4]. The described cascade occurs in normal wound healing, with a reestablish-
ment of the equilibrium between scar formation and scar remodelling, the longest 
part of the healing (up to two years) marking the end of the wound healing process.

Chronic Wounds and Impaired Healing

In contrast to acute wounds, abnormal response to an injury leads to formation of 
non-healing (chronic) wounds. Chronic wounds can affect many anatomical regions 
as a result of different underlying pathologies and accordingly are classified as 
venous leg ulcers, arterial ulcers, neuropathic ulcers, pressure ulcers (decubitus), 
vasculitis, etc. Except for serious burns that also cannot heal, all the conditions lead-
ing to chronic ulceration are more prevalent in the individuals with low mobility 
and elderly population. In addition, the increased occurrence and longevity of these 
ulcers are further compounded by the detrimental effects ageing has on the skin.

A chronic wound arises after disruption of the acute wound healing process at one 
or more of its phases, impairing the reestablishment of anatomical and functional 
integrity of the affected tissue in a physiologically appropriate length of time. Various 
factors can cause the failure of the normal healing process and trigger chronic 
inflammatory responses: foreign bodies introduced deep into the wound at the time 
of injury, inadequate management of already infected wounds, poor nutritional status 
of a patient, aged skin with reduced ability to fight infections, underlying diseases 
such as diabetes and anaemia that compromise the circulation resulting in poor deliv-
ery of blood cells and oxygen to the wound, etc. The disruption of the acute healing 
process is usually expressed in its inflammatory phase. The caused prolonged inflam-
mation leads to an excessive matrix deposition and loss of tissue function [5].

Despite the different underlying aetiology, most chronic wounds show a similar 
behaviour and progress. This is because these ulcers share the specific biological 
markers which significantly differentiate from the environment of acute wounds. In 
acute wounds there is a balance between production and degradation of molecules 
(e.g. collagen); in chronic wounds this balance is disturbed in favour of degradation. 
Chronic ulcer fluids contain elevated level of neutrophils and neutrophil-derived 
enzymes compared with acute wound fluids due to their continuous influx during 
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the prolonged inflammation [5]. Neutrophils undergo apoptosis at the site of injury 
and release oxidative enzyme myeloperoxidase (MPO). Under physiological condi-
tions MPO catalyses the generation of hypochlorous acid (HClO), the most power-
ful ROS in human body, creating oxidative stress and impairing the healing process. 
The cytotoxicity of this reaction allows the killing of bacteria in the first line of 
defence. However, the HClO reacts with most biological molecules, including natu-
ral protease inhibitors. In healing wounds the production and activity of proteolytic 
enzymes, such as matrix metalloproteinases (MMPs) and serine proteases (e.g. 
elastase), are tightly regulated by counteraction of their natural inhibitors [6]. During 
granulation tissue formation levels of MMPs have been shown to be decreased com-
pared to levels found in chronic wounds. In normal levels, these proteases play a role 
in cellular migration. In chronic wounds the generation of HClO induces disturbed 
ratio proteases/inhibitors [7], so that most of the enzymes are uninhibited [8]. In 
increased levels these proteases have detrimental effect on wound healing by uncon-
trolled digestion of the ECM and the growth factors [6].

Wound Management

Effective wound management depends on understanding a number of different factors 
such as the underlying mechanism of wound formation, the type of wound, the heal-
ing process and general condition of a patient in terms of health (e.g. diabetes, aged 
patient). First, in order to inspect a wound correctly for the proper treatment choice, 
it is indispensable to remove the necrotic tissue and foreign material from the areas 
around the wound. The removal of the dead tissue is known as wound debridement 
and could be carried out using several methods. Surgical removal with scalpel and/or 
scissors is the most effective and precise, however, can only be undertaken by highly 
skilled and trained practitioners. Wound irrigation, on the other hand, implies rehy-
dration of necrotic tissue using e.g. hydrogel dressings and further its autolytic diges-
tion by the enzymes accumulated in the wound site [9]. Here the outcome depends on 
many individual factors in the treated patient, and thus, little control over the process 
is granted. The more efficient alternative is the enzymatic removal of the necrotic tis-
sue after liquefying using bacterial or animal derived collagenases. Despite being more 
controllable than the autolytic digestion, the biggest disadvantage of all enzymatic 
methods still remains much longer duration compared to the surgical debridement. 
Besides to assure establishing of the proper diagnosis of the wound, another objective 
of debridement is to provide a favourable environment at the surface of the wound in 
which healing could take place in combination with proper treatment strategy [10].

Depending on the wound type, the cause and its position on the body, nowadays 
the management involves one or the combination of the several available treat-
ment options: topical application of antibiotics and/or antiseptics, multiple dress-
ing changes per day and, recently, costly treatments involving the application of 
local mechanical stresses or energy to a wound—negative pressure wound therapy 
(NPWT) and mist ultrasound therapy.
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Epicutaneous application of antimicrobial agents is, thus far, the most effective 
way to treat wound infections. However, such therapy is directed only to the ulcers 
with severe microorganism contamination. Moreover, the biggest concern is the over-
doses due to the accumulation of immunoreactive compounds at the wound site [11].

NPWT consists of the controlled application of sub-atmospheric pressure to 
the local wound environment, using a sealed wound dressing connected to a vac-
uum pump. Studies suggested that NPWT assists in wound healing by providing a 
moist environment, stimulating circulation to the wound bed, decreasing bacterial 
colonisation and increasing the rate of granulation tissue formation [12]. However, 
the negative side of NPWT is a cost of the treatment and lack of an overall plan of 
care for the patients suffering different kind of ulcers. Although a consistent evi-
dence of the benefit of NPWT in the treatment of diabetes-associated chronic leg 
ulcers together with safety of the treatment was demonstrated [13], its effective-
ness compared to conventional/advances dressing treatments is still disputable [14, 
15]. Moreover, the evaluation on “mixed wounds” was of poor quality and there-
fore requires better quality research to be conducted.

Another novel technology using non-contact, kilohertz-range ultrasound ther-
apy is gaining popularity, especially in chronic wound management. Cells at the 
site of injury absorb the energy from the ultrasound wave and initiate signalling 
pathways with direct implications for the healing process. The therapy uses a low 
frequency, low intensity ultrasound to provide enough energy to stimulate healthy 
cells, but insufficient to damage them. The vibration of micron-sized bubbles, 
formed during sonication [16], within inter- and intracellular fluids causes changes 
in the cellular membrane potentials and cellular activities within the tissues. 
Ultrasound therapy has been shown to increase the healing rate in recalcitrant dia-
betic foot ulcers and other lower extremity wounds [17] however, it is rather cost-
ineffective compared to standard wound care.

Compared to the above described physical methods for wound management the 
usage of modern polymer-based dressing materials is cheaper and more effective. Both 
synthetic polymers and biopolymers, e.g. chitosan, are easily processed into desired 
shape and design, and stabilised using different techniques for extended shelf-life 
[18]. Many of these macromolecules display beneficial features for the treatment of 
wounds, however, the variability in wound pathophysiology makes difficult to develop 
a dressing material that meets all the criteria for optimum healing. Much research is 
currently being undertaken to design wound dressings that can stimulate the healing 
taking into account all (or at least majority) of the factors impairing healing.

Polymer Dressings in Wound Treatment

Factors Influencing Dressing Choice

Many sophisticated dressings are nowadays available to the wound care practi-
tioner, these made of a wide range of polymeric materials. Polymers may be used 
alone or in combinations thereof, being processed in different dressing designs 
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such as films, foams, fibrous materials, beads, hydrogels, hydrocolloids or even 
pharmaceutical sprays comprising nano/micro-particulate systems. Depending 
on their composition and design, the polymeric dressings and formulations may 
be used to absorb exudate, provide and maintain a beneficial for wound healing 
moist environment, combat odour or infection, relieve pain, or promote debride-
ment at the wound surface. Some dressings simply absorb exudate or wound 
fluid and may therefore be suitable for application to a variety of different wound 
types. Others have a more specific function and as such have a limited application 
being only suitable for the treatment of particular types of wounds or applied dur-
ing one phase of the healing process. Due to the variations between pathophysi-
ology of different wounds it is difficult to develop a dressing that meets all the 
criteria for optimum healing. Wound healing is a dynamic process and the perfor-
mance requirements of a dressing can change as the wound progresses towards 
healing. For this reason, in most clinical cases a combination of individual compo-
nent dressings that feature different functional properties is necessary in order to 
achieve effective wound healing in a reasonable time.

Nowadays, the design of a dressing is dominated by the hydrocolloids, useful 
for clean, granulating, epidermal wounds with low to medium exudate, but inef-
ficient on infected and exuding wounds. Currently, polyurethane foams are pro-
moted as an alternative to hydrocolloids or even used with them in combination 
carriers, without significant improvement in the healing rate of difficult to treat 
chronic ulcers. Nevertheless, the design of a dressing depends on the type of the 
wound, its thickness, position on the body, exudate volume, the stage of the heal-
ing process (early, late) and age of the affected individual. The modern dressings 
are most frequently found in the design of thin films/coatings, (hydro)gels and 
foam sheets (i.e. sponges) [10].

Thin transparent film dressings have low absorption capacity, thus are not use-
ful for wounds with significant exudates. Films are mostly used for the later stage 
healing, when the wound exudates are minimised, or to simply cover the damaged 
area and protect the wound from external factors. Available in thickness ranging 
from μm to mm, these dressings are prepared by different methods (usually cast-
ing followed by evaporation) using one or more polymers. Sometimes films are 
used as top layers to keep other dressings in place, e.g. over ointment or hydro-
gel dressing. If applied alone, transparent films allow for on-site inspection of the 
healing progress without removal of the dressing. Thus, in advanced treatment 
strategies films/coatings bearing active functions could be an ideal solution for the 
combined wound treatment and monitoring of the wound status.

Hydrogels are highly absorbent water-insoluble networks of polymer chains 
with high degree of flexibility similar to that of the natural tissue. The hydrogels are 
normally classified according to the nature of network formation as physical and 
chemical hydrogels. The physical hydrogels are obtained by reversible electrostatic 
interactions (e.g. polyelectrolyte complexes) or through secondary interactions 
(e.g. hydrogen bonds), whereas the chemical hydrogels are covalently cross-linked. 
Hydrogels are useful for exudative wounds because of their high absorptive capac-
ity, in addition to maintaining the moisture at the wound site and permitting the 
oxygen penetration. In addition, they provide excellent pain relief by reducing 
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potential irritation and cooling the wound. Nevertheless, during application hydro-
gels should be covered by an outer layer of tape, netting or roll bandage. They were 
found particularly useful for the treatment of deep partial thickness wounds.

Hydrophilic foam dressings are permeable to oxygen and water vapour. They 
usually have a hydrophobic backing and some have an adhesive surface to make 
the application easier. Sponges are more easily saturated with wound exudates 
than hydrogels, hence their changing frequency is considerably higher, especially 
during early wound healing characterised with large amounts of exudates. Foam 
dressings are ideally suited for dry and semi-dry superficial and partial thickness 
wounds, in addition to chronic ulcers since they provide padding that can relieve 
pressure over bony prominences. From a technological point of view, the manufac-
turing of a foam dressing is commercially attractive consisting of an easy process 
of freeze-drying of a moulded suspension of the dressing components.

Synthetic Polymers as Dressing Materials

Besides the classification on their function and design, wound dressings can be 
categorised according to the type of material employed for their manufacturing: 
synthetic or naturally occurring polymers [19]. Synthetic polymers are mainly 
used as platforms for actuation and delivery of active agents, but also provide an 
optimal microenvironment for cell proliferation, migration and differentiation 
when used in biosynthetic skin grafts. Synthetic polymers used for permanent cov-
erage (skin equivalents) should be fully biocompatible and with good mechani-
cal properties. Biodegradability of synthetic polymers is the desired property when 
localised delivery of active compounds from temporary dressings/templates is 
required. Besides functionalisation with both organic and inorganic active agents, 
synthetic polymers are often used in a combination with biopolymers and further 
processed in different dressing designs [20]. Synthetic polymers show a superior 
mechanical strength compared to natural macromolecules, thus by their cross-link-
ing or blending the mechanical properties of the latter are improved, whereas a 
bioactive component is added to the inert synthetic platform. Features of some of 
the most used synthetic polymers in wound healing are summarised below.

Polyurethanes are copolymers with repetitive urethane groups in their struc-
tures. This class of synthetic polymers have gained acceptance in the biomedical 
field due to their exceptional strength and biocompatibility. The physical proper-
ties of polyurethanes vary from brittle to very elastic. The biomedically accept-
able polyurethanes are non-toxic and have elastomeric properties accompanied by 
good toughness, tear resistance and abrasion resistance. Such materia+ls favour 
reepithelialisation during wound healing [21]. Polyurethane foams are designed to 
absorb large amounts of exudates and maintain a moist wound environment and 
as such are not used on low exudating ulcers as this would cause dryness of the 
wound site. Examples of polyurethane foams on the market are Smith&Nephew’s 
Allevyn® and Mölnlycke’s Lyofoam®.
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Due to its low toxicity, low allergic properties and high biocompatibility with 
body tissues and blood, silicon is extensively used for preparation of biomedical 
materials [22]. Being also resistant to biodegradation, silicone is used in the prepa-
ration of permanent implant elastomers for soft tissue repair and in combination 
with biopolymers as support materials for wound treatment and diagnosis [23, 24]. 
Silicones aid to the wound treatment modalities as an occlusive contact medium, 
being generally accepted as the only materials able to manage hypertrophic (burn 
related) scarring without significant side effects [25]. In addition, silicon-based 
dressings on the market, e.g. Safetac®, are generally regarded as easily changeable 
and painless upon replacement.

Teflon, a polymer synthesised by polymerisation of tetrafluoroethylene at high 
temperature and pressure, is an inert non-carcinogenic material. It is easily pro-
cessed into desired shapes and facile to apply to the injured area [26]. Teflon is 
frequently used in a combination with another polymeric dressing to lower the 
adherence of the latter at the wound site, aiding to painless bandage removal.

Biopolymers as Dressing Materials

Modern industries necessarily exploit renewable resources, promoting environ-
mentally friendly and beneficial technologies. Constant improvement in quality 
of products and competitive technologies for their generation is a must in order 
to keep competitive market positions. Biopolymers, due to their intrinsically ben-
eficial properties for a broad spectrum of applications, are gaining importance as 
raw materials in many industrial sectors. They comply with the requirements for 
the medical/pharmaceutical materials, being biodegradable, biocompatible and in 
most cases not causing immune response in organism, in addition to integration 
with a particular cell type/tissue upon application.

The biomaterials used in skin repair should display intrinsic biocompatibility 
and biodegradability at the ideal rate corresponding to the rate of new tissue for-
mation [27]. Besides these biomaterials, their degradation products should also not 
be toxic, immunogenic and carcinogenic. Polysaccharides and proteins, being nat-
ural components of all living structures and displaying the above properties, are up 
to date the most suitable candidates for fabrication of wound dressing materials.

Chitin and its deacetylated derivative chitosan are suitable bioplatforms that can 
be further improved by targeted functionalisation for skin repair. For example, the 
unique biological properties of chitosan characterised with human cell biocompat-
ibility, human serum biodegradability, non-toxicity, antibacterial and haemostatic 
properties justify the use of this biopolymer in skin repair processes. The haemostatic 
activity of chitosan is exploited in early treatment of wounds [28], especially in large 
injuries subjected to heavy bleeding [29]. Many haemostatic products on the market 
consist thus, fully or partially, of chitosan. Moreover, chitosan aids to a rapid clo-
sure of full-thickness wounds due to its supportive effect to the fast growing of new 
blood vessels (angiogenesis) in the injured tissue [30]. Chitin and chitosan can be 
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prepared in a variety of forms targeting particular application, i.e. healing of a certain 
wound type or on different position on the body. Films, hydrogels, fibres, powders 
and micro-/nanoparticles, entirely or partially composed of chitosan, have been dem-
onstrated and continue to be evaluated for their benefits in wound healing [18].

Glycosaminoglycans are important components of connective tissues where their 
chains are covalently linked to a protein to form proteoglycans. As highly hydro-
philic structures GAGs possess especially high affinity for physiological fluids to 
promote swelling [31]. Chondroitin sulphate is an important structural component 
of cartilage and materials made from this GAG are biocompatible and non-immuno-
genic. Chondroitin sulphate acts as surrogate extracellular matrix, serving as a repos-
itory for cytokines and growth factors, important bioentities for the healing process 
[32], and providing structural frameworks for fibroblasts during the epithelial regen-
eration. Hyaluronic acid (HA) is an intracellular component of connective tissues 
such as the synovial fluid of joints and an important part of ECM. The most impor-
tant property of HA is its effect on angiogenesis: whereas high molecular weight 
HA inhibits angiogenesis, HA oligosaccharide units are proangiogenic [33, 34]. HA 
readily interacts with proteins, growth factors and tissue components with a vital 
importance in acceleration of dermal tissue repair [35]. Regarding the HA-based bio-
materials, cross-linked hydrogel films have been produced for the use as polymeric 
drug delivery platforms with improved exploitation characteristics [36]. Furthermore, 
the biological properties of HA have been also combined with other biomaterials for 
the production of tissue engineering scaffolds or membranes [37, 38].

Alginic acid, a natural polysaccharide derived from brown algae, is well-
known absorbent which dressings regardless of design easily conform to the shape 
of a wound and adapt to a wound bed. In addition, alginic acid and its salts are 
haemostatic agents; hence their application in the treatment of large injuries and 
burns. They are applied in the form of a gel and sponges produced from calcium 
alginate. An example of a calcium alginate on the market is Suprasorb A from 
Lohmann&Rauscher, a dressing that creates a clean wound environment for heav-
ily exuding wounds due to its high absorbency. This dressing absorbs large exu-
date volumes and rapidly forms a gel through the exchange of calcium ions from 
the wound dressing with the sodium ions in the wound exudate. The gel binds to 
the exudate, trapping bacteria and tissue debris. When the dressing is changed, 
the exudate, bacteria and tissue debris are removed with the alginate fibres. Some 
studies also indicated that calcium alginate increases cellular activity properties 
during the healing process of diabetic foot ulcers [39].

Among proteins, collagen and derived hydrolysates (i.e. gelatines) showed vast 
potential for efficient wound treatment as dressings and drug delivery systems. Collagen 
is a major constituent of connective tissue and a principal structural protein of many 
organs. In living beings collagen is produced by fibroblasts and stimulates the wound 
healing cellular and molecular cascade, development of new tissue and wound debride-
ment. Materials made from collagen thus provide both structural and biological sup-
port for the various cells involved in dermal tissue regeneration, and as cell scaffolds 
are expected to replace native collagen-based ECM [40]. Collagen-based pharmaceuti-
cal formulations related to skin conditions include suspensions for dermal and wound 
topical injection, collagen suture and catguts, sponges for coating of affected joints in 
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full-thickness ulcers, and wound dressing materials in various designs such as sponges, 
resorbable membranes, films, hydrogels, nano- and micro-fibre scaffolds for cell sup-
port [41]. Furthermore, both collagen and gelatine matrices can be medicated, thus 
serving as reservoirs for drug delivery. Their use for delivery of different antibiotics has 
been discussed extensively [42]. These biopolymers are also frequently conjugated with 
other biomaterials and even with animal skin substitutes. For example, Promogran®—a 
blend of collagen and regenerated cellulose, is the only clinically proved advanced 
dressing that promotes chronic wound healing. Promogran® inhibits MMPs by: (i) 
sequestering these cationic enzymes in the negatively charged regenerated cellulose 
dressing component, and (ii) deviating the enzymes from the ECM hydrolysis using the 
collagen component as a decoy MMP substrate [43, 44].

Other proteins are recently being evaluated for the treatment of many types of 
wounds. Fibrin, keratin, silk fibroin (SF), bovine serum albumin (BSA), and 
combinations thereof and with other biomaterials, interact with the wound envi-
ronment to promote/accelerate healing rates. These biomaterials are processed in 
many ways to achieve natural-based wound dressings, templates for delivery of 
bioactive agents and scaffolds to support cellular growth. Fibrin-like haemostatic 
materials are useful for cleaning and treatment of full-thickness skin lesions [45], 
keratin-based matrices showed potential as chronic wound dressings because of 
their interaction with the proteolytic wound environment to facilitate the heal-
ing process [46], SF-containing films and sponges are being extensively investi-
gated in animal models for both superficial and full-thickness skin defects healing 
[47–49], whereas electrospun nanofibres made entirely from a globular BSA are 
intended for suturing and acceleration of wound closure wound [50].

Although beneficiary for healing of many types of wounds, biopolymers are 
efficient in the tissue repair processes only to a certain extent, being limited in 
interaction at molecular level with wound pathogens. These natural macromol-
ecules attracted much attention as dressing materials due to their biodegradabil-
ity, where material degradation and the new tissue formation should be parallel 
processes, normally the case in the treatment of acute wounds. The situation with 
chronic wounds is more complicated due to very low stability of these materials 
in contact with the fluids containing elevated levels of hydrolytic enzymes: e.g. 
lysozyme cleaves chitosan-based materials [51], whereas collagen is a natural sub-
strate of several MMPs. Moreover, the use of biopolymers in wound management 
has not yet been clearly translated into a platform for widespread clinical use, as 
the existing studies only offer evidences for beneficial properties of the biopoly-
mers as dressing platforms and not as active agents.

Role of Polymers in Advanced Wound Treatment

Over recent years, many new polymeric dressings, but few new dressing types 
appeared on the market. The healing concept of most dressings relies on main-
taining of a moisture environment, without any active agent involved. Regardless 
of the polymer component and the bandage design, a major focus of advanced 
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wound care in recent years has been the development of new dressings able to 
accelerate wound healing by erasing the chronicity factors, combining as many as 
possible functional properties in one [10]. Managing chronic or non-healing ulcers 
especially requires a systematic multi-professional approach and a willingness to 
consider also the patient’s perspective to promote the most favourable conditions 
for healing. Despite all polymer-based materials promote wound repair to a cer-
tain extent, these materials exploit only the intrinsic properties of the matrix itself 
without any active agents to interact with the chronicity factors at the molecular 
level. The multifactorial nature of virtually all non-healing wounds requires bio-
chemical stimuli to halter the events governing the ECM breakdown and impaired 
healing. Such effect can be expected only in case of controlled application of bio-
active molecules, e.g. antimicrobials, enzyme inhibitors and growth factors.

From the point of view of a researcher, new bioactive wound dressings and for-
mulations have been an area of tremendous growth following our understanding on 
the details of the wound repair. An orderly, predictable sequence of wound regenera-
tion is driven by numerous cellular mediators, i.e. growth factors. The advanced wound 
products thus aim to accelerate repair by promoting/augmenting the activities of these 
mediators in non-healing conditions (Scheme 14.1). Although in many cases the role of 
polymers in such products is merely to provide a structural support, they are also crucial 
to maintain moisture environment, critical in the wound bed to promote growth factors, 
cytokines and migration of cells [52].

Scheme 14.1  The concept 
of advanced wound healing 
products
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Accelerating Wound Healing with Active Agents—New 
Therapeutic Trends to be Combined with Polymers

Growth Factors and Cytokines

Growth factors are naturally occurring substances, secreted proteins and steroid 
hormones, capable of modulating cellular processes during tissue regeneration. 
They stimulate migration, infiltration, proliferation, and differentiation of mainly 
fibroblasts and keratinocytes by a complex signalling network. Accordingly, 
the capacity for wound repair can be augmented through the well-guided treat-
ment involving these factors [53, 54]. The most promising growth factors that 
require clinical testing are vascular endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF). The most known platelet-derived growth fac-
tor BB (PDGF-BB) is the only one successfully completed randomized double-
blind clinical trials in conjunction with standard wound care [55], which led to 
FDA approval for treatment of diabetic ulcers in a gel form under the trade name 
Regranex®. Nevertheless, new trends are moving towards mimicking the natural 
ways of healing in order to bring to the injury site a set of biological supplements 
to accelerate the functional recovery of the tissue, instead of relying on single-
agent therapies. For example, activated autologous platelet rich plasma (PRP), 
known as plasma rich in growth factors (PRGF-Endoret®), an autologous blood 
platelet concentrate product recently classified as a medication in Spain, which, 
when activated, releases a set of growth factors that stimulate the regenerative 
phase of wound healing [56].

Cytokines are small proteins that modulate the immune response to stimulate 
tissue remodelling. Cell signaling culminates in an inflammatory phase of heal-
ing, which large part is regulated by both pro-inflammatory and anti-inflammatory 
cytokines. Interleukin-1, which in vitro stimulates most of the human cells, was 
tested in pressure ulcer patients with inconclusive results [57]. Similarly, granu-
locyte macrophage colony stimulating factor (GM-CSF) has been also showed 
promising for wound treatment in vitro, mainly due to the stimulation of VEGF 
production [58]. Other studies have given encouraging results in clinical trials 
on patients with venous stasis ulcers [59] and diabetic-foot ulcers [60]. However, 
cytokines should not be considered individually, because in vivo they function in 
complex networks and cascades, frequently exhibiting antagonism (the effects 
of one cytokine may be inhibited by another cytokine). The overall outcome of 
a biological response during inflammation thus reflects the balance between pro-
inflammatory and anti-inflammatory cytokines [61]. This makes a combined 
cytokine therapy, with optimal stimulatory factors for wound repair, an attractive 
intervention for chronic diseases in general [62]. Nevertheless, both in vitro and in 
vivo studies on optimal synergistic combinations, duration and additional adjuvant 
therapies are required to precede clinical trials in order to assess the full potential 
of cytokines as biologic wound supplements.
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Antimicrobials and Antiseptics

As infections still remain a feared complication in wounds, the purpose of 
applying antimicrobial agents is mainly to prevent or combat microbial colonisa-
tion. Sustained delivery of antimicrobials, e.g. antibiotics and silver, to wound 
sites from polymeric dressings is a preferred option than topical administration 
that often results in toxic reactions due to overdoses. Regardless of the admin-
istration approach, these antimicrobials effectively reduce microbial bioburden 
in infected wounds. However, silver toxicity to mammalian systems is still not 
fully investigated [63], whereas the excessive use of both antibiotics and silver 
led to the emergence of bacterial resistance [64, 65]. Further widespread use 
of antibiotics/silver is not desirable because it can only further contribute to 
the risk of developing microbial resistance, ultimately weakening our ability to 
counteract infections.

Current alternatives to antibiotics are antiseptics, with different mechanisms 
of inhibition of bacterial colonisation and growth. Although not as efficient as 
antibiotics, antiseptics are less toxic, active against broader spectrum of microor-
ganisms, whereas resistance to antiseptics occurs less frequently [66]. For exam-
ple, polyhexamethylene biguanide (PHMB) is an antiseptic with very low risk to 
induce bacterial resistance. An example of PHMB in conjunction with polymers is 
Suprasorb X + PHMB dressing of Lohmann&Rauscher, a calcium alginate with 
physically entrapped antiseptic, released into the wound upon application due to 
swelling.

Enzyme Inhibitory Agents

Abnormal redox state during the prolonged inflammation in non-healing ulcers 
calls for the use of redox drugs. MMPs are a group of metalloenzymes, where the 
catalytic Zn2+ in the active centre is coordinated by a redox-sensitive cysteine res-
idue. Displacement, e.g. upon oxidation, of the cysteine ligand leads to the acti-
vation of the enzyme [67]—a mechanism termed “cysteine switch”. The MMP 
activation/inhibition could be redox-regulated by e.g. thiol compounds affecting 
the sulfhydryl/disulphide state of the switch [68]. A non-specific regulation of 
MMPs activity could be achieved by zinc chelation. Since thiols combine metal 
chelating and redox functions [69], thiolated polymers are expected to control the 
activities of these enzymes via a combination of these two mechanisms. On the 
other hand, MPO is an oxidative enzyme able to produce HClO, overwhelming 
the natural shield of protease inhibitors, enabling their accumulation in the chronic 
wound site [70]. The prevention of MPO-derived HClO accumulation can be 
envisaged at two levels by: (i) using competitive amounts of substrates to avoid the 
enzyme chlorination activity and HClO production, and (ii) application of HClO 
scavengers. As thiols inhibit HClO production [71], the use of thiol-bearing com-
pounds would be an integrated approach for attenuation of both oxidative and pro-
teolytic enzyme activities.
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Similar effects on both enzymes are expected using polyphenolic antioxidants. 
Plant polyphenolic extracts of varying structures from simple molecules to highly 
polymerised compounds are well-known for their antioxidant capacity and scav-
enging activity over free radical and non-radical reactive species [72], metal-
chelating capability [73] and inhibitory activity over radical-generating enzymes 
[74]. Plant polyphenols also possess anti-inflammatory [75], antimicrobial [76] 
and wound healing promoting properties [77]. Some polyphenolic extracts are 
widely used in the therapy of skin conditions, skin damages such as burns, and 
as protective component in cosmetic formulations [78, 79]. Various polyphenolic 
extracts are reported as efficient inhibitors of both MPO [80] and MMPs [81].

