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XIX

Preface

Natural and synthetic polymer materials and composites are extensively used
as biomaterials for various biomedical applications such as tissue engineer-
ing, implantable devices, drug delivery, gene delivery, bioimaging, and so on.
Advances in polymer chemistry have allowed the creation of a wide range of
biomaterials based on polymers and composites for different biomedical applica-
tions according to the nature of their use. The versatility and ease of modification
of the chemical, physical, surface, and biomimetic properties of polymers have
made them very much dear to the researchers working in the biomedical field.
Applications of biomaterials have led to the development of polymers that are
biocompatible, biodegradable, and/or resorbable.

A variety of research results are published almost daily on polymers and com-
posites by enhancing their properties as biomaterials to meet the ongoing and
evolving challenges in the biomedical field. This book, Biomedical Applications of
Polymeric Materials and Composites, is intended to update and provide detailed
information to students, technicians, researchers, scientists, and teachers work-
ing in the biomedical field by taking the contents only from the very latest results
and presenting an extensive summary of the various polymeric materials used in
biomedical applications.

This book consists of 12 Chapters.
Chapter 1, “Biomaterials for biomedical applications,” provides an introduction

to the various biomaterials currently used in biomedical applications. Selection
of the appropriate biomaterials plays a key role in the design and development
of the biomedical product. Nowadays, the strategy for biomaterials to be used
as biomedical devices is that they should be biocompatible and must elicit a
desirable cellular response to harness control over cellular interactions during its
usage. This chapter provides detailed information on the current approach for
developing biomaterials that can create cellular response by including protein
growth factors, anti-inflammatory drugs, gene delivery vectors, and other bioac-
tive vectors. Polymers are generally known to be insulating materials; however, it
has been discovered that some polymers can be conductors and semiconductors.
Chapter 2, “Conducting polymers – An introduction,” provides information on
conducting polymers, as these polymers can be used for different applications in
biomedical devices. Chapter 3, “Conducting Polymers: Biomedical Applications,”



XX Preface

details the importance of using conducting biopolymers in the biomedical field
and provides information of various biopolymers that are used in this field.

Chapter 4, “Plasma-assisted fabrication and processing of biomaterials,”
provides information on low-temperature plasma-assisted methods to fabricate
and modify the surface of biomaterials. Plasma is also used for sterilization and
disease management. Chapter 5, “Smart electroactive polymers and composite
materials,” describes such materials. Upon application of an electric voltage,
the shape of some polymeric materials can be modified, which can be used as
actuators and sensors. Because of their similarities with some biological tissues
based on the achievable stress and force, these polymers can be used as artificial
muscles. Chapter 6, “Synthetic polymer hydrogels,” provides information of
some of the rapidly developing groups of materials that find applications in many
fields such as pharmacy, medicine, and agriculture. Chapter 7, “Hydrophilic
polymers,” describes various natural, synthetic, and semisynthetic hydrophilic
polymers. These types of polymers have the lion’s share of applications in the field
of biomaterials.

Chapter 8 describes the “Properties of stimuli-responsive polymers.” These
types of polymers are the most exciting and emerging class of materials, and
have the ability to respond to external stimuli such as temperature, pH, ionic
strength, light, and electric and magnetic fields. Since these materials can
respond to external stimuli, they find many applications in the biomedical field.
Chapter 9, “Stimuli-responsive polymers: Biomedical applications,” provides
details about various polymers that find applications in the biomedical field based
on their stimuli-responsive properties. This interesting property has enabled the
development of smart systems that are useful in bioimaging, sensing (diagnosis),
controlled drug delivery, regenerative medicine (therapy), bioseparation, gating
valves for transport, and microfluidics. Chapter 10, “Functionally engineered
sol–gel inorganic gels and hybrid nanostructures for biomedical applications,”
describes nanostructured inorganic gels, mostly metal oxide gels and hybrid
nanoarchitectures developed through sol–gel synthesis, and their various
biomedical applications.

Chapter 11, “Relevance of Natural Degradable Polymers in the Biomedical
field,” highlights the importance of natural degradable polymers for biomedical
applications. In modern medicine, natural degradable polymers have their
own indisputable place, particularly in drug delivery applications, because they
degrade after serving their specific roles. Natural degradable polymers alone
cannot meet the demand for applications in the biomedical field. Therefore, with
the help of modern chemistry, many biodegradable synthetic polymers have
been developed with a wide range of applications such as sutures, implants, drug
delivery vehicles, and so on. A variety of synthetic methods have allowed the
development of many polymers that meet the functional demands and materials
with the desired physical, chemical, biological, biochemical, and degradation
properties. Chapter 12, “Synthetic biodegradable polymers for Medical and
Clinical Applications,” is included to describe the various synthetic degradable
polymers that find interesting applications in the biomedical field.
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We believe that this book provides in-depth discussions and details on the poly-
mers and their composites that have applications in the biomedical field based on
recent research results in this magnificent field. Throughout the book, we have
focused on recent applications, with worked examples and case studies for train-
ing purposes, which will serve the purpose of this book, that is, to update students,
technicians, researchers, scientists, and teachers who work in the biomedical field.

We express our sincere thanks and appreciation to the 20 scientists for con-
tributing chapters to this book and their constant cooperation from submission
of the first drafts to revision and final fine-tuning of their chapters commensurate
with the reviews. We extend our appreciation to our respective host institutions,
namely Mahatma Gandhi University, Kottayam, India, and Toyo University, Japan,
for their encouragement and support.

Finally, we wish to extend our thanks to Wiley-VCH and all their staff involved
in the publication and promotion of this book, which will hopefully be useful to
those working in the biomedical field.

India Raju Francis
Japan D. Sakthi Kumar
18 July 2016



1

1
Biomaterials for Biomedical Applications

Brahatheeswaran Dhandayuthapani and Dasappan Sakthi kumar

1.1
Introduction

Biomaterials play numerous critical roles in biomedical applications. Historically,
biomaterials were obtained from natural sources, such as purified collagen,
gelatin, silk, or cotton. Advances in polymer chemistry supplemented these
natural polymers with first-generation medical polymers. Currently, polymers
are used in a wide range of biomedical applications, including applications
in which the polymer remains in intimate contact with cells and tissues for
prolonged periods. Although many of these polymer materials have been tested
for various applications, it is widely recognized that the current range of bio-
materials available will not be adequate for the vast range of applications in
drug delivery, artificial organs, and tissue engineering technologies. To select
appropriate materials for biomedical applications, it will help to understand
the influence of these materials on viability, growth, and function of attached
or adjacent cells. The selection of biomaterials plays a key role in the design
and development of biomedical products. While the classical selection criterion
for a safe, stable implant dictated choosing a passive, inert material, it is now
deduced that any such device is capable of eliciting a cellular response [1, 2].
Therefore, it is now widely accepted that a biomaterial must interact with tissue
to repair, rather than simply be a static replacement. Furthermore, biomate-
rials used directly in tissue repair or replacement applications (e.g., artificial
skin) must be more than biocompatible; they must elicit a desirable cellular
response. Consequently, a major focus of biomaterials for tissue engineering
applications centers on harnessing control over cellular interactions with bio-
materials, often including components to manipulate cellular response within
the supporting biomaterial as a key design component. Specific examples of
such components include protein growth factors, anti-inflammatory drugs,
gene delivery vectors, and other bioactive factors to elicit the desired cellular
response [3, 4].
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It is important for the developer of biomedical products to have several bioma-
terial options available, because each application calls for a unique environment
for cell–cell interactions. Examples of some such applications are as follows:

a) Support for new tissue growth (wherein cell–cell communication and cell
availability to nutrients, growth factors, and pharmaceutically active agents
must be maximized);

b) Prevention of cellular activity (where tissue growth, such as in surgically
induced adhesions, is undesirable);

c) Guided tissue response (enhancing a particular cellular response while inhibit-
ing others);

d) Enhancement of cell attachment and subsequent cellular activation (e.g.,
fibroblast attachment, proliferation, and production of extracellular matrix
(ECM) for dermis repair);

e) Inhibition of cellular attachment and/or activation (e.g., platelet attachment to
a vascular graft); and

f) Prevention of a biological response (e.g., blocking antibodies against homograft
or xenograft cells used in organ replacement therapies).

The processability of biomaterials is a key step for developing biomedical appli-
cations. Nine potential biomedical applications areas have been identified [5]:

1) Membranes in extracorporeal applications such as oxygenators;
2) Bioactive membranes, for example, controlled release delivery systems and

artificial cells;
3) Disposable equipment, for example, blood bags and disposable syringes;
4) Sutures and adhesives including biodegradable and nonbiodegradable mate-

rials;
5) Cardiovascular devices such as vascular grafts;
6) Reconstructive and orthopedic implants;
7) Ophthalmic devices such as corneas and contact lenses;
8) Dental restorative materials including dentures;
9) Degradable plastic commodity products.

This chapter surveys the various biomaterials that have been used or are under
consideration for use in biomedical applications.

1.2
Polymers as Hydrogels in Cell Encapsulation and Soft Tissue Replacement

Hydrogels are one of the most promising classes of biomaterials for biomedical
applications because they have good biocompatibility and a large amount of equi-
librium water content [6]. Wichterle [7] achieved the following four crucial criteria
with the design.

a) Preventing component release.
b) Creating a stable chemical and biochemical structure.



1.2 Polymers as Hydrogels in Cell Encapsulation and Soft Tissue Replacement 3

c) Having a high permeability for nutrients and waste.
d) Assuming physical characteristics similar to those of natural living tissue.

Hydrogels have water content and mechanical properties that are similar to
those of human tissue and find use in many biomedical applications. The first
biomedical use for synthetic hydrogels, which was established in 1954, was as
an orbital implant. Wichterle designed soft contact lenses from hydrogels in
1961. Since then, hydrogel use for biomedical applications has included wound
dressings, drug delivery systems, hemodialysis systems, artificial skin, and tissue
engineering [8–10]. The structural similarity of hydrogels to that of the human
ECM creates promising applications as a scaffold material for cell-based tissue
engineering [10]. Hern and Hubbell [11] first modified PEGA with the adhesive
peptide arginyl–glycyl–aspartic acid (RGD) to enhance cell adhesion and
promote tissue spreading. In separate experiments, PEG methacrylate has been
modified with phosphoester and RGD to enhance bone engineering [12, 13]. In
addition, hyaluronic acid has been copolymerized with PEGDA+RGD to support
cell attachment and proliferation as well as to improve cartilage repair [14, 15].
Poly(𝛄-benzyl L-glutamate) (PBLG) is one of the synthetic polypeptides that has
attracted attention for use in drug delivery matrices [16]. Hydrogels developed
by combining polyisobutylene (PIB) and hydrophilic polymer segments were
used for coating Gore-Tex vascular grafts and showed good biocompatibility
[17]. These hydrogels were also used as membrane carriers for insulin-producing
porcine platelet implants [18]. Shu et al. [19] synthesized thiolated HA and then
conjugated it to PEG for the benefit of in situ injection and cell encapsulation
and proliferation. PEG and HA may be further modified by physical cross-linking
of bioactive factors, which is one of the methods used to create biomimetic
hydrogels. Growth factors remain active after encapsulation to enhance the
proliferation and differentiation of encapsulated cells or to improve local tissue
regeneration [20, 21]. Growth factors that have been entrapped in hydrogels
include bone morphogenetic protein-2 (BMP-2), fibroblast growth factor, vascu-
lar endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), and
transforming growth factor β (TGF-β), among others [21–25].

The examples in the following paragraph illustrate the effect of biomimetic
hydrogels on three different tissues. Several groups have demonstrated in vivo
secretion of cartilaginous matrix using chondrocytes encapsulated in hydrogels.
The use of hydrogels to support chondrocyte growth and matrix production is
well established. Current efforts focus on bringing hydrogels closer to clinical
applications. Lee et al. [20] incorporated TGF-β1 into a chitosan scaffold in which
chondrocytes were cultured. The chondrocytes cultured in scaffolds containing
TGF-β1 exhibited significantly greater proliferation and GAG and type II col-
lagen production than did chondrocytes cultured in control scaffolds lacking
TGF-β1. Recently, thermoplastic biodegradable hydrogels have been designed
for biomedical applications including drug delivery systems: polyisobutylene
(PIB)-based materials as potential materials for soft tissue replacement, specifi-
cally for vascular grafts and breast implants [26] (Figure 1.1). Polyesters (PET),
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Figure 1.1 Polymer hydrogels used for tissue replacement.

fluoropolymers (PTFE), polypropylene (PP), polyurethanes (PU), and silicones
have played a crucial role in the development of polymeric materials for soft
tissue replacement [27]. This biomaterial represents a conceptually new soft
biomaterial for potential biomedical application (Table 1.1).

1.3
Biomaterials for Drug Delivery Systems

A defining therapeutic feature of a biodegradable polymer used in modern drug
delivery is facile degradation into oligomers or monomers with concomitant
kinetically controlled drug release profiles. Polymeric delivery systems are mainly
used to achieve either temporal or spatial control of drug delivery [28]. Essentially,
polymeric vehicles enable drugs to be delivered over an extended period of time
and to the local site of action. They are designed to enhance drug safety and
efficacy, and to improve patient compliance. The use of polymers is designed to
maintain therapeutic levels of the drug, reduce ide-effects, decrease the amount
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Table 1.1 Natural and synthetic polymers commonly used in the synthesis of
hydrogels [10].

Natural hydrogels Synthetic polymers

Hyaluronic acid (HA) Hydroxyethyl methacrylate (HEMA)
Chondroitin sulfate Methoxyethyl methacrylate (MEMA)
Matrigel N-Vinyl-2-pyrrolidone (NVP)
Alginate N-Isopropyl Aam (NIPAAm)
Collagen Acrylic Acid (AA)
Fibrin Poly(ethylene glycol) acrylate (PEGA)
Chitosan Poly(ethylene oxide) diacrylate (poly(ethylene glycol)

diacrylate (PEGDA))
Silk Poly(vinyl alcohol) (PVA)
Gelatin, Agarose, and Dextran Poly(fumarates)

of drug molecule and the dosage frequency, and facilitate the delivery of drugs
with short in vivo half-lives [29]. In polymer-based drug delivery, polyalkyl-
cyanoacrylates (PACAs) have evolved diverse versatility as drug nanoparticle
carriers for indomethacin [30], gangliosides [31], oligonucleotides [32], anti-
epileptic medications including Ethosuximide [33], insulin [34], saquinavir [35],
hemoglobin [36], and nucleoside analogs against human immunodeficiency virus
(HIV) [37]. Translational research into poly(ethylene glycol) (PEG)–PACAs and
actively targeted PACA systems [38, 39] have shown great promise for use in
vivo such as the recently completed phase I and phase II studies of Doxorubicin
Transdrug® for primary liver cancer.

Polyphosphazenes have been used for controlled release of naproxen [40–42],
calcitonin [43], colchicines [44], (diamine) platinum [45], (dach) platinum
(II) [46], insulin [47], other model proteins [48, 49], methylprednisolone
[50, 51], methotrexate [52], tacrolimus [53], tempamine [54], and plasmid
deoxyribonucleic acid [55]. Studies of blood biocompatibility in vitro with
polyorganophosphazenes have shown no morphological changes or aggregation
with platelets [56] and good biocompatibility after transplantation [57]. The first
long-term biocompatibility in vivo study with polyphosphazene was reported in
2003 by Huang et al. [58] with a porcine coronary stent model, which showed no
signs of either hyperplasia or proliferative response after 6 months. In the same
family as polyphosphazenes, polyphosphoesters (PPEs) are inorganic polymers.
To date, biocompatibility studies have been quite favorable, showing limited toxi-
city [59]. Numerous studies by Leong’s group have used PPEs for block copolymer
design including poly(2-aminoethyl propylene phosphate) (PPE-EA) for gene
delivery [60–63] and PPE microspheres for nerve growth factor delivery. In vivo
studies with the Paclimer delivery system, 10% w/w paclitaxel encapsulated in
biodegradable polyphosphoester microspheres, with a single intratumoral or
intraperitonel injection showed 80% release of the drug after 90 days in a human
lung cancer xenograft model. This sustained release showed significant inhibition
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of nonsmall cell lung cancer nodules with three- to sixfold longer tumor doubling
times compared with free paclitaxel and vehicle controls [64–66]. A recent
translational canine study to evaluate dose escalation and neurotoxicity showed
excellent results throughout the 120-day study with no evidence of systemic
toxicity or gross morphological or physiological changes in the animals [67].
Polyesters represent perhaps the largest family of biodegradable polymers
including aliphatic polyesters such as poly(glycolic acid) (PGA), poly(lactic
acid) (PLA), poly(lactide-co-glycolide) (PLGA), polydioxanone, polyglyconate,
polycaprolactone, and polyesteramide [68]. Several biodegradable polyesters,
many of which are PGA derivatives, have also been used in nonviral gene delivery
primarily to alleviate cytotoxicity such as poly[𝛂-(4-aminobutyl)-L-glycolic
acid] (PAGA) [69, 70], poly(D,L-lactic acid-co-glycolic acid) (PLGA) [71–73],
PEG–PLGA–PEG [74] and poly(4-hydroxyl-1-proline esters) [75, 76]. PCL block
copolymers have been used to deliver doxorubicin [77], cyclosporine A [78, 79],
geldanamycin [80], rapamycin [81], 97 amphotericin B [82, 83], dihydrotestos-
terone [84], indomethacin [85, 86], and paclitaxel [87]. Polyorthoesters (POEs)
were developed and reported by Heller et al., nearly 40 years ago for use as
implanted biomaterials and as drug delivery vehicles [88] (Figure 1.2).