Although majority of active agents are effective in preclinical models of dermal 
repair, most fail to demonstrate the healing improvements when applied topically 
or systemically in clinical settings. Their limited clinical success is attributed to 
short half-lives and lack of robust and approved delivery systems. Proper assem-
bling of active agents with biocompatible delivery templates would ensure their 
stability during the application. For example, if the biopolymeric materials with 
intrinsic antimicrobial properties are upgraded with bioactive compounds to pro-
vide the biochemical stimuli in difficult to treat wounds, an integrated strategy for 
their efficient management could be achieved. Moreover, controllable enzymatic 
inhibition could be expected by tuning the degree of biopolymer functionalisation 
(e.g. biopolymer thiolation, dosed biopolymer impregnation with polyphenols). 
This would be a step forward towards the regulation of the optimal enzyme/inhibi-
tors ratio necessary for healing. Additionally, if sustained delivery to targeted tissue 
compartments is achieved, prolonged effects may be expected with improved tis-
sue repair outcomes. Currently, many novel systems based on synthetic and natural 
polymers are being developed and investigated as active agent delivery systems.

Next Generation Wound Dressings and Formulations 
Combining Polymers and Active Agents

Advances in biomaterials engineering and assembling/conjugation with biologi-
cal agents allowed for application of novel wound healing therapies. Properly 
engineered hybrid biomaterials allow for accelerated recovery of damaged tissue 
by interfering with the wound healing process at the molecular level. Typically, 
two approaches for assembling active agents with biomaterials in wound repair 
are distinguished: (i) permanent immobilisation of the active agent onto poly-
meric matrix, and (ii) physical encapsulation of the active agent in the polymeric 
delivery system (matrix or template). The former approach involves chemical or 
enzymatic binding between the components where the active agent acts from the 
platform without being released to the wound. The advantage of this approach is 
the minimisation of the side effects due to the accumulation of immunoreactive 
compounds at the wound site, i.e. overdoses. The second approach is achieved by 
simple loading (impregnation) or encapsulation for programmed release of active 
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agent [18]. If the delivery of an active in a consistent and sustained fashion over 
long periods of time is assured, the possibility of adverse effects and frequency of 
the dressing change also decrease.

Polymeric scaffolds that provide slow release of growth factors and cytokines 
have demonstrated the ability to attract cells through local signalling processes and 
stimulate the regenerative processes [82, 83]. Additionally, if these bioentities are 
integrated with biomaterials with beneficial for wound repair properties, enhanced 
wound healing properties to target more significant clinical utility are expected 
[84]. Among various biopolymers, gelatine, alginate, collagen and hyaluronic acid 
have been thus designed into gel matrices, porous sponges and microparticulate 
systems and used to deliver growth factors while maintaining their activity [85–
89]. In one of the first studies of this type, a bilayer dressing comprising gelatine 
sponge and elastomeric synthetic polyurethane membrane used as the external 
layer was loaded with bFGF encapsulated in microparticles to achieve prolonged 
release [90]. The application of this hybrid wound dressing provided an optimum 
healing milieu for the proliferating cells and regenerating tissues in pig’s skin 
defect models. Actually, most of the growth factors and cytokines are proteins that 
easily interact with other biopolymers, which makes the choice of an appropriate 
(bio)material critical to achieve enhanced and sustained release, and thus its action 
at the wound site. In one unicentre randomised control trial the autologous PRP 
was evaluated in the combination with a protease modulating Promogran®. The 
results in 51 patients with diabetic foot ulcers (17 of whom received the combined 
therapy) showed that this combination reduced the ulcer area more than that when 
compared with the dressing or PRP alone, suggesting a synergistic interaction 
between these components [91]. Nevertheless, prior to the widespread clinical use, 
the integrated growth factors/active dressing therapies need to be optimised and 
further validated for management of different types of difficult to treat wounds, by 
assessing their potential in larger, multicentre clinical trials.

Both synthetic and natural polymers have been also investigated and continue 
to be evaluated as platforms for immobilisation or delivery of active agents. There 
are numerous examples of polymers that have been mixed with antimicrobial/
antiseptic substances to develop antimicrobial dressings and enhance healing of 
many wound types: fibrous hydrocolloids, poyurethane foam films and sili-
cone gels were combined with silver [92, 93]; antibiotics were impregnated onto 
various polymer matrices for their delivery in wounds such as gentamycin from 
collagen sponges [94], ofloxacin from silicone gel sheets [95, 96], and minocy-
cline from chitosan [97] and chitosan-polyurethane film dressings [98]; whereas 
PHMB-incorporated alginate antiseptic dressing is already marketed under the 
trade name of Suprasorb X + PHMB [99–101]. Another concept to manage dif-
ficult to treat wounds, e.g. chronic ulcers, is to control the activities of oxidative 
and proteolytic enzymes in wound bed by bringing down their elevated levels into 
the ranges found in acute wounds to allow healing to progress. However, this task 
must be taken with precaution, as the total inhibition of these enzymes is not desir-
able because of their role in the reconstruction of the ECM and wound progression 
towards closure. In one attempt, an active dressing specifically targeted towards 
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reducing local levels of collagenases in non-healing wounds was developed using 
two biopolymers, bovine collagen and oxidised regenerated cellulose [44]. When 
placed in the wound bed, the collagen component acts as a decoy substrate for 
the proteases, whereas the oxidised cellulose dislodges metal ions from the active 
centre of these enzymes. Although this composite is still a state-of-the-art dressing 
on the market meant specifically for chronic wound treatment, it addresses only 
attenuation of the activities of some proteases at the wound site. The concept is 
currently being complemented by addressing other common factors influencing 
non-healing nature of chronic wounds of various aetiologies. For example, in our 
previous works, collagen, gelatine, chitosan, hyaluronic acid, chondroitin sulphate 
were used individually or as composite platforms, further upgraded with different 
plant polyphenols and thiol compounds targeting attenuation of both proteolytic 
collagenases and oxidative MPO, in addition to inhibiting bacterial growth. The 
produced biopolymeric platforms were either impregnated or permanently modi-
fied with active agents using chemical or enzymatic methods. For example, col-
lagen was cross-linked with naturally occurring genipin to improve its biostability 
in physiological fluids prior to be impregnated with polyphenolic extracts from 
Hamamelis virginiana [102]. These extracts were previously found to be efficient 
scavengers of radical and non-radical reactive species, act as MPO substrates to 
prevent the accumulation of ROS and irreversibly inhibit collagenase [103]. The 
loading of plant polyphenols on sponge-like collagen dressings has been achieved 
on the bases of their ability to interact with proteins and polysaccharides [104, 
105]. These interactions determine the release patterns from the biopolymer plat-
forms and the activity of the advanced dressing [106]. Accordingly, in the case 
of polymer composites, capacity of the attenuation and especially duration of the 
inhibition effect are tuneable by the biopolymer composition and selection of the 
polyphenolic compound, being lower for polysaccharide than for protein platforms 
for which the effect is maintained up to 5 days [107]. In another study, a mul-
tifunctional bioactive chitosan/gelatine hydrogel additionally stabilised with plant 
polyphenols was achieved using laccase-assisted gelation [108]. Whereas gelatine 
facilitated coupling reactions and gelation, chitosan was used as an antimicro-
bial dressing platform. The phenolic compounds were covalently bonded on the 
hydrogels and exerted both: (i) structural function stabilising the dressing, and (ii) 
bio-activity inhibiting deleterious wound enzymes to stimulate the wound healing 
process. Permanent immobilisation of active agents reduces risk from overdoses 
and adverse immune effects at the wound site. The modification of polymeric 
surfaces in such way is a key aspect in biotechnology nowadays, including devel-
opment of substrates for regenerative medicine. By alteration of the surface func-
tionality controlled biochemical interactions with body fluids can be achieved. 
Thiolated chitosan, a biodegradable conjugate obtained by different chemical cou-
pling approaches, combines a series of interesting functions such as mucoadhesive 
[109], permeation-enhancing [110], in situ gelling and enzyme inhibition proper-
ties [111, 112]. This conjugate was further processed into functional nanoscale 
films/coatings built using a layer-by-layer approach for alternate deposition of 
oppositely charged polyelectrolytes [113]. Glycosaminoglycans, namely HA with 
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different Mw and chondroitin sulphate, were used as counterions to cationic thi-
olated conjugates. The biopolymer thiolation degree was identified as a key factor 
to achieve control of the thickness/size of the multilayered films. In addition, tune-
able inhibition/adsorption of the deleterious enzymes coupled to fibroblast attach-
ment/proliferation was observed by ruling the biopolymer modification degree.

Polymer-Based Healing Solutions in the Market

Nowadays, more than 3,000 types of dressings overwhelm the wound manage-
ment market. The characteristics of the various types of dressings depend on the 
intrinsic properties of the polymers employed for their preparation. The resulting 
products may be used individually or in combination to absorb exudate, combat 
odour and infection, relieve pain, promote autolytic debridement (wound cleans-
ing) and/or provide and maintain a moist environment at the wound surface. An 
ideal marketable wound dressing should: (i) allow debridement, (ii), provide and 
maintain a moist wound environment, (iii) allow absorption, removal of blood and 
excess of wound exudate, (iv) permit gaseous exchange (water vapour and air), (v) 
prevent infection, (vi) provide thermal insulation, (vii) possess low adherence to 
allow non-painful dressing change, (viii) protect the wound from trauma, (ix) be 
cost effective, and (x) be biocompatible.

Taking into consideration the above properties, wide range of polymer-based 
materials are available to match particular wound requirements. Unfortunately, 
no single dressing can accomplish all these goals. Thus, the election of the appro-
priate dressing to a specific wound type is a difficult task and depends on factors 
related to the product itself, patient’s health status, wound type and location, and 
economic parameters, as summarised in Table 14.1.

Nowadays wound dressings frequently comprise the combination of polymeric 
layers with different functions that provide to the dressing particular characteris-
tics. Table 14.2 presents an overview of various types of most frequent polymer-
based wound dressings available in the market.
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Conclusions

Polymers in the form of dressings and pharmaceutical formulations are already 
an integral part of modern wound care. Synthetic polymers have good mechani-
cal properties, near-limitless supply, and are easy to process into suitable designs 
for wound repair, including appropriate pore size and scaffold geometry. However, 
these advantages are countered by their minimal intrinsic bioactive properties. 
Biopolymer dressings, on the other hand, interact with dermal tissue and cells 
to accelerate the acute healing process, but they have little effects on healing of 
complex wounds. In line with this, advanced wound repair is currently directed 
towards stimulation of physiological repair at molecular level. Combining syn-
thetic and/or biopolymer dressing with the therapeutic potential of bioactive mol-
ecules has emerged as an exciting field of research for enhanced wound repair. 
The rationale for the development of these next generation composites lies in 
their superior efficacy in preclinical models relative to the application of their 
components alone. Many approaches for assembling polymers with therapeuti-
cally relevant compounds are established technologies with few of these already 
commercialised based on the available clinical evidences. Nevertheless, the large 
amount of research being conducted is likely to result in additional approvals, and 
more advanced polymer-based dressings will certainly attain market in the next 
few years, considering their current preclinical/clinical evaluation.

Future Perspectives

Polymer dressings are an important segment of the medical and pharmaceutical 
wound management market worldwide. Both low- and high-tech products ranging 
from traditional inert synthetic bandages to bioactive solutions for which prepara-
tion emergent technologies are employed find the place on this dynamic market. 
Despite the wide variety of products available, complex non-healing wounds are 
still a challenge to manage and accordingly attract a great deal of attention among 
the research community. Their treatment represents a huge health burden and 
drain on healthcare resources due to the intensive medical intervention required. 
Furthermore, as elderly individuals become the fastest-growing segment of the 
population, the complex wounds occurrence will have an even more pronounced 
economic impact in the future. Therefore, new solutions such as advanced dress-
ings to facilitate chronic wound healing are needed.

The advanced wound care market is constantly growing and includes an array 
of competing technologies and solutions that can be classified according to the 
materials from which they are produced. Polymer-based hydrocolloids, hydrogels, 
thin films and foam sheets are its largest sector. They also include few bioactive 
dressings and skin substitutes on the market that combine polymers with various 
therapeutics, antimicrobials, enzyme inhibitors and/or biological supplements 
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acting on specific molecular targets in wound environment. In near future it is 
expected that polymers will be exploited more efficiently since they can be easily 
modified via chemical or biochemical techniques. Permanent functionalisation of 
polymer matrices with bioactive agents will allow their acting from the polymer 
matrix, without being release to the wound and thus avoiding risk of overdoses 
and associated adverse effects.

One of the main reasons of the high cost of managing complex wounds, besides 
the cost of the materials, is the time of hospitalisation. The decision-making in 
their treatment is therefore crucial and is required to be at the same time fast and 
accurate. Currently, the clinicians often visually inspect the wound to evaluate the 
infection status or rely on time-consuming and costly biopsy analyses requiring 
special equipment. Among the most recent advances in this area are remote moni-
toring devices evaluating wound-related parameters such as margin, volume, depth 
and area or off-site diagnostic kits relying on different detection markers, but often 
requiring painful wound fluid collection [114]. In order to increase the patient’s 
comfort and at the same time provide reliable diagnosis, the wound care market 
should soon move from intuitive choices to proactive strategies for simultane-
ous healing and monitoring of the wound status. New point-of-care devices will 
be developed under the EU project InFact - Functional materials for fast diagno-
sis of wound infection (grant agreement nº FP7-609198), in order to implement a 
solution for fast infection diagnosis into an active wound dressing and thus com-
plement the healing of wounds colonised with microorganisms. Such simple tool 
integrated into a next generation wound dressings will enable clinicians to assess 
the wound status rapidly avoiding painful wound fluid collection. The role of poly-
mers in such devices will be equally important as in the nowadays modern dress-
ings. Besides providing the structural support, various polymers will be employed 
to assemble the test components of a novel diagnostic tool, e.g. sample path (cel-
lulose), conjugate pad (usually a polyester), assay matrix (nitro-cellulose mem-
brane), absorbent pad (cellulose fibre sheets) and adhesive backing (polystyrene, 
vinyl or polyester) are employed in lateral flow devices.
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Abstract Polymers have found widespread applications in cardiology, in 
 particular in coronary vascular intervention as stent platforms, coating matrices 
for drug-eluting stents (DES) and drug-coated balloons (DCB) and for transcath-
eter valve therapy. Besides permanent polymers, biodegradable polymers came 
in focus of current research and development for medical applications, as they 
degrade once their function is fulfilled, which might efficiently reduce observed 
hypersensitivity reactions. After reviewing polymers used for cardiovascular 
applications, the book chapter deals with possible surface modification reactions 
of the polymers including the provision with a local drug delivery function and/
or biofunctionalization in order to selectively control cell-implant interactions. 
These functionalizations can be furthermore designed to enhance bio- and hemo-
compatibility, which is of special interest for cardiovascular implants and devices. 
A general discussion of bio- and hemo-compatibility of polymers for cardiovascu-
lar applications and corresponding evaluation methods is additionally given. With 
our own published data, we finally highlight exemplary polymer applications in 
cardiology as polymer-based biodegradable stent platforms, biodegradable poly-
meric coatings for DES and hydrogel-based coatings for DCB. Moreover, devel-
oped biofunctionalization strategies of polymers are discussed with regard to their 
 application in cardiology.
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Abbreviations

AFM  Atomic force microscopy
ASTM  American Society for Testing and Materials
BMS  Bare metal stent
BTHC  n-butyryl tri-n-hexyl citrate
BVS  Bioresorbable vascular scaffold
DCB  Drug-coated balloon
DDES  Dual drug-eluting stent
DES  Drug-eluting stent
EC  Endothelial cells
ECM  Extra cellular matrix
EPC  Endothelial progenitor cells
ePTFE  Expanded poly(tetrafluoroethylene)
FACS  Flow cytometry
HA  Hyaluronic acid
HBOEC  Human blood outgrowth endothelial cells
IgG  Immunoglobulin G
LDD  Local drug delivery
LDPE  Low-density poly(ethylene)
P(3HB)  Poly(3-hydroxybutyrate)
P(4HB)  Poly(4-hydroxybutyrate)
PA  Polyamides
PAA  Poly(acrylic acid)
PAAm  Poly(acrylamide)
PAH  Poly(anhydride)
PBMA  Poly(n-butyl methacrylate)
PC  Phosphorylcholine polymer
PCL  Poly(ε-caprolactone)
PCU  Polycarbonate urea urethane
PDLLA  Poly(D,L-lactide)
PE  Poly(ethylene)
PET  Poly(ethylene terephthalate)
PEVA  Poly(ethylene-co-vinyl acetate)
PGA  Poly(glycolide)
PHA  Polyhydroxyalkanoates
PHB  Poly(hydroxybutyrate)
PLGA  Poly(lactide-co-glycolide)
PLA  Polylactide
PLLA  Poly(L-lactide)
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PMMA  Poly(methyl methacrylate)
PNIPAAm  Poly(N-isopropyl acrylamide)
POE  Poly(ortho esters)
POSS  Polyhedral oligomeric silsesquioxane
PP  Poly(propylene)
PPFC  Parallel plate flow chamber
PS  Poly(styrene)
PTD-PC  Polytyrosine-derived polycarbonate
PTFE  Poly(tetrafluoroethylene)
PTX  Paclitaxel
PUR  Poly(etherurethanes)
PVDF-HFP  Poly(vinylidene fluoride)-hexafluoropropylene
PVP  Poly(vinylpyrrolidone)
SA/AA  Salicylic acid/adipic acid
SIBS  Poly(styrene-b-isobutylene-b-styrene)
SIR  Sirolimus
SMC  Smooth muscle cell
TA  Transapical
TAVI  Transcatheter aortic valve implantation
TF  Transfemoral
VEGF  Vascular endothelial growth factor

Introduction

Besides metals, ceramics and composites polymers are a main type of biomateri-
als, which are intended to interface with biological systems with the purpose to 
evaluate, treat, augment or replace any tissue, organ or function of the body [1, 
2]. Fast it becomes clear that polymers are most useful for medical treatments 
 associated with soft tissues, whereas metals and ceramics are better suitable for 
the  treatment of harder tissues such as bone [3].

Today, polymer-based biomaterials take a key function in modern  medicine. 
Amongst others they are applied in different medical devices, such as 
 cardiovascular implants, intraocular lenses, suture materials, cochlea implants, soft 
tissue implants, as well as drug delivery systems. In this context,  multifunctional 
materials which include functionalities, such as degradation capability, drug 
release capability, sensitivity against external stimuli or biomimetic functionality 
are of great interest for the medical device development. It can be assumed that 
multifunctional polymers will make an important contribution to therapeutic and 
diagnostic treatments in regenerative medicine, minimally invasive medicine and 
nanomedicine in the future [4, 5]. This required special polymeric biomaterials, 
which fulfill the specific demands of these application fields by their functional-
ity and biocompatibility. In this context, an important advantage of polymers is 
that they can be designed with a great variance of polymeric architectures and 
thus chemical and physical properties by use of a broad spectrum of chemical 
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synthesis strategies. Therefore, polymers offer a great potential for the adaptation 
of  biomaterials to the interaction possibilities of the human organism. However, it 
is desired that the polymeric materials do not interact non-specifically with bio-
logical components, such as proteins or cells in order to allow specific  interactions 
by integration of defined signal molecules into the polymeric network or onto the 
polymer surface by means of different biofunctionalization methods [6].

A great challenge is that only very few polymers can be used so far, which 
were specifically developed for manufacturing of medical devices. Instead of 
that, polymers are used, which are well-established in technical application areas. 
They were selected for the intended medical application by means of different in 
vitro and in vivo tests [5]. Nevertheless, correlating problems in biocompatibility 
to material properties is still insufficient, which makes the deduction of strategies 
for the polymer development. Thus, the future tasks for the development of mul-
tifunctional polymer materials intended for medical applications are not only to 
decide which functionality and property should have the highest priority in these 
combinations but also to improve and develop test methods for their adequate 
evaluation [5]. Therefore, the present chapter is not only focused on the review 
of polymers used in coronary vascular interventions as stent platforms, coating 
matrices for drug-eluting stents and drug-coated balloons, and for transcatheter 
valve therapy but also on the description of methods for their surface modifica-
tion and the evaluation of their bio- and hemo-compatibility.

State of the Art

Due to the entering of drug-eluting stents (DES) in the European market in 
2002, polymers were used with increasing demand regarding their potential as 
implant material for coronary applications. DES are vascular stents which allow 
the delivery of drugs in a controlled manner to arterial wall. The controlled local 
drug release should reduce or prevent in-stent restenosis as a result of throm-
bosis, inflammation as well as increased migration and proliferation of smooth 
muscle cells. The most DES consists of three components: (1) the stent plat-
form, (2) the pharmacologically active substance (drug), and (3) the drug car-
rier, usually a polymeric matrix, which controls the drug release. Despite their 
high efficacy regarding the inhibition of in-stent restenosis, the first generation 
of DES based on biostable (non-biodegradable) polymeric drug carriers, such 
as poly(ethylene-co-vinyl acetate) (PEVA), poly(n-butyl methacrylate) (PBMA) 
and poly(styrene-b-isobutylene-b-styrene) block copolymer (SIBS), and poten-
tial cytotoxic drugs, such as sirolimus (SIR) and paclitaxel (PTX), came under 
scrutiny when incidences of death or myocardial infarction were reported after 
DES implantation [7]. In particular, late thrombosis and delayed healing were 
identified as potential risks associated with DES [8–10]. Furthermore, cases 
of hypersensitivity were observed in connection with DES implantations [11, 
12]. In this context, it was stated that beside the stent platform and the drug the 
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polymeric drug carrier is a target for the biocompatibility improvement of such 
implants. Therefore, DES coatings on the basis of biodegradable polymers were 
developed. The advantages of these DES are that (1) they offer the antiresten-
otic benefit of a standard DES, (2) they offer the safety benefit of an uncoated 
bare metal stent (BMS) [13], and (3) the coating polymers degrade once their 
function is fulfilled, which might efficiently reduce observed hypersensitivity 
reactions. To eliminate the presence of a permanent implant completely degra-
dable coronary stents (scaffolds) on the basis of polymers, such as polylactides 
(PLA), or drug-coated balloons (DCB) were developed. A major benefit of tem-
porary scaffolds over permanent BMS and DES platforms is that they fulfill both 
requirements, the prevention of recoil immediately after scaffold implantation 
as well as the restoration of vasomotion and long-term positive remodeling of 
the stented vessel [14]. From this it follows that polymers intended as scaffold 
materials degrade in a moderate period of 6–9 months to 2 years and the deg-
radation products are biocompatible and do not induce undesired inflamma-
tion reactions [15]. On the other hand, due to the fact that PTX-coated balloons 
using low-molecular excipients showed a clear inferiority regarding their deliv-
erability in comparison to uncoated balloon catheters [16], it can be supposed 
that also hydrophilic polymers, such as poly(vinylpyrrolidone) (PVP) or hyalu-
ronic acid (HA), with high swelling and lubricious properties will be of great 
interest in the future also in this field [17, 18]. Another cardiovascular interven-
tion, where polymeric implant materials could be used with increasing scope, 
is the transcatheter aortic valve implantation or replacement (TAVI or TAVR) 
usually performed in an interdisciplinary team of cardiologists and heart sur-
geons. Within the clinically established TAVI procedure the replacement of the 
aortic valve can be carried out less invasively using a catheter where the self-
expanding or balloon-expandable valve prosthesis consisting of a metal stent 
structure and a tri-leaflet valve fashioned out of porcine or bovine pericardium 
is mounted. As recommended TAVI are established for the treatment of high-
risk, multimorbid patients with severe aortic stenoses which are no candidates 
for the open-heart surgical replacement. Since it is known that biological valves 
based on xenogenic pericardium tend to calcify and have a decreased durabil-
ity in comparison to mechanical valves [19] also valve materials based on syn-
thetic polymers, such as polycarbonate urea urethanes and polyesters, are under 
consideration [20–23]. These examples demonstrate impressively that polymers 
became more important also for cardiological applications.

Well-Established Polymers for Cardiovascular 
Applications

Polymers used for such medical devices can be broadly classified regarding their 
origin into synthetic and natural polymers as well as regarding their stability into 
biostable and biodegradable polymers.
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Synthetic and Natural Polymers

Due to the ease of polymer syntheses, the controlled adjustment of polymer 
properties, the high reproducibility and the rapid availability synthetic polymers, 
such as poly(ethylene) (PE), poly(methyl methacrylate) (PMMA), polyurethanes 
(PUR), poly(glycolide) (PGA) and PLA, have historically been the material of 
choice for implants and other medical devices. Polymer syntheses can be real-
ized via different reaction mechanisms which vary in complexity due to functional 
groups present in the reacting compounds. Thus, the exemplarily named PE can 
be manufactured by chain-growth polymerization of its unsaturated monomer eth-
ylene that is able to break and then link with another ethylene molecule to form a 
repeating chain via a free radical mechanism mostly divided into the stages chain 
initiation, chain propagation, and chain termination. The attractiveness of syn-
thetic polymers, such as low-density poly(ethylene) (LDPE) for colonization of 
vascular smooth muscle cells can be affected by grafting with biologically active 
substances, such as glycine and bovine serum albumin, determined by Parizek 
et al. [24]. In this study, an increased spreading and a higher concentration of 
focal adhesion proteins were observed for the modification with glycine whereas 
an enhanced cell growth was achieved with grafted bovine serum albumin [24]. 
Additionally, PMMA is routinely produced by chain-growth polymerization of 
methyl methacrylate using radical or anionic initiations. In conjunction with vas-
cular applications recently the development of air-spun PLA nanofibers grafted 
with pendant oligo(ethylene oxide)-containing polymethacrylate as hydrophilic 
scaffold modification for vascular tissue engineering was described [25].

PUR, due to their excellent hemocompatibility well-established as scaffold 
materials for vascular grafts [26–29], can be synthesized by a stepwise addition 
reaction, therefore called step-growth polymerization, between isocyanate and 
alcohol bifunctional monomers. In addition to the mentioned polyaddition and as 
a further type of step-growth polymerizations polycondensation reactions are gen-
erally used for the synthesis of polyesters. During such polycondensation a diol 
reacts with a diacid under release of water as condensate. Aliphatic polyesters can 
be also obtained from cyclic diesters, such as glycolide for PGA and lactide for 
PLA, by ring-opening polymerization under very mild conditions using anionic, 
cationic or metal organic catalysts. The ring-opening polymerization is the most 
common synthesis method for such polyesters due to the fact that in contrast to 
the polycondensation reaction high molecular weight polymers can be achieved. A 
further demand for use of such synthetic polymers in biomedical applications is to 
tailor the materials properties by copolymerization with different monomers (e.g. 
statistical, alternating, periodic and block copolymers) or by variation of the poly-
mer architecture (e.g. block, star, comb, brush and coil-cycle-coil macromolecules).

Regarding the medical use of the above named polyesters it can be stated that 
PGA is commonly used as suture material for different surgical applications [30]. 
Further examples are glycolide-containing, nanofibrous scaffolds blended with 
gelatin [31] or hollow fibers blended with poly(ε-caprolactone) (PCL) [32] for 
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vascular tissue engineering, as well as glycolide-based local drug delivery systems 
[33–35]. In addition to these examples it can be pointed that PLA was intensely 
tested as temporary stent material in cardiology [36, 37], vessel surgery [38, 39] 
and urology [40–42].