Biodegradable polymers have truly revolutionized controlled drug delivery
design and biomaterial applications for implants and tissue engineering. A
biodegradable derivative of poly(ethylene glycol)-co-poly(L-lysine) (PEG–PLL)
with grafted histidine residues has been synthesized for local gene therapy with
transgene expression levels fourfold higher than PLL alone [89, 90]. With the
help of biodegradable stents, clinicians can site-specifically control drug release
to treat coronary artery disease through delivery of traditional small molecules
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Figure 1.2 Biomaterials utilized for various drug delivery systems.
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and, now, gene therapy [91, 92]. Biodegradable block copolymers and block
copolypeptides have significantly endowed novel drug delivery systems with
beneficial pharmacokinetic and biocompatible properties.

1.4
Biomaterials for Heart Valves and Arteries

Devices or natural tissues can be used to replace heart valves or arteries. These
replacement materials are used when the natural heart valves or arteries fail to
function properly, which can result in death or severe disability if left uncorrected.
Such replacement materials help to restore the flow of blood that the body needs
in order to function properly. Natural tissues are commonly used as replacement
materials; alternatively, pyrolytic carbon mechanical valves are used to replace
heart valves, while metal stents can be used to hold arteries open. However, there is
interest in the development of polymers as replacement materials for heart valves
and for use with stents. Heart valves are composed of connective tissue (collagen,
elastin, and glycosaminoglycans [93], and open or close in response to pressure
gradients and hemodynamics [94]. Flexible leaflet aortic replacement valves were
developed in the 1960s [95]. There has been recent interest in developing poly-
meric valves from polyurethanes. Polyurethanes have good blood compatibility
[96] and can be made into physiological shapes, forming valves that are flexible
[97]. Synthetic poly(carbonate urethane) valves have been recently developed for
both the aortic and the mitral positions [98]. In vivo results are promising, with
tests being performed without anticoagulants in some cases, and show greater
signs of durability than bioprostheses when tested in calves [99], or sheep [100].

Materials such as braided polyester, polybutester (a butylene terephthalate and
poly(tetramethylene ether glycol) copolymer), polypropylene, PTFE, or e-PTFE
can be used for replacement of mitral valves related repairs. However, during
chordal replacement, the synthetic suture acts as a neochord. PTFE has been
found to have material properties that are closer in nature to natural chordae
than other materials such as braided polyester [101]. An alternative to synthetic
chordae is the use of natural tissues, such as glutaraldehyde-tanned pericardial
strips [102]. However, PTFE has been found to produce better clinical results
than glutaraldehyde-tanned pericardial strips for chordal replacement [103].
Developments of new chordal replacement materials may further improve mitral
valve repair in the long term. Tissue engineered synthetic chordae made from
cultured fibroblast and smooth muscle cells have been reported, with added type
I collagen [104, 105]. However, replacement synthetic chordae with properties
closer in nature to real chordae may well provide benefits for mitral valve
replacement (Figure 1.3).

Stents are usually composed of metal wires forming the outer boundaries of an
open cylinder. The most widely used stents are made from stainless steel [106] and
are relatively inert when in place. Stents have been very successful clinically and
may well be used in over 50% of angioplasty procedures [107]. The placement of
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Figure 1.3 Polymers for artificial vascular grafts.

stents may damage the arterial endothelial layer [108], which may cause some of
the problems associated with stents. Initially, stents were designed to be bioinert
(by using materials such as stainless steel). However, coatings may be necessary
to avoid restenosis. Polymer coatings, including natural polymers such as hep-
arin (a polysaccharide), have been used on stents. Stents coated with resorbable
polymers such as polycaprolactone and polyorthoester, and copolymers such as
polyglycolic–polylactic acid, poly(hydroxybutyrate valerate), and poly(ethylene
oxide)–poly(butylene terephthalate) have been compared in vivo as resorbable
stent coatings [109]. Phosphorylcholine applied to the stents has the potential to
prevent the stent from inducing the formation of a thrombus on its surface [110].
Currently, polymers within stents hold most promise as coatings used to control
drug delivery or release from or near stents to reduce restenosis and thrombus
formation.

Polymer fibers composed of polydioxanones (PDS) were first tested for use
as monofilament biodegradable surgical sutures and the degradation profile
was later found to be affected by gamma irradiation [111]. Katz et al. [112]
reported biodegradable, poly(trimethylene carbonates) for monofilament surgi-
cal sutures currently marketed as Maxon. PLGA composed of LA–GA 10–90
has long-found utility as Vicryl (polyglactin 910), a biodegradable surgical suture
licensed by Ethicon (Somerville, New Jersey) and, in 2002, Vicryl Plus became
the first marketed suture designed to contain an antibacterial agent, Triclosan
or 5-chloro-2-(2,4-dichlorophenoxy)phenol [113]. Lendlein and Langer reported
a new thermoplastic elastomer based on PCL and poly(dioxanone), with both
homopolymers having been used as suture materials [114]. Currently, much effort
is being focused on using polyurethane (PU) in biomedical applications such as
cardiac-assist pumps and blood bags, to chronic implants such as heart valves
and vascular graft, hemodialysis bloodline sets, center venous catheters (CVCs),
and intravenous (IV) bags [115, 116]. Lin et al., demonstrated that water-soluble
chitosan/heparin immobilized PU membranes effectively improved in vitro
hemocompatibility and superior biocompatibility [117].
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1.5
Biomaterials for Bone Repair

Bone is a metabolically active, highly vascularized tissue with a unique ability to
regenerate without creating a scar [118]. Bone repair was proposed to be one of
the first, major applications of tissue engineering [119]. The general concept of
bone tissue engineering is based on the formation of a tissue engineering construct
to encourage the regeneration of the damaged tissue [120]. The main physiolog-
ical functions of the ECM include storage of the nutrients, growth factors, and
cytokines as well as mechanical stabilization for anchorage-dependent cells [121].
In the context of bone tissue engineering, the scaffold should possess the following
properties [122]:

a) biocompatibility,
b) bioresorbability/biodegradability,
c) open/interconnected porosity,
d) suitable topography and surface chemistry, and
e) appropriate mechanical properties.

To fulfill the above requirements, several different types of the materials have
been proposed [123, 124]. Based on the origin, the scaffold materials may be
divided into two main groups: (i) naturally derived materials such as collagen,
glycosaminoglycans (GAGs), starch, chitosan, and alginates; and (ii) synthetic
ones, including metals, ceramics, bioactive glasses, and polymers (listed in
Table 1.2) [125–127]. In addition, the surface properties of the scaffold will
influence cell adhesion and activity.

Table 1.2 Types of biomaterials used for preparation of scaffolds for bone tissue
Engineering.

Polymer 3D architecture

Naturally derived materials
Collagen Fibrous, sponge, hydrogel
Starch Porous
Chitosan Sponge, fibers
Alginates Hydrogel, sponge
Hyaluronic acid (HA) Hydrogel
Polyhydroxyalkanotes (PHA) Porous, hydrogel
Synthetic polymers
Polyurethanes (PU) Porous
Poly(-hydroxy acids) (i.e., PLLA, PGLA) Porous
Poly(ε-caprolactone) (PCL) Sponge, fibers
Poly(propylene fumarates) (PPF) Hydrogel
Titanium Mesh
Calcium phosphate Porous
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The current generation of synthetic bone substitutes is helping to overcome
the problems associated with availability and donor-site morbidity. Alternatives
to autografts and allograft preparations have included calcium-phosphates,
bioactive glass, polymers, and many other composite materials [128–130]. Over
the years, many materials have been described for application in bone repair
(Table 1.3).