Similar in chemical structure as the linear, synthetic polyesters PGA and 
PCL is the absorbable biopolymer poly(4-hydroxybutyrate) [P(4HB)]. PGA, 
P(4HB) and PCL differ merely structurally in the number of 1, 3 and 5 methyl-
ene groups in the polymer backbone [43]. However, PGA and PCL can be syn-
thesized chemically, while P(4HB) belongs to the class of biopolyesters called 
polyhydroxyalkanoates (PHA) and is produced naturally by microorganisms. 
Since 2007, where the first medical device made from P(4HB) was launched as 
surgical suture material, additional P(4HB) products including devices for her-
nia repair, tendon and ligament repair, and plastic and reconstructive surgery are 
under consideration. Additionally, P(4HB)-based tissue engineering products 
are currently in development including vascular grafts and heart valves [43]. In 
addition to P(4HB) poly(3-hydroxybutyrate) [P(3HB)] is also a representative of 
PHA that was of interest as bio-derived and biodegradable thermoplastic implant 
material. However, P(3HB) could not become accepted for vascular applications 
due to the fact that it evoked extensive inflammatory responses and fibrocellular 
 proliferation after implantation in porcine coronary arteries [44], P(3HB) was 
investigated recently regarding its potential for use in osteosynthesis implants [45]. 
Furthermore, it was demonstrated that electrospun P(3HB)-based meshes appear 
to be suitable in combination with endothelial-differentiated cells to improve 
 vascularization in engineered bone tissues [46].

Biopolymers from natural origins generally degrade physiologically by hydrol-
ysis, in most cases enzymatically catalyzed, and are very biocompatible as they 
and their degradation products are mostly well-known for the human organism. 
Certainly, they vary from source to source regarding their properties, their impurities 
and therefore the possibility of bacterial or viral contamination and antigenicity [3].

Collagen-based biomaterials can be divided in biomaterials retaining the native 
tissue structure, such as heart valves and vascular prostheses, and biomaterials 
prepared from purified collagen and reconstituted under different physical forms 
[47, 48]. An example for the first type are decellularized tissue matrices prepared 
by a combination of enzymatic and detergent treatments of collagen-rich tissues, 
such as xenogenic heart valves and blood vessels [49–52]. Examples for the sec-
ond type are sponges used as hemostat and wound dressing, membranes for guided 
tissue regeneration, matrices for use in tissue engineering as well as coatings for 
prostheses and drug release systems [48, 53–59]. Furthermore, gelatin obtained 
from collagen by chemical hydrolysis was tested regarding its potential as coating 
matrix for polyester-based arterial prostheses as well as material for microencapsu-
lating of drugs or preparing biodegradable hydrogels used as sealant for polyester 
vascular grafts or polymeric network for vascular tissue engineering [60–63].

Other examples of natural polypeptides in medical use are albumin and  elastin. 
For example, crosslinked albumin gels were described as potential sealants for 
prosthetic vascular grafts [64]. In addition, albumin-based hydrogels were tested 
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for enhancement of articular cartilage and intervertebral disc regeneration [65]. 
Interestingly, albumin was also investigated recently as dissolvable stent to provide 
intraluminal support during vascular anastomosis [66]. Moreover, cytocompatible, 
injectable elastin-based hydrogels with alterable gelation characteristics, favorable 
mechanical properties and structural stability for load bearing applications showed 
great potential for various biomedical applications [67]. Biomaterials derived 
from recombinant elastin-based block copolymers and processed in various forms 
including particles, films, gels and fiber networks were also studied for potential 
applications in medicine [68].

Beside polypeptides also polysaccharides and derivatives are used for vascu-
lar applications. Interesting fields for cellulose, starch, alginate, hyaluronic acid 
and chitosan are their utilization as matrices for drug delivery systems [69–73] as 
well as for alginate, hyaluronic acid and chitosan as scaffolds for vascular tissue 
engineering [74–76]. Heparin, the most biologically active member of the group of 
sulfated glycosaminoglycans, is used as antithrombotic and anticoagulant agent in 
the management of cardiovascular diseases in general as well as for the prevention 
of blood clotting on artificial vascular prostheses and heart valves. The improve-
ment of the hemocompatibility of implant surfaces in direct contact with blood is 
still one of the most important areas in clinical and biomedical research [5, 48], 
and therefore many investigations were done to modify implant surfaces with hep-
arin or heparin-like molecules [77–79].

Nevertheless, some of the listed examples demonstrate that the line between 
synthetic and natural polymers cannot be drawn clearly for all cases. Therefore, 
the category bio-inspired polymers was included that is promising for implant 
applications due to the possibility of generating materials that mimic the organ-
ism’s own structural polymers in terms of structure and function [3]. Such pol-
ymers, mainly artificial or non-naturally occurring proteins like elastin-like 
proteins, can be synthesized by biosynthesis under controlled conditions so 
that they have from batch to batch reproducible and controllable properties. 
Furthermore, they have the advantage that they are not contaminated microbially 
[3]. Based on this knowledge Venkatraman et al. predicted that controlled syn-
thesized, bio-inspired proteins could open up new possibilities for the develop-
ment of vascular grafts as they form the bridge between synthetic materials such 
as poly(ethylene terephthalate) (PET) and expanded poly(tetrafluoroethylene) 
(ePTFE) on the one hand, as well as completely biological materials such as decel-
lularized vascular tissues on the other hand [3].

Biostable and Biodegradable Polymers

Due to the fact that the application of an implant material can be permanently 
or temporary required biostable or biodegradable biomaterials are used. In case 
of polymers the term “biostable” is to view with the limitation that also biosta-
ble polymers, such as PE intended mainly for non-vascular applications such as 
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acetabulum cups [80], but also vascular grafts [81], polyamides (PA) intended 
for suture materials [82] and polymeric meshes [83] as well as PET [84] and 
poly(etherurethanes) (PUR) [84, 85] intended primarily for vascular grafts, 
partially degrade in the long term by mechanical abrasion (e.g. observed for PE), 
hydrolysis (e.g. observed for PA and PET) or oxidation (e.g. observed for PUR) 
[86]. Furthermore, vascular grafts based on ePTFE have proven to be an adequate 
biostable conduit for bypass surgery [87, 88]. Another important group of bio-
stable polymers are silicones which are well-established as implant material for 
intraocular lenses [89, 90], breast implants [91] and cochlear implants [92].

The above described examples demonstrate that a lot of implant applications 
should possess long-term stable performances in the organism. However, devel-
opments in tissue engineering, regenerative medicine and local drug delivery 
promoted the need of biomaterials with biodegradability. Typical representatives 
of biodegradable polymers are proteins and polysaccharides as natural polymers 
and aliphatic polyesters (polyhydroxycarboxylic acids), polyanhydrides and 
poly(ortho esters) as synthetic polymers. In order to be degradable, polymers must 
have chemical bonds cleavable under physiologic conditions. In this context, the 
integration of hydrolytically cleavable bonds is a conventional method to real-
ize degradable polymeric materials synthetically. The hydrolytic degradation has 
the advantage that the degradation rate is at most independent from the position 
of implantation due to the fact that in all regions of the human organism water 
is present [86]. In contrast, the concentration of enzymes, which can catalyze the 
hydrolysis of bonds and therefore can cause an increase of cleavage velocity, is 
locally different. The list of factors that influence the degradation behavior of bio-
degradable polymers is long and ranges exemplarily from their chemical struc-
ture, their molecular weight and distribution, their crystallinity and the existence 
of ionic groups (polymer-dependent) over the sample geometry, the surface mor-
phology and thus the surface-volume ratio, the sterilization and storage condi-
tions (sample-dependent) to the kind of their implantation, the pH and enzymatic 
conditions, as well as the physisorption of proteins and as a result the fibrotic 
encapsulation which can possibly accelerate the degradation by autocatalytic 
action of degradation products (implantation-dependent) [86]. Two mechanisms 
are described for the biodegradation process: (1) the bulk degradation, where the 
degradation is favored in the polymer bulk material due to the fact that water can 
diffuse faster into the bulk than the polymer can degrade and (2) the surface ero-
sion, where the diffusion velocity of water is slower than the degradation rate of 
the polymer. Therefore, during the homogeneous bulk degradation the molecular 
weight of the polymer is decreased continuously whereas during the heterogene-
ous surface erosion the molecular weight is only decreased in a thin surface layer 
and the molecular weight of the polymer bulk material is nearly influenced.

Polyhydroxycarboxylic acids, such as PGA, PLA, P(3HB), P(4HB) and 
PCL, degrade by bulk degradation which can be divided into the following three 
steps: The first step is characterized by water absorption, polymer swelling and 
ester bond cleavage, although no mass loss is observed. In the second step, the 
average molecular weight is significantly reduced and the polymer loses its 
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mechanical strength. Due to the proceeding formation of carboxylic groups auto-
catalytic hydrolysis takes place. During the third step polymer fragmentation can 
be observed and thus mass loss of the test samples can be measured. The degrada-
tion of such implanted polymers are completed when the formed low-molecular 
fragments including the free hydroxycarboxylic acids are dissolved in the 
surrounding physiologic medium and then metabolized in the citric acid cycle 
(Krebs cycle) [86, 93].

As example for surface erodible polymers polyanhydrides can be named 
which degrade by surface erosion with linear mass loss due to the easily cleavable 
anhydride bonds. An additional increase of hydrophobicity could be achieved by 
integration of aliphatic diacids with long hydrocarbon chains (dimers of unsatu-
rated fatty acids) or by aromatic monomer units [86]. Another interesting group of 
surface erodible polymers are poly(ortho esters) which were focused investigated 
regarding their potential as drug delivery systems [94–96].

Therefore, it can be stated that although various biodegradable polymers have 
been evaluated, hydrolytically degradable polyhydroxycarboxylic acids which can 
be supplied in sufficient amounts and in medical grade quality, are the polymers of 
choice for vascular applications so far.

Polymers for Cardiovascular Application

Polymers for Stent Platforms

The role of a fully biodegradable scaffold is to provide a temporary support of 
the blood vessel, so that the vessel will be free of a rigid metallic caging and 
can recover its physiological function after complete scaffold degradation [97]. 
Therefore, the absence of a permanent stent platform may reduce the requirements 
for a long-term dual antiplatelet therapy and facilitate the return of vessel vasomo-
tion and late expansive (positive) remodeling. Several polymer-based biodegrada-
ble scaffolds with a broad range of degradation times were used in clinical studies, 
see Table 15.1 for an overview.

However, comprehensive clinical requirements in terms of stent deliverability and 
stent mechanics compared to BMS can not all be fulfilled easily with polymeric scaf-
folds. As first Tamai et al. [98] reported their clinical experiences with an absorbable 
coronary polymer scaffold made from PLLA, the Igaki-Tamai scaffold. The Igaki-
Tamai scaffold had a self-expanding zigzag helical coil design, where the self-expan-
sion of this scaffold was assisted by balloon-expansion. The obtained results of this 
first study in humans demonstrated a low restenosis rate and a re-intervention rate of 
10.5 % at 6 months [98]. The first clinically investigated fully absorbable DES is the 
bioresorbable vascular scaffold (BVS) by Abbott Vascular (USA). The BVS is based 
on a balloon-expandable PLLA scaffold and a PDLLA coating containing everoli-
mus [134]. The first BVS generation (BVS 1.0) was tested in different clinical stud-
ies and was found to be safe [97]. The second generation (BVS 1.1) was enhanced 
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regarding its radial strength, mechanical integrity and drug release kinetics with the 
purpose to establish a scaffold platform for the routine clinical practice and with the 
wish to be the fourth revolution in interventional cardiology [97]. Currently, scaffold 
developments of approximately 16 companies including many key and niche players 
such as the above mentioned and others are under consideration. Therefore, a lot of 
 innovations can be awaited in this field in the future.

Polymers as Coating Matrices for Drug-Eluting Stents (DES)

As described in Chap. 2 DES consists typically of a stent platform, a drug and 
a polymeric drug carrier. For the optimization of the polymeric drug carrier and 
therefore for the effective prevention of delayed healing and hypersensitive for-
eign body reactions observed with first-generation DES advanced biocompatible 
permanent polymers, such as a biomimetic phosphorylcholine polymer (PC), the 
extremely biointert poly(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP) 
or the BioLinx™ polymer customized regarding a optimized, sustained drug 
release profile, were used in second-generation DES coatings. Furthermore, bio-
degradable polymers, such as PLA and poly(lactide-co-glycolide) (PLGA), were 
studied to optimize DES coatings regarding their biocompatibility. Due to the 
fact that the polymeric coatings degrade over time and the DES transform into 
a BMS they are expected to cause lower stent thrombosis. Despite these refine-
ments seen in the current polymer-based DES polymer-free DES have been inves-
tigated where the drug was embedded mostly into microporous or nanoporous 
metallic stent surfaces [15, 99]. This parallel development took place, because 
it is known that the degradation products of some biodegradable polymers are 

Table 15.1  Overview of relevant polymer-based vascular scaffolds used in clinical studies 
according to [13, 97]

PLLA poly(L-lactide), PDLLA (poly(D,L-lactide), PTD-PC polytyrosine-derived polycarbonate, 
SA/AA salicylic acid/adipic acid

Scaffold Manufacturer Polymer Coating Drug Resorption time 
(months)

Igaki-Tamai Kyoto Medical PLLA None None 24

BVS 1.0 Abbott 
Vascular

PLLA PDLLA Everolimus 24

BVS 1.1 Abbott 
Vascular

PLLA PDLLA Everolimus 24

DESolve Elixir PLLA None Myolimus 12–24

Amaranth Amaranth PLLA None None 3–6

ART18AZ ART PDLLA None None 3–6

REVA REVA Medical PTD-PC None None 24

ReZolve REVA Medical PTD-PC None Sirolimus 4–6

Ideal 
BioStent

Xenogenics SA/AA 
polymer

Salicylate Sirolimus >12

http://dx.doi.org/10.1007/978-3-319-12478-0_2
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associated with tissue inflammation during the degradation process [44] and thus 
these coatings may also hold the risk to cause stent thrombosis [15]. Other dis-
advantages of  polymer-based stent coatings could be that delaminations during 
the stent expansion (high plastic deformation) occur and their mechanical prop-
erties are impaired after sterilization due to the fact that the cleavage of chemi-
cal bonds leads to a post-crystallization and embrittlement of the polymer [99]. 
The main DES equipped with polymer coatings are summarized in Table 15.2. 
However, intense work on stent development has successfully led to DES the next 
generations of DES will further improve the endothelialization and enhance the 
arterial healing possibly using biocompatible, polymer-based abluminal or dual, 
side-selective coatings, as well as other innovative, polymer-free drug reservoirs.

Table 15.2  Overview of relevant DES equipped with polymer coatings according to [97, 99, 100]

PEVA poly(ethylene-co-vinyl acetate), PBMA poly(n-butyl methacrylate), SIBS poly(styrene-
b-isobutylene-b-styrene) block copolymer, PC phosphorylcholine polymer, PVDF-HFP 
poly(vinylidene fluoride)-hexafluoropropylene, BioLinx™ hydrophobic C10-polymer/hydrophilic 
C19-polymer/poly(vinylpyrrolidone) (PVP), PLA polylactide

DES Manufacturer Polymer 
coating

Coating 
thickness 
(µm)

Kind of 
polymer

Drug Drug 
amount 
(µg/
mm2)

Cypher Cordis PEVA, 
PBMA

12.6 Biostable Sirolimus 1.4

Taxus 
express

Boston 
Scientific

SIBS 16 Biostable Paclitaxel 1.0

Endeavor Medtronic PC 4.1 Biostable Zotarolimus 1.0

Endeavor 
resolute

Medtronic BioLinx™ 
polymer

4.1 Biostable Zotarolimus 1.0

Xience-V Abbott 
Vascular

PBMA, 
PVDF-HFP

7.6 Biostable Everolimus 1.0

Promus 
element

Boston 
Scientific

PBMA, 
PVDF-HFP

6 Biostable Everolimus 1.0

BioMatrix Biosensors PLA 10 Biodegradable Biolimus A9 1.56

Table 15.3  Overview of relevant PTX-coated balloon catheters according to [109]

BTHC n-butyryl tri-n-hexyl citrate, Elutax first layer guarantees homogenous PTX coating and 
secure PTX attachment; second layer consists of micro crystals of pure PTX; third layer consists 
of hydrogel which enables better pushability and trackability

DCB Manufacturer Excipient Drug Drug amount 
(µg/mm2)

SeQuent 
Please

B.Braun Contrast medium 
(iopromide)

PTX 3.0

Dior II Eurocor Shellac PTX 3.0

Pantera Lux Biotronik BTHC PTX 3.0

Elutax Aachen Resonance 3-Layer design PTX 2.0

In.Pact Falcon Medtronic Invatec Urea PTX 3.0
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Polymers as Coating Matrices for Drug-Coated Balloons (DCB)

As alternative to DES DCB were developed since it was found that a single short 
exposure to PTX using non-ionic contrast media or balloon catheter coatings as 
carriers for local drug delivery provided similar protection from restenosis as 
the most efficacious DES [16, 101, 102]. Since these first preclinical observa-
tions more than 10 years ago different DCB concepts were proven (Table 15.3). 
Regarding their deliverability a clear inferiority of PTX-coated balloons using 
low-molecular excipients in comparison to uncoated balloon catheters was dem-
onstrated [16]. Furthermore, it was stated that a PTX dose of 3 µg/mm2 is effective 
and tolerable for the DCB utilization [16, 103–105].

While DES coatings are designed as a drug reservoir in order to allow a sus-
tained drug release over a long time period, the development of DCB affords coat-
ings which are robust enough to physically maintain the drug on the surface of the 
balloon during transit of the device through the vascular system and allow a rapid, 
uniform and efficient drug transfer to the vessel wall during a short balloon dila-
tation time. Coating additives of commercially available DCB, which all engage 
the drug PTX, are equipped in such a way to enhance the PTX transfer to the ves-
sel wall [16, 106]. Some of them are well studied as e.g. the contrast agent iopro-
mide [101], plasticizers such as n-butyryl tri-n-hexyl citrate (BTHC) [107] and urea 
[108] (Table 15.3). In addition, hydrophilic, polymer-based DCB coatings with high 
swelling and slippage properties could have a high potential and will be  presented 
in more detail in section “DCB Equipped with Hydrogel-Based Coatings”.

Polymers for Transcatheter Aortic Valve Therapy

Due to the demographic development and increasing elderly population a growing 
group of patients will decline from surgical valve replacement, because they are 
too ill or weak to withstand the stress of invasive surgical treatments. In consid-
eration of avoiding the need of open heart surgery and its associated risks, TAVI 
represents an ideal answer. Mostly, valve prostheses consist of a cobalt chromium 
alloy (balloon-expandable) or nitinol (self-expanding) stent structure where a tri-
leaflet valve composed of porcine or bovine pericardium is mounted (Table 15.4).

Although no perseverative anticoagulation is required biological valves based 
on xenogenic pericardium demonstrated a decreased durability due to the fact that 
they tend to calcify in comparison to mechanical valves [19]. Thus, functional 
synthetic valves were developed. Exemplarily noted is a novel nanocomposite 
 material described by Rahmani et al. [20, 23] that composed of a polycarbonate 
urea urethane (PCU) as soft segment and a hard segment derived from polyhe-
dral oligomeric silsesquioxane (POSS) nanoparticles through covalent bonding 
forming pendant chain functional groups. The POSS-PCU nanocomposite dem-
onstrated superior mechanical properties compared to porcine and bovine peri-
cardial tissues. Additionally, it possessed enhanced resistance to calcification and 
thrombosis with superior in vivo biostability [20]. Furthermore, textile, less fragile 
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polyester-based leaflets were designed as alternative to xenogenic, biologic materi-
als [21, 22]. Based on these examples can be stated that also synthetic, polymeric 
materials could be an alternative replacement for valve leaflets.

Surface Modification of Polymers Intended for Local Drug 
Delivery and Biofunctionalization

The Objective of Surface Modification for Polymers  
Used in Cardiology

Much effort is invested in the novel design and synthesis of polymers to be used as 
biomaterial for the fabrication of implants with appropriate mechanical properties, 
durability and functionality. In dependence of the application, requirements might 
differ considerably, ranging from high mechanical stress resistance especially 
interesting for endoprostheses to high transparency in ophthalmologic implants. 
Also in the confined field of cardiology, polymers with various properties are used 
in a wide range of applications. For instance, the pumping bladder in an artificial 
heart should withstand a millions of cycles without failure while a stent platform 
needs to allow for a high degree of deformation. These functions are generally 
governed by the bulk composition of the polymers. The biological response to the 
devices or the composing polymers is in contrast largely controlled by the sur-
face chemistry and structure. The rationale for the surface modification of poly-
mers is according to Ratner et al. [110] therefore straightforward: retaining the key 
physical properties of a biomaterial while modifying only the outermost surface 
to influence the biointeraction. Commonly observed interactions of any material 
with a biological system or system containing biomolecules cover adsorption or 
adhesion processes of proteins and bacteria or platelets as well as phagocytosis 
and fibrous encapsulation. Especially relevant polymer-blood, -cell and -tissue 

Table 15.4  Exemplary overview of valve prostheses consisting of xenogenic pericardium

TA transapical, TF transfemoral

Prosthesis Manufacturer Stent Valve

Sapien-XT Edwards Cobalt chromium alloy, 
balloon expandable

Bovine pericardium

CoreValve Medtronic Nitinol, self-expanding Porcine pericardium

JenaValve JenaValve Nitinol, self-expanding Porcine root valve (TA), 
porcine pericardium (TF)

Portico St. Jude Nitinol, self-expanding Bovine pericardium (TA), 
porcine pericardium (TF)

Engager Medtronic Nitinol, self-expanding Bovine pericardium

Lotus Boston Scientific, Sadra 
Medical

Braided nitinol Bovine pericardium
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interactions in cardiology are in detail reviewed in Chap. 5. Effective surface 
modification of polymers should mediate these interactions with the purpose of 
improved tissue-interface related-biocompatibility without modifying the mechan-
ical properties and functionality of the device. In principal there are two categories 
of surface modifications. The first involves the overcoating of an existing surface 
by coating, grafting or thin film deposition of a material having a different com-
position and properties than the bulk material. The second category involves the 
chemical altering of atoms, compounds or molecules in the existing surface. Both 
strategies are relevant for polymer surface modification in cardiology. While coat-
ing technologies are mainly applied for the provision of cardiovascular implants 
with a polymer-based drug-delivery function [section “Polymer-Based Local 
Drug Delivery (LDD) Systems”], chemical surface modification can be applied 
for both, drug delivery and stable functionalization with biomolecules (sec-
tion “Biofunctionalization of Polymers”); all with the purpose of mediating the 
cell-implant interaction.

Polymer-Based Local Drug Delivery (LDD) Systems

Classification of Polymer-Based LDD Systems

In general, polymer-based drug delivery systems can be broadly classified into 
physically and chemically controlled systems. Diffusion-controlled drug release is 
an example of a physical mechanism that is based on the diffusion of a drug mol-
ecule through a certain coating or matrix, mostly of polymeric nature. Besides the 
benefit that the drug is fixed on the implant’s surface and relatively protected against 
mechanical stress, the thickness and type of polymeric coating allow a wide range of 
control over the drug release characteristics [111, 112]. In a further iteration of this 
approach, diffusion-controlled LDD systems can be divided into matrix and mem-
brane systems, where the drug is either directly incorporated within or surrounded 
by the polymeric coating. Amongst others, these polymer-based LDD systems can 
be obtained by dip-coating and spray-coating techniques where the intended poly-
mer and drug are either handled in the same solution, which might be a mixture of 
two solvents if needed, or separately for matrix and membrane systems, respectively. 
Polymers applied are rather hydrophobic to retard water interpenetration and thereby 
guarantee sustained drug release. If degradation of the device is desired, hydrolyz-
able polymers as polyesters with slower degradation than drug diffusion rate can be 
used for these systems. Table 15.5 provides an overview of polymers used in con-
trolled drug release. Chemically controlled LDD systems offer another strategy for 
drug release. In these systems, drug release is achieved by degradation or swelling 
of the drug carrier or by cleavage of chemically bound drugs or biomolecules. For 
degradation-controlled systems polyanhydrides and poly(ortho esters), possess-
ing highly labile groups that ensure rapid hydrolysis of polymer chains encounter-
ing water molecules and retarded water permeation by designing the polymers with 

http://dx.doi.org/10.1007/978-3-319-12478-0_5
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hydrophobic monomer units, are used [113]. In contrast for LDD-systems, con-
trolled via swelling, more hydrophilic polymers as e.g. hyaluronic acid are required. 
However, both systems, diffusion- and chemically controlled, provide drug release 
independently of their need, possibly leading to ineffectiveness of the LDD system 
at time of interest. Having this in mind, it would be highly beneficial if the drug 
is delivered by a system that senses the signal caused by disease, judges the mag-
nitude of the signal and then acts to release the right amount of drug in response 
[114]. Here, stimulus-responsive hydrophilic polymeric networks as poly(acrylic 
acid) or poly(N-isopropyl acrylamide) hydrogels with swelling properties dictated 
by changes in pH [115, 116] or temperature [117–119], respectively, came into dis-
cussion. The induction of hydrogel swelling by such physical and chemical stimuli 
allows control over release of incorporated or underlying drugs. However, the cited 
stimuli are rather non-specific. An alternative are specific chemo-responsive hydro-
gels, which are designed to contain internal non-covalent interactions based on pen-
dant ligands and complementary receptors [120]. These crosslinks can be broken by 
soluble ligand or receptor competitors, which are specific for certain diseases and 
can diffuse into the gel displacing the internal affinity crosslinks. Subsequently, 

Table 15.5  Summary of commonly applied polymers in drug delivery (DD) systems

Polymer Application

Chitosan Biodegradable matrix for swelling-controlled 
DD

Dextrane Biodegradable matrix for stimulus-responsive 
DD

Hyaluronic acid (HA) Biodegradable matrix for swelling-controlled 
DD

Poly(acrylic acid) (PAA) Permanent matrix for pH-sensitive DD

Poly(acrylamide) (PAAm) Permanent matrix for stimulus-responsive DD

Poly(anhydride) (PAH) Biodegradable matrix for degradation-controlled 
DD

Poly(n-butyl methacrylate) (PBMA) Permanent matrix for diffusion-controlled DD

Poly(ε-caprolactone) (PCL) Biodegradable matrix for diffusion-controlled 
DD

Poly(ethylene-co-vinyl acetate) (PEVA) Permanent matrix for diffusion-controlled DD

Poly(glycolide) (PGA) Biodegradable matrix for diffusion-controlled 
DD

Poly(hydroxybutyrate) (PHB) Biodegradable matrix for diffusion-controlled 
DD

Poly(lactide) (PLA) Biodegradable matrix for diffusion-controlled 
DD

Poly(N-isopropyl acrylamide) (PNIPAAm) Permanent matrix for temperature-sensitive DD

Poly(ortho esters) (POE) Biodegradable matrix for degradation-controlled 
DD

Poly(styrene-b-isobutylene-b-styrene) 
(SIBS)

Permanent matrix for diffusion-controlled DD

Poly(vinylpyrrolidone) (PVP) Permanent matrix for swelling-controlled DD
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the degree of crosslinking decreases and drugs can be released. Besides glucose-
responsive hydrogels with concanavalin A—glucose affinity crosslinks [121], anti-
gen-responsive hydrogels, where antibody–antigen pairs, chemically grafted to the 
hydrogel network serve as reversible crosslinkers, are discussed in literature. Several 
model systems have been established [120, 122, 123], while the best studied is prob-
ably the one of Miyata et al. [124–127], which is based on immunoglobulin G (IgG) 
antigens and corresponding antibodies grafted onto a poly(acrylamide)-(PAAm-)
hydrogel, forming affinity crosslinks cleavable in the presence of free antigen. In 
an own study, we provided a thorough in vitro characterization of PAAm-hydrogels 
regarding drug permeability with the purpose of exploring the applicability of such 
hydrogels for implant-associated LDD systems [128]. Within this study, we were 
furthermore able to demonstrate an antigen-triggered release of bovine serum albu-
min as model drug from a model implant-associated LDD system. The continua-
tion of work will now focus on the real implementation of such stimulus-responsive 
hydrogels to implant surfaces and the use of natural biocompatible polymers, 
 particularly those in the poly(saccharide) family (e.g. hyaluronic acid and chitosan).

Polymer-Based LDD in Cardiology

LDD entered the field of cardiology with the development of drug-eluting stents 
(DES) which revolutionized the treatment of coronary artery disease. Stents can 
generally be described as tubular scaffolds from a wire mesh or a slotted tube, 
which are either self-expanding or balloon-expandable. Typical biomaterials 
for stent manufacture are stainless steel and cobalt-chromium alloys for balloon-
expandable stents, and nickel-titanium alloys (nitinol) for self-expanding stents 
[129]. DES are specialized vascular stents which allow the delivery of drugs in a 
controlled manner to arterial wall with the purpose to reduce or prevent in-stent 
restenosis as process of enhanced smooth muscle cell proliferation. As described 
the most DES consist of a polymeric matrix as drug carrier, which controls the drug 
release [130, 131]. Drug carriers used on the initial commercially available DES 
were permanent polymers as a blend of PEVA and PBMA in ratio of 50/50 % 
(w/w) (Cypher stent, Johnson & Johnson, USA) and the copolymer SIBS (Taxus 
stent, Boston Scientific, USA). These polymeric coating materials however raised 
the question about long-term biocompatibility. Therefore, the activities in DES 
development headed for more biocompatible and biodegradable materials as PLA 
[38, 132, 133] and copolymers, such as PLGA [134, 135], which are fully metabo-
lized to carbon dioxide and water (Krebs cycle). These polyester-based drug reser-
voirs have the advantage that they degrade during or after the drug release so that 
they do not cause long-term foreign body reactions. In addition, degradable poly-
mer blends of P(4HB) and PDLLA have been developed. Recently several design 
approaches to provide temporary absorbable stents, which may allow for restoration 
of vasomotion and long-term positive remodeling of the stented vessel [14], with an 
LDD-function are discussed. The first clinically available stent is equipped with a 
PDLLA-coating (BVS, Abbott, USA).
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Biofunctionalization of Polymers

Techniques in Surface Activation

Due to the low abundance of available functional groups on the surface of most 
polymers, their surface activation is often a precursor to performing biofunction-
alization in the sense of chemically attaching a bioactive compound. Techniques 
that modify surface properties by introducing random, non-specific groups or by 
coating the surface are less useful in bioconjugation to polymer surfaces. Used 
surface activation techniques should in contrast be tailored to introduce a specific 
functional group, which might be achieved amongst others by wet- and plasma-
chemical processes, detailed in the following and in Table 15.6.

Wet-chemical surface activation. In wet-chemical surface modification, a mate-
rial is treated with liquid reagents to generate reactive functional groups on the 
surface. In contrast to plasma and other energy source surface modification tech-
niques, this method has a general higher penetration depth and therefore modifica-
tion of three-dimensional scaffolds within pores is often feasible in a simple way 
[136]. For instance, oxygen-containing moieties were introduced to PE [137, 138] 
and PP by treatment with chromic acid and potassium permanganate in sulfuric 
acid [139, 140]. Carboxyl and hydroxyl groups were generated by base and acid 
hydrolysis of PMMA [141], and PCL [142] with concentrated sodium hydrox-
ide and sulfuric acid. One has to note that hydrolysis time of polyesters needs to 
be thoroughly optimized in order to retain the properties of the bulk polymers. 
Subsequent conversion of the functional groups to isocyanate groups by treatment 
with 4,4′-methylenebis(phenyl isocyanate) allowed formation of terminal amino 
groups by addition of ammonia. In an own study, we have already applied this 
activation procedure for the immobilization of acetylsalicylic acid and vascular 
endothelial growth factor (VEGF) to PCL [142]. Generation of primary amines is 
also possible by wet-chemical treatment without the intermediate step of hydroly-
sis. For instance aminolysis with various diamines including hydrazine hydrate, 
1,6-hexanediamine, ethylenediamine, and N-aminoethyl-1,3-propanediamine, as 
well as lithiated diamines [7, 19, 22–28] has been applied to introduce amines to 
PMMA [143, 144], PUR [145], PLLA [146, 147], and PLGA [148]. The simple 
these methods are, they are however non-specific and the degree of surface func-
tionalization might therefore not be repeatable between polymers of different 
molecular weight, crystallinity, or tacticity. Moreover, hazardous chemical waste 
might be generated [149]. A clean alternative are ionized gas treatments, first of all 
plasma-chemical modifications, described in the following.

Plasma-chemical surface activation. In contrast to the above described wet-
chemical methods plasma treatments can provide modification of the top nanometer 
of a polymer surface without using solvents or generating chemical waste and with 
less degradation and roughening of the material than many wet-chemical treatments 
[136]. The type of inserted functional groups can be varied by selection of the plasma 
gas (Ar, N2, O2, H2O, CO2, NH3) and operating parameters (pressure, power, time, 
gas flow rate) [136]. For instance, surfaces of PCL [142, 150], PLLA [147], PA [18], 
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PE [137], and PET [151] were provided with oxygen containing functional groups by 
oxygen plasma exposition. Moreover, carbon dioxide plasma could be used to intro-
duce carboxyl groups to PP [152], PS [153], and PE [152]. The generation of amine 
groups was in addition performed by ammonia plasma to PTFE [154] and PS [153]. 
In own studies we treated PCL [142] and PLLA [147] by ammonia plasma and quali-
fied the generation of amine groups via fluorescent labelling. Results reveal less func-
tional groups on these surfaces in comparison to chemically activated surfaces, which 
is in good agreement with the well-known low plasma penetration depth of only 
10 nm. However, no correlation with the efficiency of subsequent immobilization 
of biomolecules could be observed [155]. Besides a standalone technique, plasma 

Table 15.6  Overview of polymers subjected to surface activation treatments

Surface treatment Polymer Generated function

Treatment with chromic 
acid

Poly(ethylene) (PE) Oxygen-containing groups
Poly(propylene) (PP)

Acidic/basic hydrolysis Poly(ε-caprolactone) (PCL) Hydroxyl and carboxyl 
groupsPoly(methyl methacrylate) 

(PMMA)

Aminolysis Poly(L-lactide) (PLLA) Amine groups
Poly(lactide-co-glycolide) 
(PLGA)
Poly(methyl methacrylate) 
(PMMA)
Poly(urethane) (PUR)

Oxygen plasma Polyamide (PA) Oxygen-containing groups
Poly(ε-caprolactone) (PCL)
Poly(ethylene) (PE)
Poly(ethylene terephthalate) 
(PET)
Poly(L-lactide) (PLLA)

Carbon dioxide plasma Poly(ethylene) (PE) Carboxyl groups
Poly(propylene (PP)
Poly(styrene) (PS)

Ammonia plasma Poly(ε-caprolactone) (PCL) Amine groups
Poly(L-lactide) (PLLA)
Poly(styrene) (PS)
Poly(tetrafluorethylene) (PTFE)

Silanization Polyamide (PA) Amine-, epoxy-,  
vinyl-groupsPoly(ε-caprolactone) (PCL)

Poly(ethylene terephthalate) 
(PET)
Poly(L-lactide) (PLLA)
Poly(methyl methacrylate) 
(PMMA)
Poly(tetrafluoroethylene) 
(PTFE)
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treatments are often used as a precursor to other surface modification techniques, as 
for example plasma activation followed by silanization, as in detail described in the 
following.

Surface activation via silanization. Although surface modification using silane 
monolayers is primarily applied on glass and silicone substrates as a means to 
couple an organic polymer, this is certain to be an emerging field in research for 
polymer surface modification [136]. Because the target surface functional group 
in glass or silicon silanization is a hydroxyl, silanization can be applied to poly-
mer surfaces, which have been hydroxylated by for instance treatment with oxy-
gen plasma. As organosilanes with various end functionalities including amine, 
epoxy and vinyl groups are available, silanization offers the potential of modify-
ing polymer surfaces with a bunch of functional groups for different application. 
Moreover, self assembled monolayers, produced by silanization, provide a nearly 
crystalline and hence more defined surface functionalization than typical wet-
chemical or ionized gas functionalization techniques [156]. In own studies we 
used organsilanes with epoxy and amine head groups for the chemical attachment 
of hyaluronic acid to PA [18] and VEGF [142] and antibodies [147] to polyester 
surfaces, respectively.

Techniques in Biomolecule Immobilization

Among the numerous reported methods for immobilizing biomolecules to surfaces 
physical adsorption via van der Waals or electrostatic interactions, physical entrap-
ment within hydrogels, ligand–receptor pairing (as in biotin–avidin) and covalent 
attachment via cleavable or non-cleavable bonds are most commonly used (Fig. 15.1). 
In dependence of the applied immobilization protocol a short-term and long-term 
localization of the biomolecule on the implant surface can be achieved [110].

Thus, biofunctionalization can be either used to provide the implant with a drug 
delivery or a stable novel surface functionality. In an own study, we could show 
this wide range of modification possibilities by VEGF immobilization and deliv-
ery from PLLA surfaces [157]. Observed release profiles differed in dependence 
of the applied immobilization method. Fastest release was observed for VEGF 
entrapped in a PAA hydrogel, followed by physically adsorbed VEGF and cova-
lently attached VEGF via hydrolyzable bonds with the slowest release rate. The 
release of physically adsorbed or entrapped VEGF is diffusion-controlled and 
starts immediately after insertion into the elution medium. Chemical attachment 
however affords the cleavage of covalent bonds prior to liberation of biomolecules. 
This was achieved in that case by the formation of ester bonds between the side 
chain hydroxyl groups of VEGF and N,N-disuccinimidyl carbonate-activated sur-
face amino groups on the PLLA surface.

As detailed above most of biofunctionalization methods afford a previ-
ous surface activation, which might be combined with the grafting of an inter-
mediary spacer between the surface and the biomolecule for multiplication 
of available functional groups on the surface. Here, multifunctional spacers 
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as poly(ethylenimine) or dendrimers with a wide range of terminal functional 
groups in defined quantity offer a way to increase this surface functionality [157, 
158]. In addition, maintenance of biological activity is very important for hydro-
phobic polymer surfaces as these are often associated with non specific adsorp-
tion and denaturation. Besides the integration of hydrophilic PEG spacer [159], 
which effectively shield the compound from these issues, we investigated in an 
own study the inclusion of the peptide spacer (GGAP)4 on PLLA surfaces. By this 
we reached efficient prevention of non-specific protein adsorption and enhanced 
 bioactivity of subsequently covalently attached anti-CD34 antibodies [147].

A prerequisite for successful biomolecule immobilization is of course 
moreover that the specific functionality imparted to the inert surface must be 
compatible with the reactive sites on the compound to be covalently attached 
to that surface. While for adsorption processes the introduction of charged 
groups or simple modification of hydrophilic properties should be enough, 
covalent immobilization affords defined functional groups, including thiol, 
aldehyde, carboxylic acid, hydroxyl, and primary amine groups. These can be 
directly used for biomolecule attachment. However, most cases apply addi-
tional crosslinking agents, which can link the bioactive compound directly to 

Fig. 15.1  Biomolecule immobilization strategies: a physical adsorption, b physical entrapment 
within hydrogel, c ligand–receptor pairing, and d covalent attachment
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the functionalized substrate (zero-length crosslinkers), or introduce themselves 
a spacer of several angstroms. Moreover, they can be stable or introduce 
hydrolyzable bonds in order to allow for biomolecule delivery from the surface. 
A detailed description of these agents and the associated chemistries can be 
found in Bioconjugate Techniques, by Hermanson [160].

Biofunctionalization of Polymers for Application in Coronary  
Vascular Intervention

In the field of cardiology, intensive research on biofunctionalization of polymers 
has been done since decades to develop novel surface designs for all types of 
endovascular implants in order to modulate their behavior in contact with blood 
and improve their bio-and hemocompatibility. Even prior to the development of 
DES this issue has been addressed by the establishment of stents, being coated 
with the anticoagulant heparin (e.g., Palmaz-Schatz stent [161, 162], Wiktor stent 
[163], and Jostent [164]), fibrin [165], cellulose [166], and phosphorylcholine 
(BiodivYsio stent [167]). Nowadays more attention is however drawn to the bio-
functionalization of the polymer coating enabling activation of a cascade of bio-
logical processes that eventually regenerate or replace a functioning endothelium, 
referred to as prohealing approach. Materials promoting in situ endothelialization 
of vascular implants by capturing in vivo circulating endothelial progenitor cells 
(EPC) with the capacity to differentiate into mature endothelial cells (EC) and 
repopulate areas of vascular injury and endothelial disruption [168, 169]. The 
selection of the optimal target on the EPC surface in combination with an ideal 
capture molecule immobilized on the implant surface, which is decisive for the 
success of in situ endothelialization, is however still a challenge. A stainless steel-
coated stent with a polysaccharide matrix covered by murine monoclonal anti-
human antibodies directed towards the EPC surface marker CD34 is probably the 
most studied “EPC capture stent” nowadays. This Genous R-stent, developed by 
the company Orbus Medical Technologies in collaboration with Kutryk’s group, 
has achieved CE approval and is commercially available since 2010. Although 
CD34 is not a specific marker of EPC, as only a small portion of the CD34-
positive cells are actually EPC [170], first human clinical investigations of this 
technology demonstrated its safety and feasibility for the treatment of de novo cor-
onary artery disease [171] and the long-term promotion of significant late regres-
sion of neointimal hyperplasia [172, 173]. Unfortunately, in spite of these initial 
promising clinical outcomes, following randomized clinical trials comparing the 
Genous R-stent with BMS (GENIUS STEMI) [174] and DES (TRIAS) [175–177] 
evidenced disappointing results with regard to late luminal loss. These results let to 
a general discussion of the Genous’ clinical efficacy. As reaction to this discussion, 
novel surface modification strategies in order to increase availability of immobi-
lized compounds and thereby biofunctionality of the modified surface and more 
selective capture molecules are searched. In this context, further antibodies than 
CD34 (e.g., anti-KDR) [178], against EPC selected aptamers [179], and materials 
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mimicking the extra cellular matrix (ECM), are in focus of current research. From 
the plethora of insoluble and soluble macromolecules contained within ECM, the 
fibrillar protein collagen is probably the most commonly used coating on for exam-
ple commercially available polyester vascular grafts [180]. Furthermore, besides 
the use of integer ECM components, various ECM peptide sequences as func-
tional domains of proteins, glycoproteins, and proteoglycans have been isolated 
and grafted on biomaterials to control cell behavior, for example, REDV [181], 
PHSRN [182], RGD, and GRGDSP from fibronectin [183], laminin-derived rec-
ognition sequences, IKLLI, IKVAV [184] LRE, PDSGR, RGD, and YIGSR, and 
collagen type I derived sequence, DGEA [185]. However, these peptides, nicely 
reviewed by De Mel et al. [186], are not cell-selective as they bind to integrins, 
present on many cell types. To overcome this risk of low cell selectivity, Veleva 
et al. [187] used a combinatorial peptide library and phage display technique to 
isolate peptides, being more selective for human blood outgrowth endothelial cells 
(HBOEC). Indeed, selectivity of terpolymers, covalently coupled with these pep-
tides, could be demonstrated for HBOEC in serum-free medium. The application 
of a coating combing both, an integer ECM component with functional peptide 
domains, might hence be very promising with regard to the creation of an optimal 
cell environment and thereby suppression of the foreign body reaction.

Biocompatibility of Polymers Used for Cardiovascular 
Applications

Interactions of Tissue- and Blood-Cells with the Polymer 
Surface Material

Diagnostic and therapeutical treatments implicate the contact between tissue, 
blood and the implanted material. In the cardiovascular field, a variety of bio-
material is implanted in heart and vessels, such as catheters, stents, heart valves 
and sondes for pacemakers and defibrillators. Using polymers for new technolo-
gies has been a revolutionary advance in the therapy of cardiovascular disease 
[47]. Nevertheless, there is increasing evidence that the polymer coating could be 
responsible for adverse effects (e.g. in-stent-restenosis, stent thrombosis, chronicle 
foreign body reactions). Therefore, a feasible biocompatible material should pro-
vide a complete re-endothelialisation of the surface, less thrombogenicity as well 
as anti-inflammatory properties in order to improve clinical outcomes.

Implantation of a polymer device into a vessel or tissue causes a complex 
inflammatory response inducing adhesive interactions between vascular cells 
(blood and tissue cells). During stenting, the endothelial layer is partially or 
completely destroyed. In animal experiments of vascular injury, denudation of 
endothelial cells results in platelet deposition followed by neointima forma-
tion [188–190]. In addition, complete coverage of endothelial cells is associ-
ated with attenuation or even stop of the growth of neointima from smooth 
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muscle cells in the injured arterial segment [191, 192]. A poor endothelialisa-
tion promotes platelet aggregation, thrombus formation and stent-thrombosis. 
Therefore, the process of re-endothelialisation on the surface material requires 
sufficient biocompatible qualities of the underneath laying polymer surface. 
Recent studies have been demonstrated that proliferation, viability and function 
of endothelial cells, e.g. production of endothelial NO synthase, are dependent 
on the polymer surface [193, 194].

After stenting smooth muscle cells undergo complex phenotypic changes 
including migration and proliferation from the media towards the intima, and tran-
sition from a contractile to a synthetic phenotype [195]. Additionally, the release 
of cytokines and growth factors from white blood cells can induce increased 
smooth muscle cell growth and accumulation within the intima (neointima forma-
tion) leading to in-stent-restenosis.

Platelet adhesion and leukocyte rolling on injured endothelium are key events 
of this multistep process leading to platelet-leukocyte interaction, aggregation and 
activation of the coagulation cascade. Leukocyte rolling is mainly mediated by 
selectins (e.g. P-selectin) which interact with the leukocyte PSGL-1 receptor and 
by integrins (e.g. Mac-1) [196]. In terms of hemocompatibility, it is conceivable 
that slow rolling supports adhesion strengthening and spreading of polymorph-
nuclear cells and thus worsening hemocompatibility. Following monocyte adhe-
sion and transmigration mediated by integrins, monocytes and monocyte-derived 
macrophages then secrete proinflammatory cytokines. These reactions can lead to 
chronic inflammatory responses. Chronic inflammation has been described as for-
eign body reaction where monocytes, macrophages and foreign body giant cells 
are present at the biomaterial interface for longer than 2 weeks [197]. Recent 
data from Busch et al. suggest differences in leukocyte activation and monocyte 
adhesion among various polymers (unpublished data). An explanation for this 
observation could be that biomaterials can modulate monocyte paracrine interac-
tions to influence monocyte adhesion and viability [198]. Cohen et al. [199] dem-
onstrated differences in monocyte activity on poly(ethylene glycol) hydrogels, 
poly(dimethyl siloxane), and tissue culture polystyrene in cultures with condi-
tioned medium priming. Khandwekar et al. compared leukocyte adhesion on bare 
PCL surfaces and modulated PCL surfaces. They showed that leukocyte adhesion 
on bare PCL could even be more reduced when converting to a heparin-modified 
PCL [200].

Although red blood cells (erythrocytes) play only a minimal role in wound 
healing and blood-biomaterial interactions, the contact of red blood cells with the 
material can lead to hemolysis. Hemolysis is the breakage of the erythrocyte’s 
membrane with the release of intracellular hemoglobin. Normally, red blood cells 
live for 110–120 days. After that, they naturally break down and are removed from 
the circulation by the spleen. Some diseases and medical devices cause red blood 
cells to break too soon requiring the bone marrow to accelerate the regeneration 
of red blood cells (erythropoesis). Medical devices for hemodialysis, heart-lung-
bypass machines or mechanical heart valves induce more hemolysis than smaller 
implants like stents or catheters [201].
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Testing Bio- and Hemo-compatibility of Polymers

Biocompatibility determines the interface reactions of blood and tissue cells with 
the surface of the biomaterial. In this context, the term “hemocompatibility” 
mainly refers to blood component reactions during contact with the biomaterial 
[202]. It is of great importance to test various polymer characteristics in detail 
before developing the elaborated design for in vivo application. Over the past 
years, a variety of methods have been established to determine hemo- and biocom-
patibility of polymer implants. In this chapter a summary of standardized and new 
methods is provided.

Complementary Perfusion Systems

Cell interactions with polymers are usually studied using cell culture techniques. 
In vitro evaluation of surface materials by directly seeding endothelial cells (ECs) 
and smooth muscle cells (SMCs) onto the biopolymers represents a common pro-
cedure to assess biocompatibility and cytotoxicity as well as cell morphology 
[203–205]. In this context, most in vitro studies analyzing the impact of material 
on tissue cells involve experiments under static conditions. However, in healthy 
vessels especially ECs are exposed to the blood stream. This pulsatile, laminar 
blood flow exerts shear stress on vascular endothelium, which induces anti-apop-
totic signals and maintains an anti-inflammatory and non-thrombotic endothelial 
phenotype compared to ECs cultured under static conditions [206, 207]. Cell cul-
ture experiments represent a model in which one can study specific mechanisms 
involved in the biologic responses of blood and tissue cells to materials. During 
the last decades a variety of techniques has been developed to investigate vascular 
biology under hemodynamic conditions.

Parallel Plate Flow Chamber. The parallel plate flow chamber (PPFC) is a 
design most frequently used to study vascular cells under flow conditions. Here, 
cell culture media is circulated through the chamber at adjustable flow rates 
 creating a defined laminar flow (Fig. 15.2).

A typical flow chamber consists of a polycarbonate corpus (bottom), a silicone 
gasket, which defines height and length of the flow channel (side walls) and a glass 
cover slip (top), which can be replaced by polymer foils. Under static cell culture 
conditions, the coverslip can be seeded with the cells of interest prior to the flow 
experiment. Additionally, these flow chambers are designed to allow fluorescence 
microscopic observation of a perfused cell layer. In this context PPFCs are suit-
able to measure the kinetics of cell attachment, detachment, and rolling on surfaces 
under flow conditions. Therefore, a range of studies refers to the adhesion of leuko-
cytes and platelets on endothelial cells [208, 209]. Recently, Busch et al. [193] pub-
lished a study which assessed a range of endothelial parameters in interaction with 
different stent materials using an in vitro perfusion system. However, these kind 
of experiments are limited by the rectangular geometry of the flow channel and do 
only allow for the investigation of cell monolayers over several hours.
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Live Cell Imaging. To investigate the influence of the substrate regard-
ing endothelial cell morphology in particular, it might be advisable to culture 
endothelial cells under flow conditions for several days. For that purpose, a spe-
cially designed sticky-slide (ibidi) can be utilized [210]. Different substrates can 
be mounted to the bottomless channel slide, which has been developed for micro-
scopic applications. The slide can then be connected to the ibidi pump system and 
kept sterile for several days in a conventional incubator. Additionally, for example 
the cytoskeleton can be visualized and changes in morphology due to the substrate 
can be monitored by microscopic methods.

Tube Chamber System. To overcome the limitations of 2D cell culture models 
vessel-simulating bioreactors have been developed. Typically, a 3D bioreactor con-
sists of a graft with an individual culture media reservoir to allow a transversal gas 
and media exchange between the perfused graft lumen and the outer chamber vol-
ume which simulates the interstitial tissue liquid. The porous graft (e.g. silicone, 
PTFE) is seeded with cells and the culture media is perfused through the construct. 
This procedure allows the in vitro cultivation of endothelial cells under fluid flow and 
results in a synthetic vessel [210, 211]. A special modification of a vessel-simulating 
flow-through cell has been developed by Neubert et al. and is particularly suitable for 
the evaluation of drug release and distribution from drug-eluting stents [212–214].

Cell Adhesion, Proliferation, and Cytotoxicity

To investigate cell material interactions, cultured cells are seeded on the polymer 
surfaces of interest and the extent of cell adhesion, proliferation, and viability is 
measured by standardized assays. Although in vitro experiments do not entirely 
reproduce the whole range of cellular responses to the implanted material, these 
methods provide a level of quantification which cannot be easily obtained in vivo.

Fig. 15.2  Schematic diagram of an in vitro perfusion system for laminar shear stress conditions. 
Flow chamber contains the biomaterial with cultivated cells (e.g. HUVECs). Perfusion with full 
blood, isolated leukocytes, platelets or cell culture media. Rolling pump applies various volume 
rates. After perfusion, the perfused cells on the biomaterial (e.g. proliferation, vitality, PCR, 
Western blotting) and the supernatant (e.g. flow cytometry, ELISA) should be analyzed
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Cell adhesion. For most applications the adhesion of cells is of fundamental 
interest being the initial event of cell attachment. A simple method to quantify 
adherent cells is to incubate cells over a surface for a period of time subsequently 
followed by the detachment of loosely adherent cells by gently washing the sur-
face. Remaining cells can be labeled by fluorescent dyes and quantified using 
fluorescent measurements. Cell adhesion assays are also frequently used to assess 
monocyte or platelet adhesion on polymeric surfaces [215, 216]. In this context 
Hezi-Yamit et al. [217] did show that polymer hydrophilicity should be consid-
ered as a parameter to assess the biocompatibility of polymer surfaces. They 
showed that hydrophobic polymers such as PBMA or SIBS promote the adhesion 
of inflammatory activated monocytes while more hydrophilic polymers (e.g. PC 
(Phosphorylcholine) polymer) lead to less pro-inflammatory responses.

Cell proliferation. Endothelial growth is an essential factor after implantation. 
A continuous and healthy endothelial layer only prevents inflammatory and throm-
botic events on the vessel wall. Besides, a healthy endothelium is crucial for regu-
lating smooth muscle cell growth [218, 219]. Cell proliferation can be assessed 
by commercially available BrdU ELISA assay kits. On the basis of the study 
by Busch et al. [193] proliferation of ECs on hydrophobic permanent polymers 
(PEVA, PBMA) as well as biodegradable polymers [PLLA, P(4HB)] is reduced, 
whereas the polymeric blend PLLA/P(4HB) promotes EC growth. Data from this 
study do also show that SMC proliferation is influenced in the same way as EC 
growth and none of the polymers tested is able to enhance endothelial proliferation 
by simultaneously reducing smooth muscle cell growth.

Cytotoxicity. The determination of potential cytotoxicity is an important aspect 
of biomaterial testing standards such as ISO and ASTM (American Society for 
Testing and Materials), but does not provide a sufficient assertion regarding the 
biocompatibility of a biomaterial [220]. Cell viability is commonly determined 
with the MTT assay or the incorporation of resazurin. Both methods depend of the 
reduction of a non-fluorescent dye by enzymes of living cells. In a comprehensive 
study, the influence of several polymer films frequently used for coatings as well 
as newly developed polymers on endothelial and smooth muscle cell viability has 
been tested. Especially synthetic polymers such as PEVA and PBMA, but also bio-
degradable polyester P(4HB) show a significantly reduced cell viability, whereas 
PLLA and a polymeric blend PLLA/P(4HB) achieved better results than the con-
trol surface Thermanox™. Interestingly, under flow conditions only the polymeric 
blend PLLA/P(4HB) gained advantage over the control surface [193].

Endothelial Cell Function and Morphology

Developing of a polymer material as a medical implant also requires the investiga-
tion of the influence on endothelial cell function and gene expression [221, 222]. 
In healthy vessels the endothelial glycocalyx functions as a vasculoprotective 
layer on the luminal surface of ECs by sensing fluid flow and thereby,  inducing 
 endothelial NO synthase and NO release [223]. The study of Busch et al. [193] 
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underlines that common methods to assess cell adhesion, proliferation, and 
 cytotoxicity under static conditions alone are not always sufficient to investigate 
the biocompatibility of polymer surfaces. For example P(3HB) shows an enhanced 
proliferation of ECs and SMCs as well as a reasonable cell viability under static 
conditions. However, under dynamic conditions cell viability is poor. Furthermore, 
the glycocalyx measured by fluorescence microscopy is augmented and clumpy 
indicating a disturbed endothelial function. However, ECs grown on PLLA based 
polymers show a high proliferation rate, excellent viability under static and 
dynamic conditions accompanied by a glycocalyx width within physiological 
range, which results in an enhanced gene expression of endothelial NO synthase 
under static and dynamic conditions.