Organic and inorganic synthetic polymers have been used in a wide variety
of biomedical applications. Other biodegradable polymers currently being
studied for potential tissue engineering applications include polycaprolactone,
polyanhydrides, and polyphosphazenes [131–133]. PMMA has also been
widely used in dentistry. Other polymers such as polytetrafluoroethylene
(PTFE) have also been used for augmentation and guided bone regeneration
[134, 135]. Ceramics have also been widely used in orthopedic and dental
applications [136] (Figure 1.4).

HA is biocompatible, and stimulates osseo-conduction [137, 138]. By recruiting
osteoprogenitor cells and causing them to differentiate into osteoblast-like bone-
forming cells, it is resorbed and replaced by bone at a slow rate [139]. Bioactive
glasses are another class of interesting material as they elicit a specific biological
response at the interface of the material, which results in the formation of a
bond between tissues and the material [140]. Calcium phosphate (CaP)-based
biomaterials have found many applications for bone substitution and repair.
These materials show excellent in vivo biocompatibility, cell proliferation, and
resorption [141].

Table 1.3 Types of biomaterials (polymers, ceramics, and composite) used for preparation
of scaffolds for bone tissue Engineering.

Polymers Ceramics Composite/natural

Polylactic acid Bioglass Poly(D,L-lactide-co-glycolide) -
bioactive glass

Polyglycolic acid Sintered hydroxyapatite Extracellular matrix (ECM)
Polycaprolactone Glass-ceramic A–W Hyaluronan-linear

glycosaminoglycan (GAG)
Polyanhydrides Hydroxyapatite

(HA)-calcium
phosphate-based ceramic

Demineralized bone matrix (DBM)

Polyphosphazenes Collagraft – commercial
graft. HA tricalcium
phosphate ceramic fibrillar
collagen

Polymethylmethacrylate
(PMMA)

Bioactive glass

Polytetrafluoroethylene
(PTFE)

Sol–gel-derived bioactive
glass
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1.6
Conclusion

In this chapter, a range of biomaterials from various polymers used for biomedical
applications have been described. Biomaterials need to possess a number of
key features to meet the stringent requirements of biomedical applications. The
chosen biomaterial must provide a biocompatible and biodegradable matrix
with interconnected pores to ensure that the body tolerates the conduit and also
promotes nutrient and cellular diffusion. Furthermore, the material initially needs
to provide mechanical stability and act as a template to guide three-dimensional
tissue growth. There is great potential to produce replacement blood vessels and
heart valves, which can be met with further advancements in tissue engineering.
Developments in the area of cellular replacement tissues have led to replacement
arteries and heart valves that can potentially allow host cell infiltration. Tissue
engineering of an artery with an ECM made by cells in culture also led to a
replacement artery with suitable properties for implantation. It is likely that there
will be further advances with these technologies. Developments in polymeric
material for use with stents in drug delivery systems, and to produce heart valves
may allow further developments in replacement devices. While, at present,
polymer stents have not proved to be successful, improvements in technology
may allow their use in the future. The ultimate test for all new devices that
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are used to repair or replace arteries or heart valves is how well they perform
clinically, and how they compare with existing devices. The development of
these valves into successful clinical implants will ultimately depend on their
long-term function, which can only be determined clinically. Furthermore, their
long-term durability will also determine their clinical value and lead to complete
optimization of their production; very useful techniques will be available that may
help produce prominent cardiovascular replacement materials. Furthermore, just
as it is true that no one material will satisfy all the design parameters required in
all applications within the tissue engineering field, it is also true that a wide range
of materials can be tailored for discrete applications, through the use of the most
appropriate processing methodologies and processing parameters selected.

Abbreviations

AA acrylic acid
BMP-2 bone morphogenetic protein-2
CVCs center venous catheters
DBM demineralized bone matrix
GAG glycosaminoglycan
HA hyaluronic acid
HEMA hydroxyethyl methacrylate
IGF-1 insulin-like growth factor 1
IV intravenous
MEMA methoxyethyl methacrylate
NIPAAm N-isopropyl Aam
NVP N-vinyl-2-pyrrolidone
PACAs polyalkylcyanoacrylates
PAGA poly[𝛂-(4-aminobutyl)-L-glycolic acid]
PCL Polycaprolactone
PDS polydioxanones
PEG poly(ethylene glycol)
PEGA poly(ethylene glycol) acrylate
PEGDA poly(ethylene oxide) diacrylate (poly(ethylene glycol) diacrylate
PEG–PLL poly(ethylene glycol)-co-poly(L-lysine)
PET polyesters
PIB polyisobutylene
PIB polyisobutylene
PLA poly(lactic acid)
PLGA poly(D,L-lactic acid-co-glycolic acid)
PLGA poly(lactide-co-glycolide)
PMMA polymethylmethacrylate
POEs polyorthoesters
PP Polypropylene
PPE-EA Poly(2-aminoethyl propylene phosphate)
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PPF poly(propylene fumarates)
PTFE polytetrafluoroethylene
PTFE fluoropolymers
PU polyurethane
PVA poly(vinyl alcohol)
TGF-β transforming growth factor β
VEGF vascular endothelial growth factor
CaP calcium phosphate
ECM extracellular matrix
PBLG poly(𝛄-benzyl L-glutamate)
RGD arginyl–glycyl–aspartic acid

References

1. Peppas, N.A. and Langer, R.L. (1994)
New challenges in biomaterials. Science,
263, 1715–1720.

2. Langer, R. and Tirrell, D.A. (2004)
Designing materials for biology and
medicine. Nature, 428, 487–492.

3. Murphy, W.L. and Mooney, D.J. (1999)
Controlled delivery of inductive pro-
teins, plasmid DNA and cells from
tissue-engineering matrices. J. Periodon-
tal. Res., 34, 413–419.

4. Davies, N. (2004) in Encyclopedia of
Biomaterials and Biomedical Engi-
neering (eds G.E.B. Wnek and L.
Gary), Marcel Dekker, New York,
pp. 662–669.

5. Jones, A.J. and Denning, N.T. (1988)
Polymeric Biomaterials: Bio- and Eco-
compatible Polymers, A Perspective
for Australia, Department of Industry,
Technology and Commerce.

6. Park, H. and Park, K. (1996) in
Hydrogels in Bioapplications, ACS
Symposium Series, vol. 627 (eds R.M.
Ottenbrite, S.J. Huang, and K. Park),
American Chemical Society, Washing-
ton, DC, p. 1.

7. Wichterle, O. (1978) in Soft Contact
Lenses: Clinical and Applied Technol-
ogy (ed. M. Ruben), Baillière Tindall,
London, pp. 3–5.

8. Levesque, S.G., Lim, R.M., and
Shoichet, M.S. (2005) Macroporous
interconnected dextran scaffolds
of controlled porosity for tissue-
engineering applications. Biomaterials,
26 (35), 7436–7446.

9. Li, Q., Wang, J., Shahani, S., Sun,
D.D., Sharma, B., Elisseeff, J.H., and
Leong, K.W. (2006) Biodegradable
and photocrosslinkable polyphospho-
ester hydrogel. Biomaterials, 27 (7),
1027–1034.

10. Varghese, S. and Elisseeff, J.H. (2006)
Hydrogels for musculoskeletal tissue
engineering. Adv. Polym. Sci., 203,
95–144.

11. Hern, D.L. and Hubbell, J.A. (1998)
Incorporation of adhesion peptides into
nonadhesive hydrogels useful for tissue
resurfacing. J. Biomed. Mater. Res., 39
(2), 266–276.

12. Burdick, J.A., Mason, M.N., Hinman,
A.D., Thorne, K., and Anseth, K.S.
(2002) Delivery of osteoinductive
growth factors from degradable PEG
hydrogels influences osteoblast differen-
tiation and mineralization. J. Controlled
Release, 83 (1), 53–63.

13. Wang, D., Williams, C.G., Yang, F.,
Cher, N., Lee, H., and Elisseeff, J.H.
(2005) Bioresponsive phophoester
hydrogels for bone tissue engineering.
Tissue Eng., 11 (1–2), 201–213.

14. Park, Y.D., Tirelli, N., and Hubbell, J.A.
(2003) Photopolymerized hyaluronic
acidbased hydrogels and interpene-
trating networks. Biomaterials, 24 (6),
893–900.