The chemical and topographical properties of vascular implants are  increasingly 
recognized as important cues having an impact on the response of vascular cells 
in vitro in terms of adhesion, proliferation, viability, migration, differentiation, 
and mechanotransduction signaling (e.g. endothelial NO synthase, PECAM-1) 
[224]. Cells attach to the polymer surface via focal adhesion point, connecting 
the cytoskeleton to the polymer surface. The formation of these interfaces can be 
affected indirectly by the topographical cues through orienting or organizing the 
cytoskeleton and polarizing cells with different functional behavior [225, 226]. 
Only recently atomic force microscopy (AFM) techniques have emerged to be 
suitable for probing micro- and nanomechanical properties of cell structures. This 
technique can be used to measure the elastic properties of cells adhered to different 
surfaces [227, 228].

Hemolysis Testing

Hemolytic activity is a requirement to be tested for any blood contacting medi-
cal devices. Many factors can induce hemolysis, such as shear forces, chemicals 
and the material/polymer itself [229]. The hemolytic activity of polymers has been 
investigated since decades. In 1975, Dillingham et al. [230] described in their arti-
cle “Biological activation of polymers” hemolysis testing. Hemolysis is regarded 
as an especially significant screening test, which may not be measurable under in 
vivo conditions. There is however no clear consensus on the procedures of hemol-
ysis testing due to insufficient comparative studies on the quality of the red blood 
cells used and the experimental conditions of testing. Henkelman et al. determined 
the effects of a number of incubation variables on the sensitivity and reproduc-
ibility of the hemolysis test using positively as well as negatively responding bio-
materials and compared these results to those obtained according to the American 
Society for Testing and Materials (ASTM) standard [231]. According to ASTM 
F 756-00 [231] materials can be classified in three different categories according 
to their hemolytic index (hemolysis %). Materials with percentages of hemolysis 
over 5 % are considered hemolytic; while the ones with hemolytic index between 
5 and 2 % are classified as slightly hemolytic. Finally, when the material presents 
a hemolysis percentage below 2 % it is considered as a non-hemolytic material.
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Although a blood-compatible polymer should be non- or less-hemolytic, in 
practice several medical devices can cause hemolysis. Nevertheless, when hemo-
lytic effects take place, it is important that the values of hemolysis are within 
acceptable limits and clinical benefits overcome the remaining risks.

A lot of studies performing hemolysis testing, like the work of Fischer et al. 
[232] refer to the method according to Parnham and Wetzig [233]: Whoole blood, 
collected in heparinized-tubes, from Wistar rats, is centrifugated, the pellet washed 
with PBS pH 7.4 and resuspended. The suspension of red blood cells is freshly 
to be prepared and used within 24 h. Polymers are added to the erythrocytes and 
incubated for 60 min at 37 °C. The release of hemoglobin is determinded by pho-
tometric analysis. Complete hemolysis is achieved using 0.2 % Triton X-100 
yielding the 100 % control value.

Plasma Protein Adsorption

Proteins are a main constituent of blood plasma, e.g. with plasma concentrations 
ranging from 35 to 50 mg/ml for serum albumin and only 0–5 pg/ml for inter-
leukin [234]. They are mediating for instance cell-cell interactions, coagulations 
cascade and inflammatory processes. Proteins can adsorb on the polymer, resulting 
in a surface protein layer with a thickness of 2–10 nm [235]. Adsorbed proteins 
are not bound indefinitely to the surface and the compositions may change over 
time. This phenomenon called Vroman effect occurs mainly on negatively charged 
hydrophilic surfaces [198]. Hydrophilicity has been described as a key determi-
nant for the protein adsorption process. It has been known that hydrophobic sur-
faces (e.g. hydrophobic polymer) adsorb more proteins than hydrophilic surfaces 
(e.g. hydrophilic polymer). Surface hydrophilicity can be determined by static 
and dynamic water contact angle with water of more than 65° [236]. Protein and 
surface charge as well as conformational changes in protein structures have also 
been described as potential mechanisms for protein adsorption on polymers and 
may affect the biological activity of the protein. Several approaches for studying 
protein adsorption have been described. Hlady et al. [236] review various chal-
lenging methods like solution depletion techniques, optical (ellipsometry, variable 
angle reflectometry, surface plasmon resonance), spectroscopic, autoradiography 
and microscopic techniques.

Platelet Activation, Adhesion and Aggregation

Platelets adhere to polymeric surfaces through interaction with fibrinogen, von 
Willebrand factor, vitronectin and fibronectin [237]. The kinetics of platelet 
adhesion to artificial surfaces have been revealed to be very rapid and initiation 
of adhesion takes place in less than 5 s for hydrophobic surfaces and less than 
30 s for hydrophilic surfaces. Platelet adhesion and aggregation, as a marker of 
prothrombotic potential of polymers, can be visualized by exposing human 



462 K. Sternberg et al.

platelets to polymers [193]. In this study platelet adhesion and aggregation was 
visualized by SEM imaging and adjacent quantitative analysis. Besides that, plate-
let morphology on the polymer surface could be assessed. For instance, plate-
lets adhered to PEVA, a biostable polymer, appeared conspicuous without any 
formation of pseudopodia whereas platelets on PLLA showed normal activated 
states. Furthermore, platelet activation can be evaluated by the release of soluble 
P-selectin, and collagen-induced platelet aggregation by the method of Born [238]. 
A further method to assess activation on polymers is the determination of plate-
let surface expression of cell adhesion molecules using flow cytometry (FACS). 
After dynamic perfusion of a physiologically concentrated leukocyte-platelet mix-
ture over polymer surfaces, expression of CD 42b (GP Ib) which exhibits platelet 
activation can be determined by FACS analysis. GP Ib belongs to the GP Ib-IX-V 
complex which binds to the von Willebrand factor and facilitates initial platelet 
adhesion to endothelial cells on sites of vascular injury [196]. Expression of CD 
62P (P-selectin), a cell adhesion molecule on the surface of activated platelets, can 
be used as marker for leukocyte-platelet aggregates, because activated platelets 
bind via P-selectin to the leukocyte receptor PSGL-1 [196].

Leukocyte Rolling and Adhesion

Injury induced during polymer implantation initiates an inflammatory response 
resulting in adhesion and extravasation of polymorphnuclear leukocytes to the 
implant site. Leukocyte rolling on the inner layer of the vessel wall is one of the 
first steps in this complex process. Therefore, it could be meaningful to measure 
leukocyte rolling velocity on polymer surfaces to estimate adherence of these 
blood cells to the material. In this regard, Goldmann and Lawrence introduced the 
definition of critical velocity implying the assumption that interaction between 
adhesion molecules takes place when a leukocyte moves with 70 % of the veloc-
ity of a freely moving leukocyte with the same distance from the vessel wall 
[239, 240]. In a recent study, leukocyte velocity on fibronectin coated bioabsorb-
able polymers was faster than on a Thermanox control surface (unpublished data) 
and only the minority of leukocytes roll on the flow channel when a shear stress 
of 1.5–5 dyne/cm2 was applied. After hemodynamic perfusion, monocyte adhe-
sion to the polymer surfaces can be determined using fluorescence microscopy of 
CD14+ stained cells. Despite leukocyte-platelet interactions are involved in tissue 
inflammation and thrombosis, especially after deposition of an implant/stent which 
leads to denudation of the vessel wall. There is only less research experience in 
evaluating leukocyte-platelet interactions with surface material. CD 11b/CD 18 
(Mac-1) represents leukocyte activation as this receptor supports interactions with 
platelets and endothelial cells. Chang and Gorbet [241] showed that CD11b and 
leukocyte-platelet aggregates were upregulated upon contact with metal surfaces 
at pathological shear conditions. Another study investigated the effect of differ-
ent synthetic polymers on CD11b/CD18 expression and the interactions between 
leukocytes and platelets [242].
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Selected Own Examples

Polymer-Based Biodegradable Stent Platforms

Until today, several different degradable materials, both polymeric and metal-
lic, with a broad range of mechanical properties and degradation times have 
been proposed for the application in absorbable stents. Among these develop-
ments are self-expanding fiber-based stents from PDLLA, PLLA and PLGA [243, 
244] and balloon-expandable fiber-based stents from PLLA, polydioxanone, and 
poly(glycolide-co-ε-caprolactone) [245–247]. In own studies, we investigated the 
development of balloon-expandable slotted-tube stents based on different PLLA 
blend combinations. Extensive materials testing was performed regarding the 
thermo-mechanical and physico-chemical properties of different PLLA-based pol-
ymer blends. Results reveal that the addition of 22 % P(4HB) to PLLA allows the 
generation of a biodegradable polymeric stent with rapid expansion, low recoil, 
and high collapse pressure required for safe vascular stent application [248]. For 
instance, comparison of the tensile properties of the PLLA/P(4HB) blend with 
the cited PLLA tensile data [249] illustrates that the addition of 22 % P(4HB) 
to PLLA lowers the elastic modulus and the tensile strength by approx. 52 and 
20 %, while elongation to break increases approximately 16-fold. Moreover, 
recorded DSC data indicate a marked reduction of crystallinity of the PLLA phase 
by approx. 49 % in the blended material compared to the referenced crystallinity 
data for pure PLLA [250]. Performed in vitro drug release studies reveal that the 
steady molecular weight decrease of the PLLA/P(4HB) blend material (60 % after 
24 weeks) is more pronounced than with pure high molecular weight PLLA (28 % 
after 24 weeks) [249]. This accelerated degradation of the PLLA/P(4HB) blend 
material can be probably attributed in part to the lower molecular weight P(4HB) 
blend component, the lowered glass transition and the lower degree of crystallinity 
of the polymer blend, as compared to pure PLLA. Besides the mechanical proper-
ties biocompatibility of the stent platform was additionally improved by addition 
of the absorbable polyester P(4HB) as a blend partner. In an own recently pub-
lished biocompatibility study of polymers including the two established biostable 
polymers used for drug-eluting stents PEVA and PBMA as well as the biodegrad-
able polyester PLLA, P(3HB), P(4HB) and the above described blend of PLLA/
P(4HB) in a ratio of 78/22 % (w/w), we could show, that only the polymeric 
blend of PLLA/P(4HB) achieved excellent endothelial markers of biocompatibil-
ity [193]. Moreover, data show that PLLA and P(4HB) tend to a more thrombotic 
response whereas the polymer blend is characterized by a lower thrombotic poten-
tial. Animal testing of this stent platform and a sirolimus-eluting version, which 
was subsequently developed, was performed in domestic pigs as an anastomotic 
support stent in the iliac artery. In this model the stent platform demonstrated 
patency and integrity over a follow-up time of 6 weeks under dual antiplatelet 
therapy with acetylsalicylic acid and clopidogrel with marked reduction of inflam-
mation and neointimal growth for the DES [38, 251].
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DES Equipped with Biodegradable Polymeric Coatings

Currently, a number of polymer coating materials, both biodegradable and non-
degradable, as well as different drug classes, including anti-inflammatory com-
pounds or immunomodulators, anti-proliferative agents, or drugs with effect on 
cell migration and extracellular matrix production, and drugs that promote vascu-
lar healing and re-endothelialization are under consideration [13]. In our own pub-
lished studies, absorbable polymer stent coatings based on PLLA were developed. 
This research focused on the one hand on physicochemical characterization of the 
obtained coating with regard to morphology and the impact of processing param-
eters on polymer degradation [132] and on the other hand on the establishment of 
novel dual drug-eluting stents (DDES) with an abluminally focussed release of the 
potent anti-proliferative drug sirolimus and a luminally focussed release of atorv-
astatin with stabilizing effect on atherosclerotic deposits and stimulating impact on 
endothelial function [252]. During physicochemical characterization of established 
PLLA coatings, we observed that achieved structural integrity via a spray-coat-
ing process was maintained after crimping and full expansion of stent proto-
types. Despite the fact that solution cast PLLA films exhibit high brittleness and 
low flexibility expansion of stents was obviously possible without evident coat-
ing cracking or delamination. In this study, we could furthermore confirm litera-
ture data [253, 254], by evidencing considerable loss of PLLAs molecular weight 
and increase in crystallinity upon irradiation sterilization. Thus coating mass of 
sterilized stents in an accelerated in vitro degradation study at 70 °C in phosphate 
buffer began to decrease earlier (after 14 days) as compared to the unsterile speci-
mens (after 28 days). However, the rates of molecular weight reduction and mass 
loss of PLLA were found to be the same for unsterile and sterilized samples. The 
observed difference can be therefore dedicated to the initial difference in molecu-
lar weight, which already started to decrease with time for both specimen at the 
beginning of the degradation study. With these results, we could underline litera-
ture [255] that hydrolysis of PLLA proceeds in two steps. First a reduction of the 
polymer chain length by randomly distributed cleavage of ester bonds, without the 
formation of soluble components, takes place. In the second step of the degrada-
tion process actual mass loss and release of degradation products occurs.

The more recent study on DDES [253] presents in contrast an adapted spray-
coating process for PLLA coatings allowing the formation of smooth form-fit pol-
ymer coatings at the abluminal and luminal side with 70 % respectively 90 % of 
the drug/polymer solution being deposited at the intended stent surface (Fig. 15.3). 
Although having a focus on in vitro drug release studies of the developed DDES, 
some important findings with regard to the PLLA coating were also made. In this 
context, we found that the total drug fraction released was more than doubled for 
sterilized DDES, tempered at 40 °C and even decupled for DDES tempered at 
80 °C independently of sterilization in comparison to unsterile DDES, tempered 
at 40 °C. While no considerable differences are observed in molecular weight 
and the degree of crystallinity, which could be the reason of altered drug release 
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profiles, DSC-curves revealed the complete disappearance of the glass transition 
for sterilized and non-sterilized PLLA coatings, tempered at 80 °C. In accordance 
to literature, we possibly observe the densification of the amorphous phase and the 
increase of a so-called rigid amorphous fraction without change in the crystalline 
fraction [256, 257]. This might be associated with the formation of a non-linear 
drug distribution through the sample and partition towards the surface or within 
the mobile amorphous phase of the polymer due to exclusion from crystalline and 
rigid amorphous phases. As both mechanisms would lead to drug supersaturation 
in confined regions, drug release would be accelerated in comparison to samples, 
tempered at 40 °C with more homogeneous drug distribution. In summary, both 
studies highlight the importance of processing parameters for characteristics of the 
polymer coating and the resulting drug delivery properties.

DCB Equipped with Hydrogel-Based Coatings

Conventional DCB systems are often associated with considerable drug wash-off 
rates during transit of the device through the vascular system. For instance, Kelsch 
et al. [258] reported paclitaxel wash-off rates of up to 26–36 % for urea- or iopro-
mide-based DCB, respectively, during an in vitro passage through a hemostatic 
valve and a guiding catheter. Having in mind that many of these interventional car-
diovascular devices already incorporate a hydrophilic lubricious coating in order 
to ease movement through the vasculature [259, 260], we propose the use of the 
same hydrophilic coating as drug reservoir and transfer agent for DCB. When 
exposed to aqueous environments, these lubricious coatings may absorb a multiple 
of times its dry weight in water. One can hence presume that a previously embed-
ded lipophilic drug as paclitaxel will be protected from elution until the coating 
is compressed leading to simultaneous release of water and drug. The envisaged 
mechanism is illustrated in Fig. 15.4.

In this regards, we investigated the use of the body-own and hence highly bio-
compatible biopolymer HA [18] and the pharmaceutically well-established syn-
thetic polymer PVP [17] as drug reservoir and transfer agent for DCB. In both 

Fig. 15.3  Design of the dual drug-eluting stent. From left to right schematic representation of 
the dual drug-eluting stent, representative optical microscopy image of one representative strut 
cross section, representative electron micrograph
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cases we could show that crosslinking was essential for coating stability. While an 
inexpensive and biocompatible UV radiation process was applied for PVP, HA was 
crosslinked via different chemical crosslinking agents. Both methods afford drug 
incorporation after the crosslinking process due to possible photodecomposition dur-
ing PVP crosslinking and involvement in polymerization during HA crosslinking, 
respectively. Moreover, crosslinking conditions have a considerable impact on drug 
delivery characteristics. For the PVP coating, we could show that short radiation 
times did not provide enough coating stability, associated with high wash off rates 
during DCB insertion and long radiation times lowered drug transfer efficiency upon 
balloon expansion. A 10 min radiation of PVP combined a minimized drug wash off 
rate of 34 % with an efficient drug transfer of 49 %, underlining the high potential 
of photochemically crosslinked PVP as coating matrix for DCB. Accordingly, the 
applied HA crosslinking procedure also influences transfer and release of paclitaxel. 
While crosslinking of HA with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride, yielding a rather low degree of crosslinking, provided coatings 
which allowed for an efficient paclitaxel transfer upon expansion in a vessel model, 
crosslinking with glutardialdehyde with a higher degree of crosslinking resulted in a 
slower drug release being more appropriate for implants with longer residence time 
in the body. Besides the application of hydrogels as matrix for DCB, their adjustabil-
ity concerning the drug delivery characteristics can be considered as highly interest-
ing for implant-associated LDD-systems in general.

Summary

The biological response to polymers as biomaterial is largely controlled by 
their surface chemistry and structure. Therefore, surface modification reactions, 
which should mediate the polymer-biological system interactions with the pur-
pose of improved tissue-interface related-biocompatibility without modifying the 
mechanical properties and functionality of the device, are required. In principal, 
there are two categories which either involve the overcoating of an existing sur-
face or the chemical altering of atoms, compounds or molecules in the existing 
surface. In this context and with regard to the application field of cardiology, we 
review coating technologies for the provision of cardiovascular implants with 

Fig. 15.4  Concept of hydrogel-based matrices for DCB. From left to right stable incorpora-
tion of drug within dry hydrogel on balloon surface, swelling of the hydrogel without loss of 
lipophilic drug upon balloon insertion to the vasculature, compression of the hydrogel and drug 
transfer to vessel wall upon balloon dilatation
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a polymer-based drug-delivery function and chemical surface modification for 
improved endothelialization. While we give an overview of the different control 
mechanisms and the applied polymers for polymer-based drug delivery systems, 
we provide information on surface activation and biofunctionalization techniques 
applied on the different polymers used in cardiology. The development of inno-
vative polymer-based biodegradable implants and devices for cardiovascular 
applications moreover requires standardized as well as newly adapted methods 
for testing bio- and hemo-compatibility. In this context, we provide information 
on complementary in vitro perfusion systems, which should be used in order to 
provide physiological flow conditions. Besides the classical biocompatibility 
read-out parameter proliferation, cell function and vitality, tests for platelet adhe-
sion, aggregation and leukocyte interactions become more and more important to 
account for clinical complications as thrombosis and chronical tissue reactions. 
Furthermore, the influence of polymer surface modifications should be addressed 
in future studies by for instance atomic force microscopy. After the presentation of 
theses test methods, we finally highlight own recent polymer-based developments 
for biodegradable coatings for DES with a dual drug delivery function, for stent 
platforms and for DCB matrices based on hydrogels.
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Abstract Blood-material interactions are critical to the success of implantable 
medical devices that are used in thousands of patients every day. Some com-
mon blood-contacting devices include catheters, stents, vascular grafts, heart 
valve prostheses, and extracorporeal circulation/membrane oxygenation systems. 
Among other complications, thrombosis and clot formation remains one of the 
major challenges in clinical application of these devices. The initial biological 
response of blood to a foreign surface is the rapid adsorption of plasma proteins, 
which is followed by platelet adhesion and activation, and ultimately thrombus 
formation. The key factors in clot formation are the chemical and physical nature 
of the surfaces and their interactions with the blood components, such as platelets 
and plasma proteins. Despite decades of research, an ideal non-thrombogenic sur-
face is still yet to be identified and clinical use of these blood-contacting devices 
requires use of anticoagulation agents, increasing the risk of bleeding in patients. 
In this chapter, we will review some of the current and most promising strategies 
that have been used over the years to develop polymeric materials with improved 
hemocompatibility, including highly hydrophilic or hydrophobic surfaces, albumin 
coated surfaces, zwitterionic polymers, attached endothelial cells, patterned sur-
faces, immobilized heparin, and nitric oxide (NO) releasing/generating surfaces. 
We will also discuss some of the important techniques employed (using in vitro 
and in vivo models) to assess the hemocompatibility of any new material, includ-
ing the measurement of platelet preservation, platelet and protein adhesion, the 
effect of flow rates on thrombosis, and the ultimate surface clot area.
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Abbreviations

A-A  Arterio-arterlial
A-V  Arterio-venous
Alb  Albumin
Alg  Sodium alginate
APTT  Activated partial thromboplastin time
ATRP  Atom transfer radical polymerization
CysNO  S-nitrosocysteine
DACA  Diaminoalkyltrimethoxysilane
DBHD/N2O2  Diazeniumdiolated dibutylhexanediamine
DBHD  N,N′-dibutyl-1,6-hexanediamine
DMHD/N2O2  Diazeniumdiolated N,N′-dimethyl-1,6-hexanediamine
DMMSA  N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl) ammonium
DMPAMS  N,N-dimethyl, N-(2-ethyl phosphate ethyl)-aminopropyltrimethy- 

oxysilane
DOS  Dioctyl sebacate
EC  Endothelial cells
ECC  Extracorporeal circulation
GPx  Glutathione peroxidase
GSH  Glutathione
GSNO  S-nitrosoglutathione
HEMA  2-hydroxyethyl methacrylate
IgG  Immunoglobulin
LPEI/N2O2  Diazeniumdiolated linear polyethylenimine
MDI  Methylene diphenyl isocyanate
NO  Nitric oxide
NOgen  NO-generating
NONOate  Diazeniumdiolate
NOrel  NO-releasing
P(PEGDMA)  Poly(poly(ethylene glycol) dimethacrylate)
PAAm  Polyacrylamides
PDMS  Poly(dimethylsiloxane)
PEG  Poly(ethylene glycol)
PEI  Polyethylenimine
PEGME  Poly(ethylene glycol) monomethyl ether
PEO  Poly(ethylene oxide)
PGA  Polyglycolic acid
PHEMA  Poly(hydroxyethyl methacrylate)
PLGA  Poly(lactic-co-glycolic acid)
PMEA  Poly(2-methoxyethyl acrylate)
PNVP  Poly(N-vinyl pyrrolidone)
PRP  Platelet-rich plasma
PS-CO2  Carbon dioxide as plasma-treated polystyrene
PTFE  Polytetrafluoroethylene
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PVA  Poly(vinyl alcohol)
PVC  Poly(vinyl chloride)
PVMMA  Poly(vinyl methyl ether-co-malic anhydride)
PVP  Poly(vinyl pyrrolidone)
RSNO  S-nitrosothiol
RSSR  Disulfide
SeCA  Selenocystamine
SeDPA  3,3′-diselenidedipropionic acid
SNAC  S-nitroso-N-acetyl-L-cysteine
SNAP  S-nitroso-N-acetylpenicillamine
SR  Silicone rubber
vWF  von Willebrand Factor

Introduction

Hemocompatibility of Common Blood-Contacting Devices

Blood-material interaction is critical to the success of implantable medical 
devices, including simple catheters, stents and grafts, insulation materials for elec-
trical leads of pacemakers and defibrillators, and complex extracorporeal artificial 
organs, which are used in thousands of patients every day [1]. Polymers, includ-
ing polyurethanes, silicone rubber (SR), and poly(vinyl chloride), are used exten-
sively in the healthcare industry to fabricate such biomedical devices. Thrombosis 
is one of the primary problems associated with clinical application of blood-con-
tacting materials, which can cause serious complications in patients and ultimately 
failure of the device’s functionality [2]. Thrombus formation can lead to signifi-
cant consequences such as complete obstruction of blood vessels in which stents 
are placed [3], occlusion of catheters [4] and small diameter vascular grafts [1], 
errant results from implantable chemical sensors [1], embolic complications with 
artificial hearts [5], and extensive blood damage and platelet consumption during 
extracorporeal membrane oxygenation [5]. Such complications can result in signif-
icantly increased medical costs, extended hospitalization, amputation, or increased 
morbidity. Despite a thorough understanding of the mechanisms of blood-surface 
interactions and decades of bioengineering research effort, the ideal non-thrombo-
genic prosthetic surface remains unidentified [5]. Over the last 50 years, much has 
been learned about foreign surface-induced thrombosis and the attempt to prevent 
it with systemic anticoagulation and surface modifications. In a clinical setting, 
many of these devices require the use of systemic anticoagulation (e.g., heparin) to 
avoid device failure [6]. The long-term use of anticoagulants can also have adverse 
effects, including hemorrhage and thrombocytopenia [7]. Despite these complica-
tions, heparin is still used as the standard anticoagulation therapy for patients on 
extracorporeal circulation (ECC), but the use of heparin does not prevent platelet 
activation and consumption.
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Blood and the Coagulation Cascade

Biomaterial related thrombosis is a complex process, where the initial biological 
response when blood comes in contact with a foreign surface is protein adsorp-
tion, which is followed by platelet adhesion and activation, leading to thrombus 
formation (Fig. 16.1) [8]. Plasma proteins adsorb onto the surface of the implanted 
device (e.g., fibrinogen, fibronectin, von Willebrand factor (vWF), etc.) within sec-
onds. These proteins further interact with receptors on the plasma membranes of 
platelets and facilitate platelet adhesion on the surface [9]. Upon contact with the 
foreign surface and platelet activation, a conformational change occurs, leading to 
the exposure of the glycoprotein GPIIb/IIIa receptor that binds platelets to fibrino-
gen [3]. Platelet activation also leads to conformation changes and the excretion 
of intracellular granulates containing agents (e.g., coagulation Factors V and VIII, 
adhesion molecules P-selectin and vWF, calcium ions, etc.) that further induce 
activation and aggregation of more platelets. This also activates the coagulation 
cascade, where a series of self-amplifying reactions triggered through surface con-
tact (intrinsic pathway) or tissue factors (extrinsic pathway) ultimately converge at 
the final common pathway to form a thrombus (Fig. 16.2). Throughout the coagu-
lation cascade, the normally inactive factors become enzymatically activated (e.g., 
Factor X becomes Factor Xa) by surface contact or cleavage by other activated 
enzymes. This sequence allows for rapid activation of other clotting factors and 
amplification of the entire coagulation cascade. When blood comes in contact with 
a foreign surface (biomedical device) protein adsorption will trigger the first step 
of the intrinsic pathway, with activation Factor XII to Factor XIIa. The presence of 
Factor XIIa will lead to the activation of Factor XI and eventually lead to the acti-
vation of Factor X and formation of thrombin (Factor II) in the common pathway 
[3]. Thrombin converts fibrinogen into fibrin and also activates Factor XIII, which 
cross-links and stabilizes fibrin into an insoluble gel that traps platelets and red 
blood cells in a thrombus on the surface within hours [9].

Fig. 16.1  Sequence of events leading to thrombus formation on blood-contacting surfaces (e.g., 
implanted medical devices)
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Improving Hemocompatibility of Biomedical Devices

In contrast to many polymers used in blood-contacting devices, the endothelial 
layer lining the human vasculature remains thrombus-free through several con-
trol mechanisms: a non-fouling phospholipid coating, membrane bound/released 
inhibitors of platelet and coagulation factors, as well as an efficient fibrinolytic 
system that removes fibrin deposits. Many of the major approaches for develop-
ing polymeric materials that are more hemocompatible are aimed at decreasing 
activation of key components of the coagulation cascade. Surface pacification is 
one approach, where the polymer surfaces aim to minimize protein adsorption 
(e.g., fibrinogen) and platelet adhesion/activation. Another approach is utilizing 
active polymer surfaces (e.g., immobilized heparin or nitric oxide (NO) release) 
that can interact with proteins, cells, and platelets to inhibit parts of the coagula-
tion cascade. Research groups have worked to develop materials with suppressed 
blood-material interactions (e.g., polymeric materials which exhibit reduce protein 
and cell adhesion) and materials that mimic the non-thrombogenic endothelium. 
Polymers for blood-contacting devices are evaluated using various in vitro and in 
vivo testing methods, where protein and platelet adhesion are common markers to 
demonstrate the enhanced hemocompatibility properties of the material.