15. Shu, X.Z., Ghosh, K., Liu, Y., Palumbo,
F.S., Luo, Y., Clark, R.A., and Prestwich,
G.D. (2004) Attachment and spreading
of fibroblasts on an RGD peptide-
modified injectable hyaluronan



14 1 Biomaterials for Biomedical Applications

hydrogel. J. Biomed. Mater. Res. Part A,
68 (2), 365–375.

16. Cho, C.-S., Jeong, Y.-I., Kim, S.-H.,
Nah, J.-W., Kubota, M., and Komoto,
T. (2000) Thermoplastic hydrogel
based on hexablock copolymer com-
posed of poly(g-benzyl l-glutamate)
and poly(ethylene oxide). Polymer, 41,
5185–5193.

17. Kennedy, J.P. (1994) Tailoring polymers
for biological uses. Chemtech, 24, 3.

18. Kennedy, J.P. (2000) Designed Rubbery
Biomaterials, vol. 2, World Polymer
Congress, IUPAC Macro 2000, Book
of Abstracts, John Wiley & Sons, Ltd,
London, p. 712.

19. Shu, X.Z., Liu, Y.C., Palumbo, F.S., Luo,
Y., and Prestwich, G.D. (2004) In situ
crosslinkable hyaluronan hydrogels for
tissue engineering. Biomaterials, 25
(7–8), 1339–1348.

20. Lee, J.E., Kim, S.E., Kwon, I.C., Ahn,
H.J., Cho, H., Lee, S.-H., Kim, H.J.,
Seong, S.C., and Lee, M.C. (2004)
Effects of a chitosan scaffold contain-
ing TGF-beta1 encapsulated chitosan
microspheres on in vitro chondrocyte
culture. Artif. Organs, 28 (9), 829–839.

21. Burdick, J.A. and Anseth, K.S. (2002)
Photoencapsulation of osteoblasts
in injectable RGD-modified PEG
hydrogels for bone tissue engineering.
Biomaterials, 23 (22), 4315–4323.

22. Peters, M.C., Isenberg, B.C., Rowley,
J.A., and Mooney, D.J. (1998) Release
from alginate enhances the biological
activity of vascular endothelial growth
factor. J. Biomater. Sci., Polym. Ed., 9
(12), 1267–1278.

23. Elisseeff, J., McIntosh, W., Fu, K.,
Blunk, B.T., and Langer, R. (2001)
Controlled-release of IGF-I and TGF-
beta1 in a photopolymerizing hydrogel
for cartilage tissue engineering. J.
Orthop. Res., 19 (6), 1098–1104.

24. Lutolf, M.P., Weber, F.E., Schmoekel,
H.G., Schense, J.C., Kohler, T., Muller,
R., and Hubbell, J.A. (2003) Repair of
bone defects using synthetic mimetics
of collagenous extracellular matrices.
Nat. Biotechnol., 21 (5), 513–518.

25. Tabata, Y., Nagano, A., and Ikada, Y.
(1999) Biodegradation of hydrogel car-
rier incorporating fibroblast growth
factor. Tissue Eng., 5 (2), 127–138.

26. Kennedy, J.P. and Richard, G.C. (1993)
Polyisobutylene-toughened poly(methyl
methacrylate). 1. Synthesis, char-
acterization, and tensile properties
of PMMA-l-PIB networks. Macro-
molecules, 26 (4), 567–571.

27. Bhowmick, A.K. and Stephens, H.L.
(2001) Handbook of Elastomers, Marcel
Dekker Inc., New York.

28. Ravin, H.A., Seligman, A.M., and Fine,
J. (1952) Polyvinyl pyrrolidone as a
plasma expander; studies on its excre-
tion, distribution and metabolism. J.
Nucl. Med., 247 (24), 921–929.

29. Ammon, R. and Depner, E. (1957)
Elimination and retention of vari-
ous polyvinylpyrrolidone types in the
body. Z. Gesamte Exp. Med., 128 (6),
607–628.

30. Andrieu, V., Fessi, H., Dubrasquet,
M., Devissaguet, J.P., Puisieux, F., and
Benita, S. (1989) Pharmacokinetic eval-
uation of indomethacin nanocapsules.
Drug Des. Deliv., 4 (4), 295–302.

31. Polato, L., Benedetti, L.M., Callegaro,
L., and Couvreur, P. (1994) In vitro
evaluation of nanoparticle formula-
tions containing gangliosides. J. Drug
Targeting, 2 (1), 53–59.

32. Godard, G., Boutorine, A.S.,
Saison-Behmoaras, E., and Helene, C.
(1995) Antisense effects of cholesterol-
oligodeoxynucleotide conjugates
associated with poly(alkylcyanoacrylate)
nanoparticles. Eur. J. Biochem., 232 (2),
404–410.

33. Fresta, M., Cavallaro, G., Giammona,
G., Wehrli, E., and Puglisi, G. (1996)
Preparation and characterization of
polyethyl-2-cyanoacrylate nanocap-
sules containing antiepileptic drugs.
Biomaterials, 17 (8), 751–758.

34. Aboubakar, M., Puisieux, F., Couvreur,
P., Deyme, M., and Vauthier,
C. (1999) Study of the mecha-
nism of insulin encapsulation in
poly(isobutylcyanoacrylate) nanocap-
sules obtained by interfacial polymer-
ization. J. Biomed. Mater. Res., 47 (4),
568–576.



References 15

35. Boudad, H., Legrand, P., Lebas,
G., Cheron, M., Duchene, D., and
Ponchel, G. (2001) Combined
hydroxypropyl-beta-cyclodextrin and
poly(alkylcyanoacrylate) nanoparticles
intended for oral administration of
saquinavir. Int. J. Pharm., 218 (1–2),
113–124.

36. Chauvierre, C., Marden, M.C., Vauthier,
C., Labarre, D., Couvreur, P., and
Leclerc, L. (2004) Heparin coated
poly(alkylcyanoacrylate) nanoparti-
cles coupled to hemoglobin: a new
oxygen carrier. Biomaterials, 25 (15),
3081–3086.

37. Hillaireau, H., Le Doan, T., and
Couvreur, P. (2006) Polymer-based
nanoparticles for the delivery of
nucleoside analogues. J. Nanosci.
Nanotechnol., 6 (9–10), 2608–2617.

38. Stella, B., Arpicco, S., Peracchia, M.T.,
Desmaele, D., Hoebeke, J., Renoir, M.,
D’Angelo, J., Cattel, L., and Couvreur, P.
(2000) Design of folic acid-conjugated
nanoparticles for drug targeting.
J. Pharm. Sci., 89 (11), 1452–1464.

39. Peracchia, M.T., Fattal, E., Desmaele,
D., Besnard, M., Noel, J.P., Gomis,
J.M., Appel, M., d’Angelo, J., and
Couvreur, P. (1999) Stealth PEGy-
lated polycyanoacrylate nanoparticles
for intravenous administration and
splenic targeting. J. Controlled Release,
60 (1), 121–128.

40. Caliceti, P., Lora, S., Marsilio, F., and
Veronese, F.M. (1995) Preparation and
characterization of polyphosphazene-
based controlled release systems for
naproxen. Farmaco, 50 (12), 867–874.

41. Veronese, F.M., Marsilio, F., Lora, S.,
Caliceti, P., Passi, P., and Orsolini,
P. (1999) Polyphosphazene mem-
branes and microspheres in periodontal
diseases and implant surgery. Biomate-
rials, 20 (1), 91–98.

42. Veronese, F.M., Marsilio, F., Caliceti,
P., De Filippis, P., Giunchedi, P., and
Lora, S. (1998) Polyorganophosphazene
microspheres for drug release: polymer
synthesis, microsphere preparation, in
vitro and in vivo naproxen release. J.
Controlled Release, 52 (3), 227–237.

43. Aldini, N.N., Caliceti, P., Lora, S., Fini,
M., Giavaresi, G., Rocca, M., Torricelli,

P., Giardino, R., and Veronese, F.M.
(2001) Calcitonin release system in the
treatment of experimental osteoporo-
sis. Histomorphometric evaluation.
J. Orthop. Res., 19 (5), 955–961.

44. Ibim, S.M., el-Amin, S.F., Goad, M.E.,
Ambrosio, A.M., Allcock, H.R., and
Laurencin, C.T. (1998) In vitro release
of colchicine using poly(phosphazenes):
the development of delivery systems
for musculoskeletal use. Pharm. Dev.
Technol., 3 (1), 55–62.