Fig. 16.2  Simplified schematic of the coagulation cascade, where clotting is initiated by either 
surface contact (intrinsic) or tissue factors (extrinsic) and ultimately converges at the common 
pathway to form thrombus
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Overview of Current Technology/Strategies

Hydrophilic and Hydrophobic Materials

Protein adsorption on polymer surfaces is a well-recognized initiator of thrombus for-
mation. Protein adsorption is dependent on a variety of material properties including 
surface charge, surface free energy, surface roughness, and a balance between hydro-
phobic and hydrophilic groups [10]. Ikada et al. [11] suggested that protein adhesion 
can be minimized when surface free energy is minimized, which occurs on strongly 
hydrophilic and strongly hydrophobic surfaces. One widely used approach has been to 
utilize hydrophilic surfaces in order to reduce protein adsorption and surface thrombo-
genicity. It has been concluded that hydrophilic polymers exert a steric repulsion effect 
towards blood proteins and cells [12, 13]. Hydrogels for blood contacting devices have 
been prepared using poly(vinyl alcohol) (PVA), polyacrylamides (PAAm), poly(N-
vinyl pyrrolidone) (PNVP), poly(hydroxyethyl methacrylate) (PHEMA), poly(ethylene 
oxide) (PEO), poly(ethylene glycol) (PEG), poly(ethylene glycol) monomethyl ether 
(PEGME), and cellulose [14]. These hydrophilic materials strongly adsorb water, 
increasing its similarity to biological tissue and producing minimal interface tension 
with blood [15]. This strongly bound water also prevents cells and proteins from com-
ing into contact with the polymer, reducing their adsorption to the surface [16].

Many hydrogels have poor mechanical properties, thus they have been grafted or 
coated onto other polymeric substrates and have improved hemocompatibility [15, 
17–31]. Immobilization of PEG (–CH2CH2O–) is another popular means to make a 
polymer more protein and cell resistant [32]. Balakrishnan et al. demonstrated that 
PEGylated poly(viny chloride) had significantly less fibrinogen and platelet adsorp-
tion in comparison to a PVC control [21]. Li et al. reported that poly(poly(ethylene 
glycol) dimethacrylate) (P(PEGDMA)) grafted on silicone rubber reduced plate-
let adhesion by 90 % and also reduced plasma protein adsorption [26]. However, 
platelets still adsorbed on some PEG surfaces during in vivo experiments, despite 
the low protein adsorption observed during in vitro studies [33]. Plasma oxidation 
of polyethylene caused increased wettability with increased protein adsorption, but 
still reduced platelet adhesion [34]. Some hydrogels (e.g., cellulose) typically used 
as dialysis membranes/fibers are known to be thrombogenic, and therefore it can be 
concluded that low-protein adhesion does not necessarily result in hemocompatible 
surfaces [35]. Poly(2-methoxyethyl acrylate) (PMEA), which has been approved 
by the U.S. Food and Drug administration for medical use, not only exhibits lower 
protein adsorption and platelet adhesion than other hydrophilic surfaces, but it 
also reduces the amount of conformational changes that proteins undergo when 
adsorbed [16, 36]. This is of benefit since denaturation of adsorbed proteins can 
lead to platelet activation and subsequent thrombus formation, whereas, in contrast, 
when adsorbed proteins remain in their native confirmation, platelets cannot adhere 
(see discussion in Sect. “Albumin Coated Surfaces”).

Strongly hydrophobic polymers are also known to have good hemocompatibility 
properties. Some hydrophobic polymers that are commonly used for medical appli-
cations include polyurethanes, silicones, polytetrafluoroethylene (PTFE), poly(vinyl 
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chloride) (PVC), and polyethylene [37]. Very smooth silicone rubber and polyure-
thanes are known to have good thromboresistant properties [38, 39]. Hydrophobic 
polymers are conducive to non-specific protein adsorption (e.g., fibrinogen, albumin), 
and the adsorbed albumin appears to prevent subsequent protein adsorption [40]. It 
has been shown that increasing surface hydrophobicity also increases the amount of 
protein adsorbed, which, in turn, decreases the amount of conformational changes, 
potentially having a role in pacifying the surface [41]. For example, Elast-eon poly-
mers (polyurethane and polydimethylsiloxane copolymers) are reported to have low 
surface energy and stronger binding to albumin (over fibrinogen) [42]. Alkyl chains 
have also been grafted on relatively hydrophilic polymers in order to increase the 
hydrophobicity of the surface [43–45]. Khorasani et al. [46] reported that both supe-
rhydrophobic and superhydrophilic surfaces were able to reduce platelet adhesion in 
comparison to controls. However, materials that are hydrophobic exhibit high protein 
adsorption and conformational changes of the adsorbed proteins [47, 48]. Polymeric 
materials with both hydrophilic and hydrophobic domains have also been reported 
to improve hemocompatibility (see Sect. “Patterned Modifications of Surfaces”). 
Ultimately, there is still no consensus as to which is better, hydrophilic or hydropho-
bic surfaces, for blood-contacting biomedical device applications [49].

Albumin Coated Surfaces

It is a widely accepted fact that protein adsorption is the first event that occurs upon 
foreign surface-blood contact. Human albumin (Alb) is the most abundant protein 
in the body with a concentration of 35–53 mg/mL in blood plasma. Due to its high 
concentration and low molecular weight, it is the first protein that adsorbs on the 
surface of implanted materials. Unlike fibrinogen, albumin is not known to have a 
peptide sequence that can facilitate binding of the platelet receptors and hence has 
been used as a coating to block non-specific platelet-surface interactions.

Since the early finding that Alb coated surfaces prevent adhesion of proteins 
and platelets [50], Alb has been extensively used as one of the strategies to develop 
hemocompatible surfaces. In one study, Alb was shown to significantly improve 
short-term thrombogenicity of Dacron arterial prostheses [51]. In another study, 
Guidoin et al. showed that Alb treatment does not affect the strength of polyester 
arterial prosthesis, but also found that within 1–2 weeks of implantation the Alb coat-
ing begins to disappear [52]. In a comparison of carbon dioxide gas plasma-treated 
polystyrene (PS-CO2) coated Alb and PS-CO2 treated Alb-heparin conjugate, albu-
min treated surfaces were found to be more effective in reducing platelet adhesion 
[53]. Albumin-heparin conjugate surface was also found to be suitable for endothe-
lial cell seeding, which can further improve the hemocompatibility of the surfaces. 
Mohammad et al. demonstrated that combining Alb with Immunoglobulin G (IgG) 
results in a significant reduction in platelet adhesion in a 7 day in vitro study [54].

One of the limitations of Alb coating is that other proteins can displace Alb 
on the surface and reduce the long-term effectiveness of this approach. To pre-
vent this displacement, covalent immobilization of Alb has been reported [55]. 
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Another challenge with the Alb coating approach is that it adsorbs to hydrophobic 
surfaces more tightly than the hydrophilic surfaces, which necessitates increasing 
the hydrophobicity of the surface, a modification that is considered undesirable 
because platelets also adhere strongly to hydrophobic surfaces [56, 57]. Some other 
limitations of Alb coatings include conformational changes, physical degradation, 
and challenges with sterilization and shelf stability. In a recent study by the Latour 
group, it was shown that non-activated platelets can adhere to adsorbed Alb once 
a critical degree of adsorption-induced unfolding is reached [58, 59]. The platelet 
response shows a strong correlation with the degree of adsorption induced unfold-
ing, very similar to the platelet adhesion response to adsorbed fibrinogen. These 
studies demonstrate the potential challenges with Alb coated surfaces, in that, while 
they may pacify the surface initially, the adsorbed Alb will show a time-dependent 
conformational change potentially leading to increased platelet adhesion/activation.

Patterned Modifications of Surfaces

Surfaces with patterns at the micro- and nanoscale level have also been investigated 
for their hemocompatibility properties. Copolymers containing both hydrophilic and 
hydrophobic domains (ABA-type block copolymers) have exhibited good antithrom-
botic properties [60–66], where the balance between the hydrophilicity and hydrob-
phobicity is important to enhance the biocompatibility [67]. Surfaces with hydrophilic/
hydrophobic microdomains are reported to create an organized protein structure, 
albumin adsorbing on hydrophilic domains and fibrinogen adsorbing on hydrophobic 
domains, which suppresses platelet adhesion/activation [64, 68]. Okano et al. reported 
that copolymers composed of hydrophilic monomers, 2-hydroxyethyl methacrylate 
(HEMA) or poly(2-hydroxyethyl methacrylate) (PHEMA), and hydrophobic styrene 
had excellent thromboresistance properties, in terms of preventing platelet adhesion 
and deformation, during in vitro experiments [61, 62]. The PHEMA-styrene copoly-
mer was coated on vascular grafts and had an occlusion time of 20 days (vs. 2 days for 
controls) when implanted in rabbits [61]. However, some of these ABA-type copol-
ymers have the disadvantage that the hydrophilic segments have high surface free 
energy and bury themselves in the hydrophobic segments [69]. Oyane et al. [60] has 
reported a new block copolymer (PS-PME3MA) where the hydrophilic blocks remain 
at the surface when in contact with water. The PS-PME3MA polymer was found to be 
highly resistant to protein adsorption, cell adhesion, and platelet adhesion/activation.

Another type of surface modification that has been shown to exhibit improved 
hemocompatibility is attachment of hydrophilic polymer brushes, such as PEO [70, 
71] or PEG [72–75]. These hydrophilic polymer brushes create an antifouling sur-
face on the substrate due to steric repulsion. Long-chain polymer brushes have been 
attached to surfaces using physical adsorption or covalent binding techniques [76]. 
Polymer brushes that are more densely packed (high graft density) and have longer 
chain lengths further reduce protein adhesion and platelet adhesion/activation on the 
surface (Fig. 16.3) [77–79]. Stents coated with a chitosan-PEO coating were tested in 
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an ex vivo porcine model, and had low platelet adhesion (similar to the endothelium) 
[80]. Dialysis membranes grafted with PEG brushes also had reduced platelet adhe-
sion and improved hemocompatibility [72, 81, 82]. Tetraethylene glycol dimethyl 
ether grafted on polyethylene tubing was able to significantly reduce plasma protein 
(both fibrinogen and von Willebrand’s factor) and platelet adsorption, in compari-
son to control tubing (PVC/Tygon, polyurethane, silicone, and polyethylene) [83]. 
Rodreguez-Emmenegger et al. recently reported an ultra-low fouling surface using 
poly[N-(2-hydroxypropyl) methacrylamide] (poly(HPMA)) brushes which was able 
to maintain the antifouling properties for up to two years of storage [84].

Attached Endothelial Cells

Another approach to making a surface more hemocompatible is to mimic the inner 
surface of blood vessels by attaching endothelial cells on the artificial surface, 
which provides an advantage in that the blood will come in contact with a sur-
face that functions just like the endothelium. Endothelial cells (EC) line the inner 
walls of blood vessels and help in preventing thrombus formation by releasing 
anti-platelet agents such as nitric oxide (NO) and prostacyclin. Several research 
groups have used EC seeding on artificial surfaces for various biomedical applica-
tions including vascular grafts [85–87], stents [88], resorbable meshes [89], etc.

Williams and co-workers used a pressure sodding method to introduce EC 
cells into the luminal surface of PTFE grafts before implantation [86]. These 
grafts were tested for 12 weeks in carotid arteries of dogs. All of the control grafts 
clotted, whereas 86 % of the EC sodded grafts were found to be patent after the 
12 week implantation period. To improve the hemocompatibility of vascular 
grafts, Taite et al. used NO releasing PU-PEG copolymer containing cell adhe-
sive pentapeptide sequence to promote EC cell adhesion and migration [90]. In 
another study, Kutryk et al. [88] used xenotransplantation to seed endothelial 
cells on the surface of the stents to reduce blood contact with the stent surface. 

Fig. 16.3  Illustration showing relationship between polymer brush grafting density and chain length
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Zünd and co-workers, seeded fibroblasts and ECs on polyglycolic acid (PGA) 
resorbable mesh as a precursor to vessels or cardiac valves [89].

Despite these encouraging results, EC proliferation and seeding on artificial 
surfaces is complex and still has challenges to overcome. One of the challenges of 
using the EC seeding approach is the difficulty in growing and maintaining the cells 
on artificial surfaces [91]. Various studies have been conducted to modify the sur-
faces in such a way that they can improve and promote endothelial cell adhesion. 
Kawamoto et al. showed that by plasma treatment of a PU surface, EC adhesion and 
proliferation can be dramatically improved [92]. In another study, Li and co-work-
ers showed that increased proliferation and cell spreading can be achieved with arg-
gly-asp (RGD) peptide grafted surfaces [93]. In yet another study, Yin et al. reported 
that mussel adhesive polypeptide mimic, containing dihydroxyphenylalanine and 
L-lysine (MAPDL) with PEG spacer, improved the cell attachment and growth and 
also reduced platelet adhesion in comparison to the controls [94]. Other challenges 
associated with the EC seeding approach include complex and expensive experi-
mental procedures and long-term stability issues which still need to be addressed.

Zwitterionic Surfaces

Another effective approach to obtain a hemocompatible surface includes introducing 
a zwitterionic group, such as phosphobetaine, sulfobetaine or carboxylbetaine, to the 
substrate material (Fig. 16.4). These zwitterionic materials have been considered as 
biomimetic, antifouling, and hemocompatible materials because they contain phos-
phorylcholine-like groups which are present on the lipid bilayers of the cell mem-
branes [95, 96]. Zwitterionic betaines have both anionic and cationic charged moieties 
in the same side chain which maintains an overall neutral charge. As discussed earlier, 
PEG and other hydrophilic materials, such as PEO and PHEMA, become hydrated 
via hydrogen bonding with water to prevent fouling. Zwitterionic materials can bind 
water molecules even more strongly (induced by electrostatic interactions) and hence 
can prevent significant change in protein conformation [97, 98].

There have been numerous publications showing the potential of zwitterion-
based surfaces in resisting protein adsorption [95, 99], platelet adhesion [100–103], 

Fig. 16.4  Generic structures 
of phosphobetaines (a), 
sulfobetaines (b), and 
carboxylbetaines (c)
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and consequently reduced thrombus formation compared to the control materials. 
Atom transfer radical polymerization (ATRP) is one of the commonly used meth-
ods to graft polymer surfaces with zwitterionic groups [97, 104–106]. Recently, 
various research teams have modified polymers using zwitterionic groups (car-
boxybetaine and sulfobetaine monomers) to mimic cell membrane surfaces [100, 
102, 107, 108]. These surfaces have shown significantly lower fouling and platelet 
adhesion properties. In an another study, a zwitterionic silane coupling agent, N,N-
dimethyl, N-(2-ethyl phosphate ethyl)-aminopropyltrimethyoxysilane (DMPAMS) 
was synthesized and studied for in vitro hemocompatibility [96]. Surfaces grafted 
with DMPAMS showed a steep drop in the water contact angle from 48º to 
21.5º, indicating a more hydrophilic surface. At 200 mM surface concentration 
of DMPAMS, activated partial thromboplastin time (APTT) was prolonged from 
28.8 s for the control to 37.8 s for the modified surface. Almost no platelet attach-
ment was seen on the DMPAMS modified surface even after 3 h of blood contact. 
Lee et al. combined PEG with zwitterions for stent coating applications [109]. 
Significant reduction in protein adsorption and platelet adhesion was observed in 
addition to a substantial increase (compared to controls) in blood coagulation time 
for the zwitterionic-PEG grafted stents [109]. Polyurethane catheters grafted with 
a zwitterionic sulfobetain monomer (N,N-dimethyl-N-methacryloxyethyl-N-(3-
sulfopropyl) ammonium, DMMSA) were also able to prevent platelet adhesion 
when soaked in platelet rich plasma (PRP) for 120 min [110]. Stents coated with 
phosphorylcholine, such as the commercial Biodiv Ysio ™, have also been shown 
to exhibit enhanced hemocompatibility and increased endothelialization [111, 112].

Heparin Immobilization

Heparin (Fig. 16.5) is a highly sulfonated, anionic blood polysaccharide that binds 
to antithrombin III through ionic interactions, which inactivates thrombin and 
Factor Xa and thereby inhibits blood coagulation. Heparin has been clinically used 
since 1935 and is one of the most common anticoagulants employed during sur-
gery and treatment of post-operative thrombosis and embolism [113]. However, 
systemic administration of anticoagulants, such as heparin, increases the risks of 
hemorrhage, thrombocytopenia, and thrombosis [7]. It is well known that some 

Fig. 16.5  Structure of a 
disaccharide sequence of 
heparin
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heparinized and sulfonated materials have anticoagulant activity, resulting in pro-
longation of the blood clotting time [114]. Heparin immobilized on surfaces also 
suppresses platelet adhesion and protein adsorption [115]. Heparinization of sur-
faces is one of the most popular techniques to improve hemocompatibility and 
has been commercialized and used in the preparation of different medical devices 
(e.g., catheters, extracorporeal circuits, stents, grafts, etc.) [116, 117].

Heparin has been physically adsorbed, as well as ionically and covalently immo-
bilized, on various polymer surfaces [117–122]. Ionic immobilization techniques 
require cationic residual groups in the polymer which interact with the ionic groups 
on heparin (e.g., COO−, SO4

2−, NHSO3
−), while covalent binding of heparin utilizes 

the hydroxyl, carboxyl, or amino groups of heparin [120]. Heparin that is ionically 
bound to a surface will slowly be released due to ion-exchange with blood com-
ponents, and this ultimately shortens the usage lifetime of the material [123]. The 
success of heparinized materials depends on the covalently bound heparin remain-
ing in its native confirmation and its ability to complex with antithrombin III, which 
is most efficient when heparin is coupled by endpoint (vs. multipoint) attachment 
[124]. Michanetzis et al. [120] compared common heparin immobilization tech-
niques, direct [125] and indirect [126] covalent binding, applied to the surfaces of 
commercially available polymers (silicone rubber, polyethylene, polypropylene,  
and poly(viny chloride)). While both techniques suffered from a low yield of immo-
bilized heparin in comparison to the initial amount of heparin, the direct method 
produced a better heparinization yield (10.5 %) and both methods were able to 
improve the hemocompatibility in terms of reduced platelet activation and, therefore, 
an increased platelet retention rate. The anticoagulation properties of immobilized 
heparin have also been improved by using hydrophilic spacers (e.g., PEG), in com-
parison to heparin immobilized directly to the polymer. This reduces protein adsorp-
tion [127, 128]. Polyethylene tubing was modified with immobilized heparin via the 
method developed by Larm et al. [119] (commercialized as Carmeda ® BioActive 
Surface) and was able to maintain efficacy for up to 4 months when implanted in 
pigs [129]. The advantage of heparinized surfaces, in addition to the binding of 
antithrombin III, is the reduced/selective adhesion of certain plasma proteins, which 
alters the composition of the surface-adsorbed layer of proteins [130–133]. Heparin-
coated devices, however, also suffer challenges, especially for long-term applica-
tions, due to heparin’s short half-life and that surface-bound heparin only has ~1 % 
of the activity of free heparin [134]. Other immobilized direct thrombin inhibitors, 
such as hirudin, have demonstrated thromboresistant properties as well [116, 135].

Nitric Oxide (NO) Releasing/Generating Polymers

Nitric oxide (NO) is known to be a potent inhibitor of platelet activation and adhe-
sion. Healthy endothelial cells exhibit an NO flux of 0.5−4.0 × 10−10 mol cm−2 
min−1 [136]. Polymeric materials with an NO flux that is equivalent to this level 
are expected to have similar anti-thrombotic properties. Nitric oxide is highly 
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reactive under physiological conditions, thus a wide range of NO donor mole-
cules, with functional groups that can store and release NO, have been studied for 
potential biomedical applications. Various reviews have been published that are 
devoted to a comprehensive discussion of different NO releasing/generating mate-
rials and their many potential biomedical applications [137–144]. The two major 
approaches to achieving localized NO release from polymeric surfaces are to (1) 
incorporate NO donor molecules or functional groups (e.g. diazeniumdiolates 
or S-nitrosothiols) into the polymer that will release the bound NO under physi-
ological conditions (NO releasing polymers (NOrel)), or (2) incorporate catalysts 
into the polymers which can react with endogenous S-nitrosothiol (RSNO) spe-
cies (present in blood) to locally generate NO (NO generating polymers (NOgen)) 
(Fig. 16.6). Nitric oxide has many other biological roles, including its antimicrobial 
action, which could potentially be utilized to also reduce the infection and biofilm 
formation that plagues many implantable biomedical devices. Thus, NO releasing/
generating chemistries have the potential to create a dual-functioning material that 
is both antithrombotic and antimicrobial. Duration of the NO release can be tai-
lored to fit the specific biomedical application of the device, and NO-generating 
materials can continuously generate NO in the presence of endogenous RSNO spe-
cies (e.g., S-nitrosoglutathione (GSNO), S-nitrosocysteine (CysNO), etc.).

A wide variety of NO donor molecules have been investigated. The two most 
widely studied and used in combination with biomaterials are diazeniumdiolates 
and S-nitrosothiols. Diazeniumdiolates, also called NONOates, are relatively stable 

Fig. 16.6  Types of NO-releasing/generating polymers, where the NO that is released/gener-
ated can prevent activation of platelets that approach the polymer surface. Diazeniumdiolate-
based materials undergo proton and thermal driven mechanisms to release NO. S-nitrosothiol 
(RSNO)-based polymers can release NO in the presence of heat, light, or metal ions (e.g., Cu+). 
NO-generating materials consist of immobilized catalysts (e.g., Cu or Se compounds) that gener-
ate NO from endogenous RSNOs
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species that undergo a proton or thermally driven mechanism to release two mole-
cules of NO per diazeniumdiolate molecule. Diazeniumdiolates have been a popu-
lar NO donor that can easily be dispersed within polymers to facilitate localized 
NO release [145–149]. Mowery et al. [145] reported that water-soluble diamine-
based diazeniumdiolates (e.g., DMHD/N2O2, diazeniumdiolated linear polyeth-
ylenimine (LPEI/N2O2)) leached from polymer matrices. Significant leaching of 
the NO donor species can result in non-localized NO release where the therapeu-
tic action of NO occurs downstream from the biomedical device. Another concern 
with diazeniumdiolated-based polymers is the formation and leaching of some 
potentially carcinogenic decomposition products (e.g., N-nitrosamines) that are 
not intended for release into the bloodstream [145, 150]. To overcome the leach-
ing concerns, strategies to covalently bind diazeniumdiolated functional groups to 
polydimethylsiloxane (PDMS) [151], xerogels [152–154], medical-grade polyure-
thanes [137, 155, 156], silica nanoparticles [157, 158], dendrimers [159–161], and 
other nanomaterials [138] have also been reported. Zhang et al. [151] covalently 
linked diaminoalkyltrimethoxysilane (DACA) to polydimethylsiloxane and then 
loaded this materials with NO under high pressure to form the diazeniumdiolated 
coating, DACA/N2O2-SR, which released NO for up to 20 days. The DACA/N2O2–
SR was coated on extracorporeal circuits (ECC) and was able to reduce platelet 
consumption and thrombus formation during the 4 h blood flow in a rabbit model.

Attempts have also been made to add polymer top coats and/or create more lipo-
philic diazeniumdiolated species to minimize leaching into the aqueous phase and 
therefore maintain the localized NO release at the blood-polymer interface [147, 
150, 162, 163]. Poly(vinyl chloride) and polyurethane have been doped with the 
lipophilic diazeniumdiolated dibutylhexanediamine (DBHD/N2O2) [147, 148, 164, 
165]. Vascular grafts coated with DBHD/N2O2–doped polyurethane had significantly 
less thrombus formation than controls after 21 days implantation in sheep [148]. 
However, the loss of NO from DBHD/N2O2 creates free lipophilic amine species 
within the polymer that react with water, thereby increasing the pH within the poly-
mer phase and effectively turning off the NO release. A recent report demonstrated 
that NO release can be prolonged, by using poly(lactic-co-glycolic acid) (PLGA) 
additives, for up to 14 days from poly(vinyl chloride) (PVC) doped with diazenium-
diolated dibutylhexanediamine (DBHD/N2O2) (Fig. 16.7) [165]. The ester linkages 
of the PLGA hydrolyze in the presence of water, producing lactic and glycolic acids 
that can act as proton sources to control the NO release from DBHD/N2O2-doped 
polymers. PLGAs can have varying hydrolysis rates, which is primarily determined 
by the copolymer ratio, the end group chemistry (either a free carboxylic acid or 
ester end group), and molecular weight. Handa et al. also demonstrated the impor-
tance of the inherent hemocompatibility of the base polymer (in which the NO chem-
istry is incorporated) [166]. By incorporating the same DBHD/N2O2 and PLGA 
chemistry into the Elast-eon E2As polymer (a copolymer with a mixed soft segment 
of poly(dimethylsiloxane) and poly(hexamethylene oxide) with a methylene diphe-
nyl isocyante (MDI) hard segment), which inherently is more hemocompatible than 
PVC, the platelet count after 4 h of ECC (97 ± 10 % of baseline) was significantly 
improved over the PVC/DOS-based coating (79 ± 11 % of baseline) [165, 166].
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Another widely studied class of NO donor molecules is S-nitrosothiol 
(RSNO) species (examples shown in Fig. 16.8). Physiological RSNOs, including 
S-nitrosoalbumin, S-nitrosocysteine (CysNO), and S-nitrosoglutathione (GSNO), 
are considered an endogenous reservoir of NO in vivo [167–169]. Other syn-
thetic RSNOs, such as S-nitroso-N-acetylpenicillamine (SNAP) and S-nitroso-
N-acetylcysteine (SNAC), have been shown to exhibit significant antimicrobial 
and antithrombotic effects [170–173]. It has also been demonstrated that RSNOs 
are both vasodilators and potent inhibitors of platelet aggregation [174–176]. 
RSNOs undergo thermal decomposition to release NO and produce a correspond-
ing disulfide species (RSSR). The NO release from RSNOs can also be catalyzed 
by metal ions (e.g., Cu+) [177] and by light, through irradiation at energies that 
correspond to the S-nitroso absorption bands at 340 and/or 590 nm [178–180]. 
Incorporation of RSNOs into polymers can extend the utility of these NO donors 
to be applicable in biomedical devices.

Fig. 16.7  Key reactions involved in NO release from diazeniumdiolated dibutylhexanediamine 
(DBHD/N2O2) in the presence of poly(lactic-co-glycolic acid) additive, that provides additional 
protons to drive the NO release reaction

Fig. 16.8  Structures of example S-nitrosothiols species, S-nitrosoglutathione (GSNO) and 
S-nitroso-N-acetyl-D,L-penicillamine (SNAP)
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Low molecular weight RSNOs have been non-covalently dispersed within 
various polymer matrices [181–187]. Seabra et al. [182] prepared GSNO-doped 
poly(vinyl alcohol) and poly(vinyl pyrrolidone) blended films. This polymer matrix 
provided a stabilization effect on GSNO decomposition, in comparison to aque-
ous solutions of GSNO. However, due to leaching, 90 % of the NO was released 
during the first 24 h under physiological conditions. SNAP-doped polyurethanes 
(Tecoflex SG-80A and Tecophillic SP-60D-60) also exhibit rapid leaching of 
SNAP when soaked in buffer [186]. The rapid leaching of the RSNOs significantly 
shortened the duration of the NO release from these materials. Therefore, strategies 
to synthetically bind RSNO functionalities to the polymer backbone have also been 
explored. S-Nitrosothiol functionalities have been covalently bound to polymers 
such as xerogels [188, 189], polyurethanes [137, 190, 191], degradable polyesters 
[192–196], polyester/poly(methyl methacrylate) blends [197], poly(vinyl methyl 
ether-co-malic anhydride) (PVMMA) and poly(vinyl pyrrolidone) (PVP) [198], 
and poly(dimethylsiloxane) [199]. Dendrimers [200], fumed silica particles [180, 
191], and silica nanoparticles [155, 156, 201] have also been synthetically modified 
with covalently bound RSNO functionalities and these materials can be doped into 
various polymer matrices to create coatings for biomedical devices.

Many of the RSNO-modified materials reported to date have not proven clini-
cally useful due to their limited NO release lifetimes, low conversion to RSNO 
during synthesis, or lack of RSNO stability during storage. Recently, the RSNO-
doping method has been revisited, utilizing more hydrophobic polymers. GSNO-
doped Tygon, a proprietary plasticized poly(vinyl chloride) polymer, exhibited 
minimal leaching of GSNO during soaking under physiological conditions [187]. 
Incorporating SNAP into Elast-eon E2As created an NO-releasing polymer that is 
stable during storage (even at elevated temperatures), locally delivers NO under 
physiological conditions, significantly reduces the leaching of SNAP, and pre-
serves platelets during a 4 h ECC study [186].

Due to the limited NO reservoir from NO donors that can be incorporated into 
polymers (either covalently bound or non-covalently dispersed), these NO releas-
ing materials typically have a finite duration of NO release. Another approach to 
achieving localized NO delivery at a polymer/blood interface for a longer period 
of time is to use NO generating (NOgen) materials that utilize endogenous RSNOs 
and/or nitrite to locally generate NO at the blood-polymer interface. Various 
thiol-containing species (L-cysteine, 2-iminothiolane, and cysteine polypeptide) 
have been immobilized on polyethylene terephthalate and polyurethane, where 
the free thiol undergoes a transnitrosation reaction with circulating RSNOs (e.g., 
S-nitroso-albumin) [202, 203]. The resulting CysNO on the PET and PU surface 
decomposes to elevate the NO levels locally at the polymer/blood interface, which 
reduces platelet adhesion on the surface by more than 50 %. Other NOgen materi-
als consist of catalysts (e.g., Cu (I/II) complexes or organoselenium species) that 
are immobilized within the polymer and are capable of locally generating NO 
from endogenous RSNOs and/or nitrite. Copper (II) sites within a polymer can 
be reduced to Cu(I) by endogenous reducing agents that are present in the blood 
(e.g., thiols, ascorbate). The Cu(I) sites then can reduce endogenous RSNOs in 
the blood (e.g., GSNO, CysNO, etc.) to NO and free thiolate anions in a catalytic 
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manner [177]. Lipophilic copper complexes that were incorporated into polymers 
were able to reduce physiological levels of RSNOs and nitrite to locally gener-
ate NO [204–207]. Another reported NOgen polymer consists of copper nanoparti-
cles (Cu0) dispersed within a hydrophilic polymer (Tecophillic SP-60D-60), which 
was evaluated using a rabbit model for extracorporeal circulation (ECC) [208]. 
However, continuous infusion of SNAP was needed to supplement the endogenous 
RSNO levels in order to achieve good efficacy in reducing thrombus formation.

Organoselenium species have been studied as mimics of glutathione peroxi-
dase (GPx), a selenoenzyme that protects cells from oxidative stress by reducing 
hydroperoxides using glutathione (GSH) [209], and investigated for their abil-
ity to generate NO from RSNOs [210]. Selenium catalysts are highly selective for 
reduction of RSNOs and exhibit no catalytic activity for nitrite or nitrate reduction 
[211]. Low molecular weight organoselenum species, selenocystamine (SeCA) and 
3,3′-diselenidedipropionic acid (SeDPA), were immobilized on cellulose filter paper 
and polyethylenimine (PEI), demonstrating potential dialysis membrane applica-
tions [212]. In the presence of reducing agents at physiological pH, the diselenides 
can be converted into selenolates, which are the key intermediates that can reduce 
RSNOs into NO and thiolates [212]. Selenium species were also incorporated into 
layer-by-layer coatings containing alternating layers of sodium alginate (Alg) and 
selenium-modified PEI. Alg-PEI layer-by-layer films modified with SeDPA were 
able to generate physiological levels of NO from GSNO and also exhibited minimal 
leaching of catalytic sites after soaking in blood [211]. The Alg-PEI layer-by-layer 
coating was also modified to immobilize ebselen (2-phenyl-1,2-benzisoselenazol-
3-(2H)-one), an aromatic selenium species with good GPx activity, and coated on 
catheters [213]. These selenium-based materials were able to generate physiologi-
cal levels of NO from RSNOs; however, some reduction of NO flux was observed 
after soaking in blood, potentially from catalytic sites being blocked by adsorbed 
plasma proteins or low levels of catalyst species leaching into the solution. These 
NOgen polymers have an advantage in that they could potentially generate NO at 
the blood-polymer interface indefinitely, provided that the blood in contact with the 
polymer has adequate levels of RSNOs present at all times [214].

Methods to Assess Hemocompatibility

Extensive reviews on the various methods to evaluate the hemocompatibility of 
polymers and medical devices have been published (summarized in Table 16.1) 
[1, 215–223]. Clinical devices still suffer challenges due to thrombosis, even after 
standard testing as developed by the International Organization for Standardization 
(ISO 10993-4, “Selection of Tests for Interactions with Blood”) [219, 224]. The ISO 
hemocompatibility testing requires evaluation of thrombosis, coagulation, hema-
tology, platelet count and function, and immunology. Initial surface and physical-
chemical characterization studies can provide useful information in order to correlate 
surface characteristics with hemocompatibility. Surface roughness, surface chemistry, 
surface charge distribution, and interfacial free energy are well known factors that 
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can influence protein adsorption and cell-material surface interaction [225]. Many of 
the common hemocompatibility testing methods involve flowing blood through tub-
ing (both in vitro and in vivo), and then conducting hemocompatibility evaluations of 
the blood exiting the test system. However, while they have potential to still be used 
as preliminary screening methods, in vitro static assays, such as fluorescent-based 
fibrinogen adsorption or platelet adhesion [164, 226], and dynamic systems (e.g. 
Chandler loops [227] ) are limited due to the blood death over time. Various medical 
devices (e.g., catheters, stents, vascular grafts, dialysis membranes, etc.) have been 
fabricated or coated with polymers for evaluation in animal models in order to mimic 
clinical application. Arterio-venous (A-V) and areterio-arterial (A-A) shunt models 
have been used to test hemocompatibility, and they allow for evaluation of both local 
and systemic effects of the test polymer. For example, the rabbit model of thrombo-
genicity is a useful model of extracorporeal circulation, where the polymer is coated 
on the inner walls of Tygon tubing that form the ECC circuit [164, 208]. The ECC 
circuit is placed on the rabbit using an A-V shunt, and blood flows through the  circuit 
for 4 h. This model allows a comprehensive evaluation of hemocompatibility (plate-
let preservation/consumption, plasma fibrinogen levels, and occlusion time) as well 
as the thrombus area in the ECC circuit after 4 h of blood flow.

Table 16.1  Common surface characterization and blood compatibility tests used to evaluate the 
hemocompatibility of blood-contacting polymers

Surface Characterization

Elemental and chemical composition Porosity
Roughness

Physical properties Charge and charge density
Elasticity
Surface energy (wettability)

Blood Compatibility Testing

In vitro Testing Platelet adhesion (LDH assay)

Static (soaking in blood or plasma)

Dynamic (agitators, centrifugation systems, flow 
chambers, Chandlerloops, closed loops)

Protein adsorption (fluorescent 
fibrinogen absorption assay)
Circulating platelet, plasma fibrinogen, 
white blood cell counts
Prothrombin time (PT), activated 
partial thromboplastin time (aPTT), 
and Thrombin clotting time (TCT)

In Vivo Models

Coated or fabricated medical devices:
Catheters
Stents
Vascular grafts
Extracorporeal circuits
Dialysis membranes
Biomedical sensors

Platelet function via aggregation
Flow cytometry (FACS) analysis of 
activation (e.g. P-selectin)
Thrombus area on the device
Embolism (e.g., visual, light 
scattering, Doppler ultrasound)
Patency and occlusion time



49916 Recent Advances in Hemocompatible Polymers …

Despite the encouraging results published for many of the polymer strategies 
discussed above, there are still some challenges with hemocompatibility testing 
and clinical application. For example, counting adhered platelets on the surface 
is a common method to evaluate hemocompatibility and has been used as a func-
tional test for many of the polymers discussed above. This may be a good initial 
test; however, it does not provide the complete picture because platelets could 
be activated by the foreign surface and aggregate downstream from the device 
[223]. Similarly, during in vivo testing of a new material, any thrombus that 
forms on the surface may also be carried downstream. In addition, results from 
short-term in vitro testing cannot necessarily be used to predict long-term in 
vivo results [220]. Another challenge is the fact that research groups use a wide 
variety of testing methods and controls, so it remains unclear as to how sig-
nificant the improvement is of these new materials over other materials (either 
published or clinically used) [220]. Defining standardized testing methods and 
appropriate controls/reference materials used by researchers (commercial, clini-
cal, and academic) will help improve the advancement of novel materials to clin-
ical application.

Conclusions

Over the last 50 years, much has been learned about blood-material interactions, 
and a variety of strategies have been reported to improve the hemocompatibility of 
blood-contacting medical devices. Materials reported to date primarily target dif-
ferent parts of the coagulation cascade (e.g., protein adsorption, platelet adhesion 
and activation, fibrin formation, etc.). Although many of the approaches described 
above are promising individually, combining two or more of these approaches 
may prove most beneficial. When these materials are effective, they may reduce 
or eliminate the need for administration of systemic anti-coagulation therapeutics 
(e.g. heparin) which is currently clinically utilized to reduce the risk of throm-
bus formation and other complications during use of blood-contacting devices. 
However, challenges still exist (e.g., shelf life and sterilization stability) and need 
to be addressed for some of the polymer approaches discussed here in order to 
achieve widespread clinical application. Standard testing methods should be uti-
lized to test and compare the hemocompatibility of commercially available and 
new polymeric materials for biomedical applications.
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Abstract The objective of this chapter is to give an overview about the new-
est developments in biosensors made of polymers for medical applications. 
Biosensors are devices that can recognize and detect a target with high selectivity. 
They are widely used in many fields such as medical diagnostic, environmental 
monitoring and food safety. The detected element varies from a single molecule 
(such as glucose), a biopolymer (such as DNA or a protein) to a whole organism 
(such as bacteria). Due to their easy use and possible miniaturization, biosensors 
have a high potential to come out of the lab and be available for use by everybody. 
To fulfil these purposes, polymers represent very appropriate materials. Many 
nano- and microfabrication methods for polymers are available, allowing a fast 
and cheap production of devices. This chapter will present the general concept of a 
biosensor in a first part. The second part will focus on conducting polymers, used 
as electrode material in devices based on electrochemical detection. A third part 
will describe the molecularly imprinted technology, where the target is replicated 
in 3D negative form into the polymer.
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COC  Cyclic olefin copolymer
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DNA  Deoxyribonucleic acid
EDC  1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
EGCG  Epigallocatechin-3-gallate
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ELISA  Enzyme-linked immunosorbent assay
GOx  Glucose oxidase
IUPAC  International Union of Pure and Applied Chemistry
ITO  Indium tin oxide
LOD  Limit of detection
MIP  Molecularly imprinted polymer
NIP  Non imprinted polymer
NHS  N-Hydroxysuccinimide
NTA  Nitrilotriacetic acid
PANI  Polyaniline
PDMS  Polydimethylsiloxane
PEDOT  Poly(3,4-ethylenedioxythiophene)
PMMA  Poly(methyl methacrylate)
POC  Point of care
PPy  Polypyrrole
QD  Quantum dots
RNA  Ribonucleic acid
SELEX  Systematic evolution of ligands by exponential enrichment
ssDNA  Single stranded DNA
UV  Ultraviolet
v/v  Volume to volume

Introduction

Recently, Turner published a comprehensive review article about the history of bio-
sensors [1]. The development of biosensors started 30 years ago when Clark and 
Lyons [2] described the first enzyme-electrode [3]. Biosensors rapidly emerged to 
high interest in research. Every year the number of papers published reporting about 
the development of a biosensor is growing. The start in the industry was however 
slower, but now the market is worth several billions of US dollars [3]. Biosensors 
find application in food safety, environment monitoring, defence, but the main field 
remains medical diagnostics with the great domination of the glucose biosensors.

Most biosensors are developed with the goal of being used outside laboratories, 
for home use, by the general practitioner or on field [Point of Care (POC) or field 
based sensors]. Therefore they have to be inexpensive and easy to use while giving 
highly accurate results.

In this chapter we will introduce the basics of biosensors and how plastic mate-
rials (polymers) can be used in these devices. The high variability and inexpen-
sive nature of polymers makes them very attractive for application in this field. We 
will then present how conducting polymers can be integrated in biosensors as elec-
trodes. The application of molecular imprinted polymers will also be described.
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Biosensors

Definition of Biosensors

Biosensors are devices that have the main aim of detecting and possibly quan-
tifying a so called analyte or target of interest in a highly specific and selective 
way. They are relatively small devices being easy to use in order to minimize 
the possible errors in manipulation. Ideally, the user should only have to add the 
sample into the device through an inlet to get a clear analytical result in a short 
time, preferably without the possibility of misinterpretation. The response from 
a biosensor could be for example a colour change, a numerical value or forma-
tion of a visible product. There is a wide range of analytes that can be detected 
in a biosensor: inorganic compound such as salts, small molecules for example 
glucose, large biomolecules such as DNA or proteins or even whole organisms 
such as bacteria. In the following parts, we will show examples of biosensors for 
various analytes.

The International Union of Pure and Applied Chemistry (IUPAC) gave the fol-
lowing definition for a biosensor in 1992:

A device that uses specific biochemical reactions mediated by isolated enzymes, immu-
nosystems, tissues, organelles or whole cells to detect chemical compounds usually by 
electrical, thermal or optical signals. [4]

From this definition, we can define the three main parts of a biosensor: (i) the 
analyte, (ii) the bioelement used for recognition of the analyte and (iii) the 
transducer, which detects the recognition event and further processes the signal. 
Figure 17.1 shows the working principle of a biosensor. The sensor on the left 
of Fig. 17.1 is exposed to an analyte for which the sensor is specific; there-
fore a binding or recognition event occurs, which generates a signal that the 
transducer detects. The sensor on the right of Fig. 17.1 is exposed to another 
analyte. Since the bioelement cannot recognize it, no detection signal will be 
processed.

Recognition Elements

In a biosensor, different types of bioelement can be used. In this section some of 
them will be described without the ambition of completeness. For more details on 
bioelements, the reader is referred to excellent reviews by Chambers et al. [5] and 
Bhalerao and Nistala [6]. Figure 17.2 shows some of the different types of bioele-
ment. The main requirement for a good bioelement is that it is highly specific for 
the analyte with a high affinity. The affinity of the bioelement to the analyte is the 
limiting factor for the sensitivity of a biosensor [7].
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Enzymes

Widely used types of bioelement are enzymes. Enzymes are highly selective for 
their substrate (i.e. the analyte) and they catalyse the binding event. After bind-
ing of the substrate on the active sites, a chemical reaction occurs producing a 
measureable product, and releasing the enzyme for further reactions [8]. Often the 
enzyme-based biosensors are coupled with an electrochemical transducer. This is 
the case for example in case of enzyme-based glucose biosensors. The glucose 
oxidase (GOx) oxidizes glucose to gluconolactone, thereby using oxygen and 
producing H2O2 [9]. The consumption of oxygen can be measured by an oxygen 
electrode or the production of H2O2 can be measured amperometrically. The main 

Fig. 17.1  Working principle of a biosensor. The analyte is specifically recognized by the bioele-
ment. A biochemical reaction occurs upon the event of recognition leading to the generation of 
a signal, which can be amplified. Exposure of a biosensor to a non-specific analyte leads to no 
recognition signal

(a) (b) (c) (d)

Fig. 17.2  Four different bioelements for a biosensor. a Antibodies are widely used in biosen-
sors and other immunoassay due to the availability of antibodies against of wide range of targets. 
b Aptamers are oligonucleotides that specifically bind and recognize various targets. c Enzyme 
based biosensors have been extensively investigated. The high specificity of the enzyme for its 
target makes it very attractive for biosensor applications. d Molecular imprinted polymers (MIP) 
is a bioelement that is synthesized upon polymerisation of monomers around the target that can 
be separated leaving an imprint that can catch the target with a very high specificity
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disadvantage of enzymes is the cost and the time consuming purification that is 
required to have a concentration of enzymes high enough in the system.

Antibodies

The second—and probably most widely used—bioelements for analyte recogni-
tion in biosensor are antibodies. Antibodies are proteins produced by the immune 
system of many organisms. Their function is to recognize and neutralize patho-
genic agents in a highly specific way. Due to their high specificity, each antibody 
molecule will recognize only one defined target. Antibodies are composed of two 
heavy chains and two light chains forming a “Y” having two antigen recognition 
sites (at the Fab regions) and a constant region (Fc region) as shown on Fig. 17.2.

Antibodies are produced by immunizing an animal (mouse, rabbit, horse, etc.) 
with the target. After some days, the serum of the animal will contain antibod-
ies in high concentration against the injected target. The serum is collected and 
purified by affinity chromatography in order to obtain an antibody solution that 
is qualified as polyclonal, since it will contain several types of antibodies against 
one target (each type of antibody binding to a different binding site of the target.). 
Polyclonal antibodies solutions are relatively cheap to produce and find applica-
tion amongst others in enzyme-linked immunosorbent assays (ELISA). However 
they might lack specificity for certain biosensors [6]. The specificity is improved 
by using monoclonal antibodies, which are mixtures of antibodies containing only 
one set of antibody against one particular binding site of the target. They are pro-
duced using the hybridoma technology where immortalized cancer cells are fused 
with antibody-producing B-cells in order to obtain a cell line producing one single 
set of antibody. With the progress of the recombinant technology, antibodies have 
also been developed having only the antigen-binding region (Fab fragment) and 
also antibodies carrying Fab and Fc fragments from different organisms. For bio-
sensors, the Fc region is as well of great importance as it can be used for enhance-
ment of the detection signal. Antibodies against the Fc region of a e.g. mouse 
antibody can be produced in a different organism (e.g. rabbit). Different markers 
(fluorescent molecules, biotin, gold particles, etc.) can then be conjugated to the 
Fc part of this second antibody that permits the detection of the binding event. 
This type of sandwich assay is widely used in ELISA and lateral flow assays like 
the pregnancy test.

Aptamers

Aptamers represent an attractive alternative to antibodies as bioelements. They 
are short ssDNA or RNA oligonucleotide sequences (20–40 bases) that fold into 
a 3D-structure that has a high selectivity and affinity for a defined target [10]. 
The 3D-structure is stabilized after binding to the target. Aptamers are smaller in 
size compared to antibodies and they can be synthesized chemically so that no 
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batch-to-batch variation is introduced into the biosensor. Thank to this chemical syn-
thesis, aptamers can easily be modified with alternative groups and conjugated to any 
kind of markers either at the 3′ or at the 5′ end of the sequence [11]. Aptamers are 
thermally stable as they can resist several cycles of denaturation/renaturation [11].

Aptamers can be developed against any type of target (metal ion, biomolecules, 
cells, etc.) [10]. The selection is usually run in a cycle called Systematic Evolution 
of Ligands by Exponential Enrichment (SELEX)  [12]. A random pool of different 
aptamers is incubated with the target. The aptamers bound to the target are separated 
from the non-bound aptamers. After release of the target, the binding aptamers are 
driven through a new selection cycle. This process is repeated until the affinity of 
the aptamers to the target is high enough (dissociation constant in the nano- to pico-
molecular range). Recently, advancements in the SELEX technology have greatly 
reduced the time and costs required for the selection of an aptamer. This in vitro 
selection gives the possibility of selecting aptamers against non-immunogenic and 
toxic substances for which no antibodies can be developed [13].

Aptamer-based biosensors, also called aptasensor have gain a wide interest in 
the last years due to the advantages of aptamers compared to antibodies. Similar 
to antibodies, a variety of immobilization methods is available to bind aptamers 
to the sensor element. Aptasensors can be coupled to an electrochemical, optical 
or mass-sensitive transducer [13]. One of the successful examples for aptasen-
sor was the detection of thrombin which was widely investigated [14]. Xiao et al. 
[15] have made an interesting development: a redox compound (methylene blue) 
was inserted into the thrombin aptamer. When the target bound to the aptamer, the 
induced conformation change inhibited the electron transfer from the methylene 
blue to the electrode. This change could be detected amperometrically.

Molecular Imprints

Going even more towards synthetic recognition bioelements, we would like to 
draw attention to molecularly imprinted polymers (MIP) that were first inves-
tigated by Mosbach and Wulff in the 1970s [16]. MIP will be described more 
in detailed in Sect. “Molecularly Imprinted Polymers (MIP): An Alternativeto 
Bioelement”. Briefly, during the polymerization the monomers of the polymer are 
self-assembling around the target. After removing the target, an imprint of the tar-
get is remaining, which can be used as recognition element for the biosensor. MIP 
offer a greater chemical stability than biomolecules [17] and can be developed for 
most of the targets.

Other Recognition Elements

Further bioelements that are worth mentioning here are whole cells (eukaryotic cells 
or bacterial cells) such as the fibroblast cells which were used by Feng et al. [18] to 
develop a biosensor for the electrochemical measurement of the ATP concentration. 
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Another type of biosensor widely used is the DNA hybridization sensor. In this type 
of sensor, a DNA probe is immobilized on the transducer of the sensor. When the 
complementary strand hybridizes to the probe, a signal is generated that is then 
detected. As an example, the sensor developed by Nascimento et al. [19] detected 
bovine papillomavirus DNA electrochemically on a sensor functionalized with a 
specific probe of 27 bases.

Sensitivity and Selectivity of Biosensors

Sensitivity and selectivity are used to evaluate the biosensors. In the physical mean-
ing, the sensitivity indicates how much the signal changes with a change of analyte 
concentration, while the selectivity shows how good the sensor can detect the ana-
lyte among the complex matrix of the sample (for example in blood, urine, saliva 
etc.). The limit of detection (LOD) is also often a measure of the quality of the sen-
sor as it determines the lowest concentration of analyte that can still be detected by 
the sensor, i.e. gives a significant change in the sensor response. When the analyte is 
detected without any further labelling by a second probe, the literature refers to the 
sensors as label-free sensors [7]. Biosensors often are label-free sensors.

To increase the sensitivity and specificity of the biosensors in most cases the 
bioelement is immobilized on the active part of the biosensor. This process is 
called “functionalization”. Without aiming to give a full list of methods the reader 
can find some of the most used processes for immobilization in the followings.

Functionalization

Several immobilization methods are available in order to functionalize the biosen-
sor [6].

Absorption of the bioelement onto the surface of the biosensor is often used. 
This is a simple method since it only requires the incubation of the bioelement on 
the surface, but the amount of active bioelement on the surface is not well con-
trolled [20]. Various types of non-covalent interactions can take place during the 
adsorption of the bioelement such as attractive Van-der-Waals forces, electro-
static interactions, and hydrophobic interactions [6, 21].

Covalent binding is often the most desirable methods of binding the bioele-
ment as it is more controlled and reliable [6]. Covalent binding can be achieved 
using various linkers like  1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) [22] or glutaraldehyde on materials containing OH-groups on the 
surface. Thiol group modified bioelements can bind to a gold surface. Silanes can 
be used to bind the bioelements on glass or on silicon.

The bioelement can also be incorporated into a porous material. In this case 
the analyte must be able to diffuse freely into the material in order to reach the 
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bioelement. This offers a high surface-to-volume ratio but controlling the concen-
tration of the bioelement is difficult. Enzymes are often entrapped in such a porous 
material.

Important is however that the immobilization does not affect the structure of the 
sites for analyte recognition as well as the function of the bioelement.

Transducer

Once the target is captured by the recognition element, the binding must generate 
a signal that can be detected by a transducer. The biosensing event can be only 
qualitative (analyte is there or not) or also quantitative (how much of the analyte 
is present in the tested sample). Several transduction methods are available, among 
others: optical, electrochemical or mechanical [23].

Optical Transducers

Optical methods require that a light or colour signal is produced by the recog-
nition event. This could be for example light produced by an enzyme reaction. 
Fluorescence signalling is also often used in biosensors. Optical transduction can 
also be done in the form of a colorimetric assay, where the binding event results in 
a colour change of the recognition layer [24]. In lateral flow assays, nanoparticles 
are conjugated to the antibodies. During the recognition, the colour of the particles 
is changing, in most cases forming a coloured line on the sensor.

Electrochemical Transducers

Electrochemical transducers are also often integrated in biosensors. An exten-
sive development has enabled the systems to become sensitive and highly specific 
for the substrates. The signal can easily be processed and analysed. The working 
principle of the electrochemical transducer is that the binding event can induce 
a change in the electrical properties of the system. Different types of devices are 
available [25]. If electroactive species are oxidized or reduced during the bio-
chemical reaction, a current can be measured. This is an amperometric detection, 
which can be divided in two modes: amperometry when the potential is kept con-
stant and voltammetry when the potential is varied [26]. Since the biomolecules 
are often not electroactive, a mediator can be added to the reaction chain, which 
will—in most cases—increase the sensitivity [26]. In potentiometry, the potential 
between working and reference electrode is measured when no current flows. By 
that, the ion activity of the sample can be measured, which is related to the con-
centration of analyte [27]. In the course of the biochemical reaction, the charges 
in the system are changed (for example: due to the production of electrons in an 
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enzymatic reaction) [26, 28]. This change is then monitored. Conductometric sen-
sors measure the change in the electrode resistance due to the binding event on the 
surface. Often AC voltage with small amplitude (10–20 mV) is used for measur-
ing the impedance of an electrode system in impedimetric sensors. These sensors 
detect the changes of impedance upon changes on the electrode surface and/or in 
the solution [29]. Since the binding event is detected at the surface of the elec-
trode, it has to occur in close proximity of this electrode; that is within the Debye 
length. The small size of aptamers meets this requirement and makes them a very 
attractive bioelement for electrochemical-based biosensors.

Other Transducers

Other transduction methods include mass-sensitive methods like the cantilever-
based sensors [30]. Cantilevers are usually made of small silicon plate (length: 
100 µm) with a low force constant. They are fixed at one end and can vibrate at the 
other end. Silicon can easily be functionalized with bioelements such as antibod-
ies or aptamers. Upon binding of the analyte to the bioelement at the surface of 
the cantilever, the resonance frequency of the cantilever is changing, which can be 
detected with help of a laser beam shining the cantilever surface [31].

To summarize, biosensors are very versatile devices. There is a broad range of 
possible configurations regarding bioelements for analyte recognition, as well as 
for the signal transducer. In the next section we describe how the polymers are 
used for the development of biosensors.

Conductive Polymers in Biosensors

Polymers as Device Materials

Biosensors made of plastic materials emerged because of their favourable proper-
ties: cost effectiveness, suitability for mass replication based on injection mould-
ing, excellent stability providing inexpensive, high-throughput, and large-scale 
devices with environmentally friendly disposability.

Several biocompatible polymers are known and used for device fabrication. The 
most commonly used materials are poly(methyl methacrylate) (PMMA), Cyclic 
olefin copolymer (COC) and polydimethylsiloxane (PDMS).

Recently several methods were developed for fast prototyping and mass pro-
duction of micro- and nanostructures in polymers. Injection moulding is one of the 
techniques, which is commonly used with great success. Improvement in pattern-
ing, structuring [32] or bonding [33] of those materials is essential for the creation 
of low cost and portable biosensors. However, in this work, we do not focus on 
these fabrication methods, rather we describe some specific polymers which are 
commonly used in biosensor designs.
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Polymers are mostly known for their insulating properties and their roles as 
dielectrics and resists [34]. However, a class of polymers can conduct electricity, 
and therefore they are called “conductive polymers” (CP). The use of CPs as 
electrode materials is becoming more and more widespread for biological applica-
tions, especially in the field of biosensors [35], as they are cheaper and easier to 
produce than conventional metal electrodes.

Conductive Polymers as Electrode Materials

Polyaniline was the first CP polymer, which was described in the mid-19th century 
by Henry Letheby [36]. Since then numerous intrinsically CP have been devel-
oped, among others: polyacetylene, polythiophene, polypyrrole. CPs, also referred 
to as synthetic metals, have found applications in many fields. They are integrated 
for example in solar cells, rechargeable batteries and biomedical devices [37]. CPs 
are also very attractive for biosensors. In biosensors, CP can be used as excel-
lent non-metallic electrodes. Numerous biosensors have been developed over the 
past 20 years with electrodes made of CP. The fabrication is fairly easy and flex-
ible. This allows the biosensors to be single-use system; avoiding any risk of con-
tamination and adaptation of the biosensors to new targets can be rapidly made. 
They are mostly biocompatible, can easily be synthesized and can be modified for 
immobilization of bioelements [38]. These conductive polymers are referred to as 
intrinsic conductive polymers in comparison to extrinsic conductive polymers that 
are a polymer matrix in which some metal particles have been entrapped [39].