45. Song, S.C. and Sohn, Y.S. (1998)
Synthesis and hydrolytic prop-
erties of polyphosphazene/
(diamine)platinum/saccharide con-
jugates. J. Controlled Release, 55 (2–3),
161–170.

46. Song, R., Joo Jun, Y., Ik Kim, J., Jin,
C., and Sohn, Y.S. (2005) Synthesis,
characterization and tumor selectivity
of a polyphosphazene–platinum(II)
conjugate. J. Controlled Release, 105
(1–2), 142–150.

47. Caliceti, P., Veronese, F.M., and Lora, S.
(2000) Polyphosphazene microspheres
for insulin delivery. Int. J. Pharm., 211
(1–2), 57–65.

48. Andrianov, A.K., Marin, A., and
Roberts, B.E. (2005) Polyphosphazene
polyelectrolytes: a link between the
formation of noncovalent complexes
with antigenic proteins and immunos-
timulating activity. Biomacromolecules,
6 (3), 1375–1379.

49. Seong, J.Y., Jun, Y.J., Kim, B.M., Park,
Y.M., and Sohn, Y.S. (2006) Synthesis
and characterization of biocompatible
poly(organophosphazenes) aiming for
local delivery of protein drugs. Int. J.
Pharm., 314 (1), 90–96.

50. Huang, Y., Liu, X., Wang, L., Verbeken,
E., Li, S., and De Scheerder, I. (2003)
Local methylprednisolone delivery
using a BiodivYsio phosphorylcholine-
coated drug-delivery stent reduces
inflammation and neointimal hyperpla-
sia in a porcine coronary stent model.
Int. J. Cardiovasc. Intervent., 5 (3),
166–171.

51. Wang, L., Salu, K., Verbeken,
E., Bosmans, J., Van de Werf, F.,
De Scheerder, I., and Huang, Y. (2005)
Stent-mediated methylprednisolone



16 1 Biomaterials for Biomedical Applications

delivery reduces macrophage contents
and in-stent neointimal formation.
Coron. Artery Dis., 16 (4), 237–243.

52. Huang, Y., Salu, K., Liu, X., Li, S.,
Wang, L., Verbeken, E., Bosmans, J.,
and De Scheerder, I. (2004) Methotrex-
ate loaded SAE coated coronary stents
reduce neointimal hyperplasia in a
porcine coronary model. Heart, 90 (2),
195–199.

53. Huang, Y., Salu, K., Wang, L., Liu,
X., Li, S., Lorenz, G., Wnendt, S.,
Verbeken, E., Bosmans, J., Van de Werf,
F., and De Scheerder, I. (2005) Use of
a tacrolimus-eluting stent to inhibit
neointimal hyperplasia in a porcine
coronary model. J. Invasive Cardiol., 17
(3), 142–148.

54. Huang, Y., Wang, L., Li, S., Liu, X., Lee,
K., Verbeken, E., van de Werf, F., and
de Scheerder, I. (2006) Stent-based
tempamine delivery on neointimal for-
mation in a porcine coronary model.
Acute Card Care, 8 (4), 210–216.

55. Luten, J., van Steenis, J.H.,
van Someren, R., Kemmink, J.,
Schuurmans-Nieuwenbroek, N.M.,
Koning, G.A., Crommelin, D.J., van
Nostrum, C.F., and Hennink, W.E.
(2003) Water-soluble biodegradable
cationic polyphosphazenes for gene
delivery. J. Controlled Release, 89 (3),
483–497.

56. Kawakami, H., Kanezaki, S., Sudo, M.,
Kanno, M., Nagaoka, S., and Kubota, S.
(2002) Biodegradation and biocompati-
bility of polyorganophosphazene. Artif.
Organs, 26 (10), 883–890.

57. Caliceti, P., Nicoli Aldini, N., Fini,
M., Rocca, M., Gnudi, S., Lora, S.,
Giavaresi, G., Monfardini, C., Giardino,
R., and Veronese, F.M. (1997) Bioab-
sorbable polyphosphazene matrices
as systems for calcitonin controlled
release. Farmaco, 52 (11), 697–702.

58. Huang, Y., Liu, X., Wang, L., Li, S.,
Verbeken, E., and De Scheerder, I.
(2003) Long-term biocompatibility eval-
uation of a novel polymer-coated stent
in a porcine coronary stent model.
Coron. Artery Dis., 14 (5), 401–408.

59. Wang, J., Zhang, P.C., Mao, H.Q., and
Leong, K.W. (2002) Enhanced gene

expression in mouse muscle by sus-
tained release of plasmid DNA using
PPE-EA as a carrier. Gene Ther., 9 (18),
1254–1261.

60. Wang, J., Mao, H.Q., and Leong, K.W.
(2001) A novel biodegradable gene car-
rier based on polyphosphoester. J. Am.
Chem. Soc., 123 (38), 9480–9481.

61. Huang, S.W., Wang, J., Zhang, P.C.,
Mao, H.Q., Zhuo, R.X., and Leong,
K.W. (2004) Water soluble and non-
ionic polyphosphoester: synthesis,
degradation, biocompatibility and
enhancement of gene expression in
mouse muscle. Biomacromolecules, 5
(2), 306–311.

62. Wen, J., Mao, H.Q., Li, W., Lin, K.Y.,
and Leong, K.W. (2004) Biodegrad-
able polyphosphoester micelles for
gene delivery. J. Pharm. Sci., 93 (8),
2142–2157.

63. Mao, H.Q. and Leong, K.W. (2005)
Design of polyphosphoester–DNA
nanoparticles for non-viral gene deliv-
ery. Adv. Genet., 53, 275–306.

64. Xu, X., Yu, H., Gao, S., Ma, H.Q.,
Leong, K.W., and Wang, S. (2002)
Polyphosphoester microspheres for
sustained release of biologically active
nerve growth factor. Biomaterials, 23
(17), 3765–3772.

65. Mao, H.Q., Shipanova-Kadiyaia, I.,
Zhao, Z., Dang, W., and Leong, K.W.
(1999) Encyclopedia of Controlled Drug
Delivery, John Wiley & Sons, Inc., New
York.

66. Harper, E., Dang, W., Lapidus, R.G.,
and Garver, R.I.J. (1999) Enhanced
efficacy of a novel controlled release
paclitaxel formulation (Paclimer deliv-
ery system) for local-regional therapy
of lung cancer tumor nodules in mice.
Clin. Cancer Res., 5 (12), 4242–4248.

67. Pradilla, G., Wang, P.P., Gabikian, P.,
Li, K., Magee, C.A., Walter, K.A., and
Brem, H. (2006) Local intracerebral
administration of paclitaxel with the
paclimer delivery system: toxicity study
in a canine model. J. Neurooncol., 76
(2), 131–138.

68. Grigat, E., Koch, R., and Timmermann,
R. (1998) BAK 1095 and BAK 2195:
completely biodegradable synthetic



References 17

thermoplastics. Polym. Degrad. Stab.,
59 (1–3), 223–226.

69. Lim, Y., Kim, C., Kim, K., Kim,
S.W., and Park, J. (2000) Devel-
opment of a safe gene delivery
system using biodegradable polymer,
poly[𝛂-(4-aminobutyl)-l-glycolic acid].
J. Am. Chem. Soc., 122 (27),
6524–6525.

70. Lim, Y.B., Han, S.O., Kong, H.U., Lee,
Y., Park, J.S., Jeong, B., and Kim,
S.W. (2000) Biodegradable polyester,
poly[𝛂-(4-aminobutyl)-l-glycolic acid],
as a nontoxic gene carrier. Pharm. Res.,
17 (7), 811–816.

71. Lim, Y.B., Kim, S.M., Suh, H., and Park,
J.S. (2002) Biodegradable, endosome
disruptive and cationic network-type
polymer as a highly efficient and non-
toxic gene delivery carrier. Bioconjugate
Chem., 13 (5), 952–957.

72. Panyam, J., Zhou, W.Z., Prabha, S.,
Sahoo, S.K., and Labhasetwar, V. (2002)
Rapid endolysosomal escape of poly(dl-
lactide-co-glycolide) nanoparticles:
implications for drug and gene delivery.
FASEB J., 16 (10), 1217–1226.

73. Denis-Mize, K.S., Dupuis, M.,
MacKichan, M.L., Singh, M., Doe, B.,
O’Hagan, D., Ulmer, J.B., Donnelly, J.J.,
McDonald, D.M., and Ott, G. (2000)
Plasmid DNA adsorbed onto cationic
microparticles mediates target gene
expression and antigen presentation
by dendritic cells. Gene Ther., 7 (24),
2105–2112.

74. Li, Z., Ning, W., Wang, J., Choi, A.,
Lee, P.Y., Tyagi, P., and Huang, L.
(2003) Controlled gene delivery system
based on thermosensitive biodegradable
hydrogel. Pharm. Res., 20 (6), 884–888.

75. Putnam, D. and Langer, R. (1999)
Poly(4-hydroxy-l-proline ester): low-
temperature polycondensation and
plasmid DNA complexation. Macro-
molecules, 32 (11), 3658–3662.

76. Lim, Y., Choi, Y.H., and Park, J. (1999)
A self-destroying polycationic polymer:
biodegradable poly(4-hydroxy-l-proline
ester). J. Am. Chem. Soc., 121 (24),
5633–5639.

77. Chung, T.W., Liu, D.Z., Hsieh, J.H.,
Fan, X.C., Yang, J.D., and Chen, J.H.

(2006) Characterizing poly(epsilon-
caprolactone)-𝛃-chitooligosaccharide-𝛃-
poly(ethylene glycol) (PCP) copoly-
mer micelles for doxorubicin (DOX)
delivery:effects of crosslinked of amine
groups. J. Nanosci. Nanotechnol., 6
(9–10), 2902–2911.

78. Aliabadi, H.M., Mahmud, A.,
Sharifabadi, A.D., and Lavasanifar,
A. (2005) Micelles of methoxy
poly(ethylene oxide)-𝛃-poly(epsilon-
caprolactone) as vehicles for the
solubilization and controlled deliv-
ery of cyclosporine A. J. Controlled
Release, 104 (2), 301–311.

79. Aliabadi, H.M., Brocks, D.R., and
Lavasanifar, A. (2005) Polymeric
micelles for the solubilization and
delivery of cyclosporine A: pharmacoki-
netics and biodistribution. Biomaterials,
26 (35), 7251–7259.

80. Forrest, M.L., Zhao, A., Won, C.Y.,
Malick, A.W., and Kwon, G.S. (2006)
Lipophilic prodrugs of Hsp90 inhibitor
geldanamycin for nanoencapsulation
in poly(ethylene glycol)-𝛃-poly(epsilon-
caprolactone) micelles. J. Controlled
Release, 116 (2), 139–149.

81. Forrest, M.L., Won, C.Y., Malick,
A.W., and Kwon, G.S. (2006) In
vitro release of the mTOR inhibitor
rapamycin from poly(ethylene glycol)-
𝛃-poly(epsiloncaprolactone) micelles. J.
Controlled Release, 110 (2), 370–377.

82. Vandermeulen, G., Rouxhet, L.,
Arien, A., Brewster, M.E., and
Preat, V. (2006) Encapsulation of
amphotericin B in poly(ethylene
glycol)-block-poly(epsiloncaprolactone-
co-trimethylenecarbonate) polymeric
micelles. Int. J. Pharm., 309 (1–2),
234–240.

83. Vakil, R. and Kwon, G.S. (2006)
Poly(ethylene glycol)-𝛃-poly(epsilon-
caprolactone) and PEG–phospholipid
form stable mixed micelles in aqueous
media. Langmuir, 22 (23), 9723–9729.

84. Allen, C., Han, J., Yu, Y., Maysinger,
D., and Eisenberg, A. (2000)
Polycaprolactone-bpoly(ethylene oxide)
copolymer micelles as a delivery vehicle
for dihydrotestosterone. J. Controlled
Release, 63 (3), 275–286.



18 1 Biomaterials for Biomedical Applications

85. Kim, S.Y., Shin, I.G., Lee, Y.M.,
Cho, C.S., and Sung, Y.K. (1998)
Methoxy poly(ethylene glycol) and
epsilon-caprolactone amphiphilic
block copolymeric micelle containing
indomethacin. II. Micelle formation and
drug release behaviours. J. Controlled
Release, 51 (1), 13–22.

86. Shin, I.G., Kim, S.Y., Lee, Y.M.,
Cho, C.S., and Sung, Y.K. (1998)
Methoxy poly(ethylene glycol)/epsilon-
caprolactone amphiphilic block copoly-
meric micelle containing indomethacin.
I. Preparation and characterization. J.
Controlled Release, 51 (1), 1–11.

87. Cheon Lee, S., Kim, C., Chan Kwon,
I., Chung, H., and Young Jeong, S.
(2003) Polymeric micelles of poly(2-
ethyl-2-oxazoline)-block-poly(epsilon-
caprolactone) copolymer as a carrier
for paclitaxel. J. Controlled Release, 89
(3), 437–446.

88. Choi, N.S. and Heller, J. (1979) Erodi-
ble agent releasing device comprising
poly(ortho esters) and poly(ortho car-
bonates). US Patent 4,138,344, Alza
Corporation.

89. Bikram, M., Lee, M., Chang, C.W.,
Janát-Amsbury, M.M., Kern, S.E., and
Kim, S.W. (2005) Long-circulating
DNA-complexed biodegradable multi-
block copolymers for gene delivery:
degradation profiles and evidence of
dysopsonization. J. Controlled Release,
103 (1), 221–233.

90. Bikram, M., Ahn, C.H., Chae, S.Y., Lee,
M.Y., Yockman, J.W., and Kim, S.W.
(2004) Biodegradable poly(ethylene
glycol)-co-poly(l-lysine)-𝛄-histidine
multiblock copolymers for nonviral
gene delivery. Macromolecules, 37 (5),
1903–1916.

91. Perin, E.C. (2005) Choosing a drug-
eluting stent: a comparison between
Cypher and Taxus. Rev. Cardiovasc.
Med., 6 (Suppl. 1), S13–S21.

92. Kohn, J. and Zeltinger, J. (2005)
Degradable, drug-eluting stents: a
new frontier for the treatment of coro-
nary artery disease. Expert Rev. Med.
Devices, 2 (6), 667–671.

93. Stevens, A. and Lowe, J. (1997) Human
Histology, Mosby, London.

94. Caro, C.G., Pedley, T.J., Schroter, R.C.,
and Seed, W.A. (1978) The Mechanics
of the Circulation, Oxford University
Press, Oxford.

95. Roe, B.B., Kelly, P.B., Myers, J.L., and
Moore, D.W. (1966) Tricuspid leaflet
aortic valve prosthesis. Circulation, 33
(Suppl. I), I124–I130.

96. Zdrahala, R.J. and Zdrahala, I.J.
(1999) Biomedical applications of
polyurethanes: a review of past
promises, present realities, and a
vibrant future. J. Biomater. Appl., 14
(1), 67–90.

97. Mackay, T.G., Wheatley, D.J., Bernacca,
G.M., Fisher, A.C., and Hindle, C.S.
(1996) New polyurethane heart
valve prosthesis: design, manufac-
ture and evaluation. Biomaterials, 17,
1857–1863.

98. Daebritz, S.H., Fausten, B., Hermanns,
B., Schroeder, J., Groetzner, J.,
Autschbach, R., Messmer, B.J., and
Sachweh, J.S. (2004) Introduction of a
flexible polymeric heart valve prosthe-
sis with special design for the aortic
position. Eur. J. Cardiothorac. Surg., 25,
946–952.

99. Daebritz, S.H., Sachweh, J.S.,
Hermanns, B., Fausten, B., Franke,
A., Groetzner, J., Klosterhalfen, B., and
Messmer, B.J. (2003) Introduction of
a flexible polymeric heart valve pros-
thesis with special design for mitral
position. Circulation, 108 (Suppl. II),
II134–II139.

100. Wheatley, D.J., Raco, L., Bernacca,
G.M., Sim, I., Belcher, P.R., and Boyd,
J.S. (2000) Polyurethane: material for
the next generation of heart valve pros-
theses? Eur. J. Cardiothorac. Surg., 17,
440–448.

101. Cochran, R.P. and Kunzelman, K.S.
(1991) Comparison of viscoelastic prop-
erties of suture versus porcine mitral
valve chordae tendineae. J. Card. Surg.,
6, 508–513.

102. Ng, C.K., Nesser, J., Punzengruber,
C., Pachinger, O., Auer, J., Franke,
H., and Hartl, P. (2001) Valvuloplasty
with glutaraldehyde-treated autologous
pericardium in patients with complex
mitral valve pathology. Ann. Thorac.
Surg., 71, 78–85.