Doping

The conducting process in polymers is rather complex. For the conducting pro-
cess, the charge carriers have to be able to move in the material. This is achieved 
because the conjugated backbone of the polymer provides delocalized pi-orbit-
als that overlap continuously to allow free movement of the electrons [35, 40]. 
Besides delocalized electrons, the conductive polymers can have other charge 
carriers, which are often produced by doping with electron acceptors or donors 
[37]. The concept of polarons, bipolarons and solitons has been introduced to 
describe the charge defects introduced by the doping [41, 42]. Oxidation of the 
polymer creates holes (p-doping) while reduction adds electrons (n-doping) [34]. 
Different methods of doping can be applied [37]. For example, through chemi-
cal doping with iodine, the conductivity of polyacetylene could be increased over 
seven orders of magnitudes [37, 43, 44]. This discovery was rewarded the Nobel 
Prize in chemistry in 2000. Electrochemical doping can also be performed by the 
electropolymerization of the monomers. With this method, the ions come from the 
electrolyte solution [34]. The advantage of this method is that a polymer film is 
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directly created on the electrode [45]. Photodoping introduces charge defects by 
irradiation of light [37].

In the following, three examples of conductive polymers will be discussed 
because these are the most commonly used in biosensors. Table 17.1 shows the 
chemical structures of polypyrrole, polyaniline and PEDOT, the three conductive 
polymers reviewed in this section.

Polyaniline

Polyaniline is a CP that has been known and used for a very long time. The syn-
thesis of polyaniline, often abbreviated as PANI, is based on the oxidation of 
the monomer aniline. PANI has been reported to have a high conductivity (up to 
103 S/m) [46, 47]. Thanks to its properties, it has found a wide range of sens-
ing applications, inclusive in biosensors. The reader is referred to the excellent 
review of Dhand et al. [48]. Horseradish peroxidase (HRP) is an enzyme exten-
sively incorporated in biosensors. It catalyzes the reduction of hydrogen per-
oxide (H2O2), a reactive oxygen species, which is produced by a wide range of 

Table 17.1  Chemical structure of polypyrrole, PEDOT, polyaniline

Polypyrrole

 

PEDOT

 

Polyaniline
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enzymatic reactions [49]. Detection of H2O2 is highly relevant in food and phar-
maceutical industry. Chairam et al. [50] developed an enzyme based amperometric 
biosensor for the detection of H2O2. HRP was immobilized in the layer of con-
ducting polymer poly(aniline-co-o-aminobenzoic acid) via electrostatic interac-
tions. After mixing of the enzyme in the polymer, the mixture was simply cast 
onto a glassy carbon electrode. A layer of the biopolymer chitosan was then coated 
onto the HRP-p (Ani-co-o-Aba). This layer was used as a binder for the enzyme. 
This sensor showed a linear range from 10 to 1,000 µM with a detection limit of 
1.8 µM. This novel and fast fabrication method showed excellent promising results 
for highly sensitive biosensors.

The biopolymer chitosan has also been used in combination with PANI films 
by Srivastava et al. [51]. They developed a modified PANI-gold electrode with 
immobilization of cholesterol oxidase on a chitosan matrix. First, nanocomposites 
of PANI and gold were prepared. After complete polymerisation, the nanocom-
posites were incorporated in chitosan. This mixture was then spin coated onto an 
indium tin oxide (ITO) glass. The success of the immobilization was assessed by 
cyclic voltammetry measurements that showed a lower current peak caused by the 
electrical hindrance of the immobilized enzyme. The biosensor was optimized for 
the detection of cholesterol. Cholesterol is oxidized by cholesterol oxidase which 
produces H2O2, that is oxidized producing electrons that are transferred to the 
electrodes via the redox mediator Fe(CN)6

−3. The signal is a peak in current that 
increases with the cholesterol concentration. The biosensor was stable over the 
time and retained a 90 % cholesterol oxidase activity over two weeks.

Composites of gold and PANI on a glassy carbon electrode were also used by 
Xiang et al. [52] for the development of a glucose biosensor. They used a bienzy-
matic approach where glucose was oxidized thereby producing H2O2, which was 
reduced by cytochrome oxidase c, absorbed on the surface of the nanocomposites. 
This sensor enabled a direct electron transfer to the electrode material. The sensor 
has a detection limit of 0.01 mM.

A similar electrochemical based sensor was developed using nanocomposites 
of PANI, graphene and horse radish peroxidase on ITO glas [53]. This biosensor 
was able to measure very low concentration of anti-malaria drug in various phar-
maceutical preparations and in different body fluids (urine, plasma and serum).

Similarly, nanocomposites of graphene and PANI were used by Ruecha et al. 
[54] to develop a paper based biosensor for the enzyme based detection of choles-
terol and the electrochemical detection of the by-product H2O2 of the enzymatic 
reaction. Interestingly they incorporated polyvinylpyrrolidone in the modified 
electrode in order to improve the stabilization of the graphene concentration. 
Those biosensors based on composites of different materials often show a com-
bination of the parameters of the materials and therefore offer a higher thermal 
stability, better conductivity and improved resistance to salts.

Tamer et al. [55] worked on the optimization of the fabrication of the compos-
ites PANI/gold nanorod for glucose detection. In this biosensor, the enzyme GOx 
was covalently bound to the electrode via the linker glutaraldehyde. This matrix 
offered a large surface to functionalize.
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PANI has also been shown to be usable in combination with whole bacterial 
cells as bioelement. Anu Prathap et al. [56] developed a biosensor where recom-
binant E. coli bacteria were immobilized by adsorption into a PANI film. The bac-
teria had been previously transformed with the gene linA2, coding for an enzyme 
involved in the first step of the degradation of pesticide lindane. Using recombi-
nant E. coli bacteria assured a higher robustness and better performances to the 
sensor compared to the wild type which has a slow degradation rate of lindane. 
The sensor was proved to be functional during two weeks if stored at 4 °C. It 
could detect lindane in the part per trillion concentrations. It was highly sensi-
tive and selective since it could detect the three isomers of lindane but showed no 
response for two other common pesticides. The advantage of using a whole cell as 
bioelement is to overcome the lack of synthetic bioelement for certain targets and 
provide the sensor with a high specificity. The detection was based on the change 
of conductivity induced in the PANI film after production of HCl by the enzymatic 
reaction. Amperometric measurements were used to register the increase in current 
upon production of HCl.

PANI was also used in combination with carbon nanotubes to fabricate a sen-
sor with cytochrome oxidase as bioelement [57]. This system could be used for 
different kinds of sensing events based on the enzymatic reduction of H2O2. The 
sensitivity of a biosensor based on a PANI film on a gold electrode was improved 
by using a composite of PANI with polypyrrole nanoparticles [58]. The sensor was 
used to detect glutamate in food products with an enzymatic reaction of the cova-
lently bound glutamate oxidase.

Nanowires based biosensors offer a high sensitivity. Lee et al. [59] developed 
a biosensor based on a single PANI nanowire that was functionalized via the EDC 
and N-Hydroxysuccinimide (NHS) (EDC/NHS) chemistry with antibodies against 
immunoglobulin G (IgG) and Myo, two cardiac biomarkers. The nanowire was 
fabricated using the electrochemical growth method between two gold electrodes. 
The binding of either IgG or Myo was recorded by the increase of conductance of 
the wire. The PANI biosensor was highly selective and sensitive to its target with 
detection limits of 3 ng/mL for IgG and 1.4 ng/mL for Myo.

Polypyrrole

Polypyrrole (PPy) is a conducting polymer that has attracted high interest in the 
biosensor field. PPy forms a yellow film that that becomes darker upon polym-
erization. PPy is indeed biocompatible, enabling the CP for the application in the 
medical biosensor field and shows a high conductivity [42]. It is worth mentioning 
that PPy has recently found application in the drug delivery field [60]. The syn-
thesis of PPy has been extensively studied and can be done chemically or by elec-
tropolymerization. The way that the synthesis is performed has a significant effect 
on the properties of the PPy film [42, 61]. High conductive polypyrrole can reach 
a conductivity of up to 200 S/cm. Doped PPy films are relatively stable in air. The 
degradation of polypyrrole films starts with the loss of dopants, followed by the 
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degradation of the polymer backbone [62]. Polypyrrole films have been described 
as being planar chains along the direction of the film layer.

Xu et al. [63] recently presented a biosensor for thrombin sensing based on 
polypyrrole electrodes prepared by electropolymerization on platinum elec-
trodes. They used pyrrole-nitrilotriacetic acid (pyrrole-NTA) monomers that 
were polymerized and complexed with Cu2+. As bioelement, they immobi-
lized a histidine labelled aptamer on the polypyrrole film through the histi-
dine-NTA-Cu2+ interaction. The surface of this biosensor was shown to be 
non-adherent to proteins. The change of impedance was measured upon bind-
ing of the target to the aptamer. Thrombin was detected in the picomolar 
range (4.4 × 10−12 mol/L). Detection of the E. coli strain K12 was achieved 
by a DNA-based biosensor [64]. Short DNA sequences (25 base pairs) called 
hybridization probes were designed complementary to the sequence of the 
gene D-glucoronidase from E. coli. The DNA sequences were incorporated in 
the bulk of pyrrole that was electropolymerized onto a platinum electrode. 
The hybridization was measured by cyclic voltammetry with a clear difference 
between the amplitudes of the oxidation peaks resulting from the hybridiza-
tion of a complementary sequence or from a non-complimentary sequence. The 
response of the biosensor could be obtained within 15–20 min which was much 
faster than any detection system involving culturing of the bacteria. Glucose 
biosensors have also been extensively investigated. They mainly use an enzyme-
based system with GOx as bioelement and electrochemical detection. Olea et al. 
[65, 66] developed a new way to immobilize the enzyme GOx onto the biosen-
sor surface. GOx was encapsulated in a multilamellar lipid vesicle before being 
incorporated into the polymer film. The comparison between free enzyme and 
encapsulated enzyme showed that the sensitivity was improved fivefold and that 
the stability of the biosensor was increased as well [67].

PEDOT

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conducting polymer devel-
oped as a derivative of polythiophene by Bayer AG in the late 1980s [68]. Even 
though developed later than other CP, it has rapidly gained a very high interest 
in the industry since it is very stable and  can be processed in water. It has a high 
conductivity (400–1,000 S/cm [69]), while presenting a good light transmission. 
The synthesis is fast and can be done either by electropolymerization or chemi-
cal synthesis [70]. PEDOT is often doped with poly(styrene) sulfonate (PSS). 
Huang et al. [71] reported that doping PEDOT:PSS films with sorbitol and glyc-
erol modified the morphology and thereby increased the conductivity. Iron tosylate 
is a smaller molecule, also used for doping PEDOT [72]. An important feature of 
PEDOT for biosensors and medical applications is that PEDOT is biocompatible 
and almost the only one which is stable in aqueous solution. PEDOT forms a light 
blue film in oxidized state that becomes dark blue in reduced state. PEDOT finds 
application in solar cells and in organic LED as well [73].
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In the field of biosensors, PEDOT is mainly used to replace the metal 
microelectrodes.

The deposition of the CP thin film to the substrate is most commonly done 
by spin coating, dipping or spray coating [74] or by electropolymerization. 
The film can be patterned in several ways. The classical photolithography com-
bined with dry etching requires cleanroom conditions. However micropatterns 
can be made outside of the cleanroom by soft lithography or by screen printing. 
Recently, Hansen et al. [75, 76] developed a novel patterning method of PEDOT 
through stamping of the film by an agarose stamp soaked in sodium hypochlorite. 
The stamp was patterned with the negative shape of the electrodes. The sodium 
hypochlorite over-oxidizes the PEDOT, which causes the loss of the conductivity, 
i.e. the CP is deactivated. The deactivated PEDOT can then easily be removed by 
rinsing the film with water.

The agarose patterning method was used to develop all-polymer biosensors based 
on different bioelements. Kiilerich-Pedersen et al. [77] established a biosensor that 
can detect viral infection within a few hours. This biosensor was based on an array 
of interdigitated electrodes made out of PEDOT doped with tosylate. Cells were cul-
tivated on the surface of the sensor electrodes. After a few hours of incubation with 
viruses, the viral infection was registered by a decrease in impedance, even before 
any morphological change was seen in the cells. This is faster and requires less sam-
ple preparation compared to the traditional methods involving culture of the patho-
gens or detection of the pathogens genetic material by PCR.

The agarose stamping method was also used by Daprà et al. [78] for the fabri-
cation of a biosensor for food safety. This biosensor was able to detect antibiotics 
(ampicillin and kanamycin) in the concentration range of respectively 100 pM and 
1 µM and 10 nM to 1 nM, which are below the residual limits authorized in milk in 
the European Union. This sensor is highly flexible and the functionalization can be 
adapted to other pathogens. For example, Kiilerich-Pedersen et al. [79] used the sen-
sor in order to detect influenza A viruses using aptamers as bioelements. The detec-
tion was carried out within only 15 min. This all-polymer biosensor has shown a 
great potential for POC devices in terms of easy production and usability, low cost 
and great flexibility. As shown by Rosati et al. [80], improvement of the design of 
the electrodes can improve the performances of this biosensor even further.

Residuals of phenolic compounds such as bisphenol A in water are of great 
concern for the health due to the highly toxic, carcinogenic and mutagenic nature 
of those compounds. Classical methods to detect phenol compounds are time-
consuming and require a lot of preparation. Moczko et al. [81] developed a bio-
sensor for fast amperometric detection of phenol compounds. A layer of PEDOT 
was screen printed on carbon electrodes. As bioelement the enzyme tyrosinase 
was entrapped in a screen printed biocompatible photopolymer as described 
by Andreescu et al. [82]. Tyrosinase was used to oxidize the phenol compounds 
thereby producing quinones that are electrochemically reduced. This biosensor 
allowed the rapid detection of phenolic compounds in water from the field. The 
use of PEDOT in this biosensor enabled an improved electrical conducting process 
with the electrodes showing a conductivity of 2,111 ± 310 S/cm.



528 S. Cherré and N. Rozlosnik

PEDOT has also been used for glucose biosensors. Park et al. [83] created 
small containers where GOx was entrapped. The containers were closed by a layer 
of conductive PEDOT. Entrapping enzymes in microtubules was a new way to 
immobilize them and provided a higher conductivity.

Arter et al. [84] created an array of PEDOT nanowires. They incorporated the 
bacteriophage M13 into the PEDOT solution before polymerization. They tested 
the accessibility of the viruses by incubating the nanowires array with fluores-
cently labelled antibodies.

Molecularly Imprinted Polymers (MIP):  
An Alternative to Bioelement

Description and Synthesis of MIP

MIP have been developed by the pioneer groups of Günter Wulff [85] and Klaus 
Mosbach [86] in 1972 and in the 1980s. They have gained an increasingly large 
interest during the past years as it can be seen from the increase of publications 
related to this topic [87]. MIPs are synthetic polymer cavities with a shape, which 
is highly specific for a defined target by a high stereo-and regiospecificity [16]. 
MIPs are synthesized by mixing the target molecule or imprint with functional 
monomers. These pre-assembled complexes are mixed with cross-linking mono-
mers that create a rigid polymer network. After polymerization, the imprint is 
removed leaving a cavity specific in shape and size for the imprint. The target mol-
ecule can then rebind to the MIP as shown in Fig. 17.3.

Two imprinting approaches can be distinguished: covalent and non-cova-
lent [16]. In the covalent approach, the functional monomers covalently bind to 
the target. This offers a highly specific rebinding and more homogenous binding 
sites across the polymer network [17]. However, removal of the template is more 
complicated and the rebinding is slower [88]. In the non-covalent imprinting, the 
imprint and the functional monomers interact by electrostatic, ionic, or hydropho-
bic interaction or hydrogen bonding [16, 89]. Advantages of this non-covalent 
approach are the easy removal of the imprint from the MIPs by simply washing 
with appropriate solvents [90] and a faster rebinding of the target [85]. Moreover, 
the non-covalent interaction mimics better the interactions occurring in nature 
[17]. However, the risk of unspecific binding is higher [85].

The functional monomers have double functions. They undergo interactions 
with the target and have a point of interaction with the cross-linking polymer [86]. 
The choice of functional monomers depends on the affinity required between the 
functional monomers and the template. Commonly used functional monomers are 
acrylic and methacrylic polymers for interaction with amino groups, and vinylpyr-
idine for interaction with carboxylic groups [86]. Commonly used cross linkers 
are ethyleneglycol dimethacrylate and dimethylbenzene [86]. Two other elements 
are also highly important for the preparation of the MIPs. First, the porogen, the 
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solvent is responsible for the porosity in the material. Important is that the porogen 
does not interact with the functional monomers [86]. Typical porogens are DMF 
or DMSO [86]. Secondly, the polymerization initiator plays an important role. 
MIP are mostly synthesized by radical polymerization [17]. Polymerization can be 
initiated by irradiation with UV-light or by thermal induction [86]. The polymeri-
zation can be performed in situ by for example electropolymerization on the elec-
trode of the biosensor. MIP can also be synthesized as a layer around silica beads.

MIPs have attracted a wide interest in sensing applications, but also in separa-
tion technology, as catalytically active polymers for mimics of enzymes [16] and 
in drug delivery [91]. In separation technology, MIP can be integrated in affinity 
chromatography columns. For biosensing applications, MIP can be used as alter-
native to the natural bioelements. They are more stable than antibodies [16] and 
suffer less from batch to batch variations. They can be made stable at extreme pH 
and temperatures [86]. Moreover, MIP can be developed against a wide range of 
targets, even against targets for which the development of antibodies is not easy 
[92], such as toxic targets or targets not inducing an immunogenic response. The 
development of MIPs against small targets is well established. However, devel-
oping MIPs against larger biomolecules such as DNA or proteins remains chal-
lenging [17]—among others—due to the entrapment of the target protein in the 
polymer matrix [93]. The MIP based sensor can be developed with different con-
figurations [17]. Binding of the target to the MIP can induce a change in the sen-
sor (e.g. electrical properties) that is then registered. The sensor can also be built 
based on competitive binding. In this configuration, the analyte has to compete for 

Fig. 17.3  The fabrication principle of molecularly imprinted polymers (MIP). The template and 
the functional monomers are pre-assembled through different kinds of interactions (covalent, 
hydrogen bonding, etc.). A polymer matrix is then polymerized around the pre-assembled com-
plex. The template is removed. The analyte can then bind specifically to the MIP
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the MIP cavities with a fluorescently labelled reference analyte or has to displace 
already bound labelled reference analytes. A third possibility could be that the 
binding event induces changes in the polymer itself (e.g. optical changes) [17].

MIP and Electrochemical Biosensors

As previously described, electrochemical sensors are excellent biosensors. They 
are relatively inexpensive and less labour intensive than sensors based on other 
transducers. MIPs are excellent bioelements for this type of sensor. The advances 
of the technology have permitted the direct integration of these bioelements on the 
transducer surface for example by electropolymerization. This allows a very repro-
ducible and rapid fabrication method for the sensors. The reader is also referred to 
the review of Malitesta et al. [94] about the new methods for electrosynthesis of 
MIPs and their integration on sensors.

Zeng et al. [95] fabricated MIPs in the conducting polymer PANI against the 
amino acid glycine, one of the major neurotransmitters. The MIPs were pre-
pared by electrodeposition on carbon fiber electrodes. As control, they prepared 
so-called “Non Imprinted Polymers (NIP)” that were synthesized exactly like 
the MIPs but without the imprint L-glycine. The binding event was recorded by 
amperometric measurements. A significantly higher response was achieved with 
the MIPs compared to the NIPs, which made the authors conclude that specific 
L-glycine MIPs had been created during the synthesis.

Combining CP with MIPs is a very smart way to combine the biorecognition 
element within the transducer itself. Recently, Wen et al. [96] also developed a 
MIP based sensor using PANI. The so-called “molecularly imprinted electro-
chemical sensor (MIES)” was developed to detect creatinine, a widely used bio-
marker for—among others—muscular dystrophy. Creatinine and the functional 
monomer aniline were first preassembled around Fe3O4@PANI nanoparticles. The 
MIPs were deposited on a glassy carbon electrode using a magnetic field. A short 
electrodeposition step ordered the MIP on the surface. To remove the template, a 
negative potential was applied for 3 min. Binding was as well registered by amper-
ometric measurements. The sensor showed a very high specificity for creatinine 
since no change in the signal was recorded when other compounds from blood 
plasma or urine were added. The long-term stability was tested over a month, after 
which the sensor had lost only 10 % of its response.

Similarly, Xue et al. [97] developed a dopamine MIES. The MIPs were directly syn-
thesized around gold nanoparticles. They were electrodeposited on the surface of a gold 
electrode, interfaced with a layer of gold nanoparticles. The introduction of gold parti-
cles in MIP gave a higher conductivity of the sensor. The MIES was shown not to react 
to ascorbic acid and uric acid, two compounds that often interfere in dopamine samples. 
Khadro et al. [98] also described the development of a biosensor for creatinine as well 
as urea. The MIP were synthesized on a gold electrode. Electrochemical impedance 
spectroscopy (EIS) measurements were performed to detect the binding.
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EIS was also used by Peeters et al. [99] to quantify the concentration of ser-
otonin in blood plasma. MIP were prepared using a mixture of methacrylic acid 
and acrylamide as functional monomers. The polymerization with ethylene glycol 
dimethacrylate was conducted in a UV-oven during 12 h. MIP particles of 25 µm 
were synthesized with this method. The template molecules of serotonin were 
removed by extraction with solvents. The MIPs were placed on the electrode using 
an adhesive polymer. The flow cell for serotonin measurement had two channels in 
order to measure the response on the MIP (active channel) and on the NIP (refer-
ence channel) simultaneously. One main advantage of this sensor is that serotonin 
can be measured in blood plasma directly.

Duan et al. [100] developed an electrochemical sensor against the antioxidant 
substance epigallocatechin-3-gallate (EGCG) present in tea. They used poly(o-
phenylenediamine) as functional monomer to create the MIP film by electropo-
lymerization over the glassy carbon electrode. The imprint molecules were 
removed by washing the film with a combination of the methanol and acetic acid 
(90:10 v/v). Substances analogous to EGCG gave a significantly lower response 
than EGCG itself showing the high selectivity of the sensor. A response could be 
obtained with this sensor within 11 min, which makes the sensor highly appropri-
ate for industrial use.

Yarman and Scheller [101] used an o-phenylenediamine-resorcinol mixture to 
create MIP against tamoxifen, a nonsteroidal anti-estrogen used in breast cancer 
therapy but considered as a doping substance. The MIP were electropolymerized 
on a glassy carbon electrode. Cyclic voltammetry and amperometric measure-
ments were used to study the rebinding of tamoxifen. The authors showed the 
great selectivity of the sensor that gave a 2.3 times lower response to 4-hydroxy-
tamoxifen, an intermediate of tamoxifen. However, this work suggested the incor-
poration of enzymes in order to decrease the interferences with other substances as 
well as decrease fouling of electrode surface.

MIP and Optical Biosensors

Quantum dots have excellent opto-electronic properties. Wang et al. [102] used 
them to develop a photoelectrochemical sensor. MIP were fabricated around the 
quantum dots CdTe QD using acrylamide as functional monomers and ethylene-
glycol dimethacrylate as cross linker. Those MIPs@CdTe QD were dropped on 
the on paper screen-printed carbon working electrode where gold nanoparticles 
had been previously electrodeposited. The target was incubated on the sensor for 
one hour. After washing, the sensor was illuminated with UV light and the cur-
rent intensity was registered in the presence of ascorbic acid solution. The gold 
nanoparticles allowed an improved electron transfer of the photocurrent. This pho-
toelectrochemical sensor could measure the pesticide S-fenvalerate at the low con-
centration of 3.5 × 10−9 mol L−1. This work showed a way to fabricate highly 
sensitive and reproducible sensors that has a great potential for application in 
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the biomedical field as well. Surface plasmon resonance (SPR) is a technique by 
which changes happening on the surface (for example binding of an analyte) can 
be registered. MIPs are also well-appropriated elements for capture of the analyte 
for SPR measurements.

Cennamo et al. [103] developed a SPR based sensor with a MIP layer of 
about 150 nm. This sensor was able to specifically recognize L-nicotine and not 
D-nicotine at a low concentration relevant for samples in the field. Other exam-
ples of MIP based SPR sensors are the sensor by Verma and Gupta [104] detecting 
the antibiotics tetracycline and their vitamin B3 sensor [105] for which the MIPs 
were prepared in hydrogel. Lotierzo et al. [106] developed an SPR based sensor 
for domoic acid, a neurotoxin. They compared their sensor with a sensor based on 
monoclonal antibodies and found that the MIP based sensor could be regenerated 
without losing its functionality and had a three times lower detection limit com-
pared to the immunosensor.

Zhou et al. [107] improved an immunosensor by using MIP instead of the pri-
mary antibody for the detection of hemoglobin. The MIP were prepared around 
magnetic beads (Fe3O4@SiO2) using 3-aminobenzeneboronic acid as func-
tional and cross linking monomer. The polymerization was initiated with ammo-
nium persulfate at room temperature. After 14 h of incubation, the template was 
removed by elution in 1 % sodium dodecyl sulfate (SDS). For analytical purposes, 
the magnetic MIPs were incubated with the hemoglobin sample. This step allowed 
for the enrichment of hemoglobin in very low concentrated samples. Then, a 
detection antibody conjugated with Ru@SiO2 was added. Those immunocom-
plexes were captured by a magnet. The tag on the detection antibody allowed the 
electrochemiluminescence detection of hemoglobin. Using MIP instead of anti-
bodies, the sensor was more stable and less expensive to produce than with pri-
mary antibodies.

The optimization of the fabrication of MIPs is required for each applica-
tion. Rahiminezhad et al. [108] propose to use a chemometric approach to find 
the optimal parameters to prepare MIPs against diazinon. A central composite 
design was developed for this approach with five essential factors that were the 
different amount of template, solvent, initiator, the ratio between the functional 
monomers and the cross linker as well as the polymerization temperature. With 
this approach, they could optimize the synthesis of MIPs. Constantly new fab-
rication methods are developed as the one proposed by Dechtrirat et al. [109]. 
Further development in the synthesis of MIP is expected to increase the use of 
MIP in biosensors.

Through the examples presented above, MIPs appear to be very promising 
novel bioelements. They are more stable and more reproducible than natural anti-
bodies. They can be used in combination with various transducers (electrochemi-
cal, optical,  immunosensors, etc.). The synthesis can be set up so that the MIPs 
are directly synthesized on the transducer. A large diversity of functional mono-
mers and cross-linking polymers as well as synthesis methods is available. An 
easy fabrication and characterization of the MIP could give them the potential to 
be widely used in an industrial fabrication of the sensors.
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Outlook

In recent years, major advances have been achieved in the biosensor field. The 
configuration possibilities have been extended. More and more bioelements have 
been developed, increasing the affinity to the target and therefore the selectivity of 
the sensors. Progresses in the technology allowed that transducers became more 
and more sensitive and precise. The biosensor field has gained a lot from the mul-
tidisciplinary approach. Combined efforts in biology, chemistry and physics have 
been the key to incredible biosensors able to detect analytes in complex environ-
ments such as blood plasma or urine. If the detection is possible directly in body 
fluids, and no further sample preparation or purification is required, the analysis 
is much faster and errors can be minimized. Moreover, this would mean that the 
analysis could be made outside specialized laboratories, by the general practitioner 
or even the patient himself.

Future direction and development in the biosensor field will be towards non-
invasive monitoring of patients and towards implantable biosensors [1], as well as 
sensors that could be integrated into smart textiles [110]. This would be more com-
fortable both for the patients but also for the clinicians. Those sensors would allow a 
more regular and precise monitoring of the patient, whose therapy could be adapted 
going towards a personalized medicine. But once again, this can only be achieved in 
an interdisciplinary work. Polymers are highly appropriated materials in this field. 
It can be concluded that biosensors based on polymers have a great potential in the 
biomedical field and decisive advances can be expected in the next years.
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