References 19

103. Kobayashi, Y., Nagata, S., Ohmori,
F., Eishi, K., and Miyatake, K. (1996)
Mitral valve dysfunction resulting from
thickening and stiffening of artificial
mitral valve chordae. Circulation, 94
(Suppl. II), II129–II132.

104. Shi, Y. and Vesely, I. (2003) Fabri-
cation of tissue engineered mitral
valve chordae using directed colla-
gen gel shrinkage. Tissue Eng., 9 (6),
1233–1242.

105. Shi, Y. and Vesely, I. (2004) Char-
acterization of statically loaded
tissue-engineered mitral valve chor-
dae tendineae. J. Biomed. Mater. Res.
Part A, 69, 26–39.

106. Schoen, F.J. and Levy, R.J. (1999) Tissue
heart valves: current challenges and
future research perspectives. J. Biomed.
Mater. Res., 47, 439–465.

107. Topol, E.J. and Serruys, P.W. (1998)
Frontiers in interventional cardiology.
Circulation, 98, 1802–1820.

108. Padera, R.F. and Schoen, F.J. (2004)
in Biomaterials Science (eds B.D.
Ratner, A.S. Hoffman, F.J. Schoen,
and J.E. Lemons), Elsevier, London, pp.
470–494.

109. Van der Giessen, W.J., Lincoff, A.M.,
Schwartz, R.S., van Beusekom, H.M.M.,
Serruys, P.W., Holmes, D.R., Ellis,
S.G., and Topol, E.J. (1996) Marked
inflamatory sequelae to implantation of
biodegradable and nonbiodegradable
polymers in porcine coronary arteries.
Circulation, 94, 1690–1697.

110. Whelan, D.M., van der Giessen, W.J.,
Krabbendam, S.C., van Vliet, E.A.,
Verdouw, P.D., Serruys, P.W., and van
Beusekom, H.M.M. (2000) Biocom-
patibility of phosphorylcholine coated
stents in normal porcine coronary
arteries. Heart, 83, 338–345.

111. Yang, K.K., Wang, X.L., and Wang,
Y.Z. (2002) Poly(p-dioxanone) and its
copolymers. J. Macromol. Sci., 42 (3),
373–398.

112. Katz, A.R., Mukherjee, D.P., Kaganov,
A.L., and Gordon, S. (1985) A new
synthetic monofilament absorbable
suture made from polytrimethylene
carbonate. Surg. Gynecol. Obstet., 161
(3), 213–222.

113. Miller, R.A., Brady, J.M., and Cutright,
D.E. (1977) Degradation rates of oral
resorbable implants (polylactates and
polyglycolates): rate modifi cation with
changes in PLA/PGA copolymer ratios.
J. Biomed. Mater. Res., 11 (5), 711–719.

114. Skarja, G.A. and Woodhouse, K.A.
(2001) In vitro degradation and erosion
of degradable, segmented polyurethanes
containing an amino acid-based chain
extender. J. Biomater. Sci., Polym. Ed.,
12, 851–873.

115. Zhu, Y., Gao, C., He, T., and Shen, J.
(2004) Endothelium regeneration on
luminal surface of polyurethane vas-
cular scaffold modified with diamine
and covalently grafted with gelatin.
Biomaterials, 25 (3), 423–430.

116. Yuan, Y., Ai, F., Zang, X., Zhuang,
W., Shen, J., and Lin, S. (2004)
Polyurethane vascular catheter surface
grafted with zwitterionic sulfobetaine
monomer activated by ozone. Colloids
Surf., B, 35 (1), 1–5.

117. Lin, W.-C., Tseng, C.-H., and Yang,
M.-C. (2005) In-vitro hemocompat-
ibility evaluation of a thermoplastic
polyurethane membrane with surface-
immobilized water-soluble chitosan
and heparin. Macromol. Biosci., 5,
1013–1021.

118. Sommerfeldt, D.W. and Rubin, C.T.
(2001) Biology of bone and how it
orchestrates the form and function of
the skeleton. Eur. Spine J., 10 (Suppl. 2),
S86–S95.

119. Service, R.F. (2000) Tissue engineers
build new bone, Science, 289 (5484),
1498–1500.

120. Hutmacher, D.W. and Garcia, A.J.
(2005) Scaffold-based bone engineering
by using genetically modified cells.
Gene, 347 (1), 1–10.

121. Kneser, U., Schaefer, D.J.,
Polykandriotis, E., and Horch, R.E.
(2006) Tissue engineering of bone: the
reconstructive surgeon’s point of view.
J. Cell. Mol. Med., 10 (1), 7–19.

122. Salgado, A.J., Coutinho, O.P., and Reis,
R.L. (2004) Bone tissue engineering:
state of the art and future trends.
Macromol. Biosci., 4, 743–765.

123. Laurencin, C.T., Ambrosio, A.M.,
Borden, M.D., and Cooper, J.A. Jr.,



20 1 Biomaterials for Biomedical Applications

(1999) Tissue engineering: orthopedic
applications. Annu. Rev. Biomed. Eng.,
1, 19–46.

124. Vats, A., Tolley, N.S., Polak, J.M., and
Gough, J.E. (2003) Scaffolds and bio-
materials for tissue engineering: a
review of clinical applications. Clin.
Otolaryngol. Allied Sci., 28, 165–172.

125. Hutmacher, D.W. (2000) Scaffolds in
tissue engineering bone and cartilage.
Biomaterials, 21, 2529–2543.

126. Lewandowska-Szumiel, M., Sikorski,
K., Szummer, A., Lewandowski, Z.,
and Marczynski, W. (2007) Osteoblast
response to the elastic strain of metallic
support. J. Biomech., 40, 554–560.

127. Yang, Y. and El Haj, A.J. (2006)
Biodegradable scaffolds – delivery
systems for cell therapies. Expert Opin.
Biol. Ther., 6, 485–498.

128. Burg, K.J., Porter, S., and Elam, J.F.
(2000) Biomaterial developments for
bone tissue engineering. Biomaterials,
21 (23), 2347–2359.

129. Hench, L.L. and Paschall, H.A. (1973)
Direct chemical bond of bioactive
glass- ceramic materials to bone and
muscle. J. Biomed. Mater. Res., 7,
25–42.

130. Spector, M. (2006) Biomaterials-based
tissue engineering and regenerative
medicine solutions to musculoskele-
tal problems. Swiss Med. Wkly., 136,
293–301.

131. Gunatillake, P.A. and Adhikari, R.
(2003) Biodegradable synthetic poly-
mers for tissue engineering. Eur. Cells
Mater., 5, 1–16.

132. Bass, E., Kuiper, J.H., Wood, M.A.,
Yang, Y., and El Haj, A.J. (2006) Micro-
mechanical analysis of PLLA scaffolds
for bone tissue engineering. Eur. Cells
Mater., 11 (3), 34.

133. Cohn, D. and Salomon, A.H. (2005)
Designing biodegradable multiblock

PCL/PLA thermoplastic elastomers.
Biomaterials, 26, 2297–2305.

134. Santhosh Kumar, T.R. and Krishnam,
L.K. (2002) A stable matrix for gen-
eration of tissue engineered non
thrombogenic vascular grafts. Tissue
Eng., 8 (5), 763–770.

135. Dahklin, C., Anderrsson, L., and Linde,
A. (1991) Bone augmentation at fenes-
trated implants by an osteopromotive
membrane technique. A controlled
clinical study. Clin. Oral Implants Res.,
2 (4), 159–165.

136. Jarcho, M. (1981) Calcium phosphate
ceramics as hard tissue prostheses.
Clin. Orthop. Relat. Res., 157, 259–266.

137. Di Silvio, L., Dalby, M., and Bonfield,
W. (1998) In vitro response of
osteoblasts to hydroxyapatite reinforced
polyethylene composites. J. Mater. Sci. -
Mater. Med., 9, 845–848.

138. Schnettler, R., Alt, V., Dingeldein, E.,
Pfefferle, H.J., Kilian, O., Meyer, C.,
Heiss, C., and Wenisch, S. (2003) Bone
ingrowth in _FGF-coated hydroxyap-
atite ceramic implants. Biomaterials,
24, 4603–4608.

139. Kizuki, T., Ichinose, M.O.S., Nakamura,
S., Hashimoto, K., Toda, Y., Yokogawa,
Y., and Yamashita, K. (2006) Specific
response of osteoblast-like cells on
hydroxyapatite layer containing serum
protein. J. Mater. Sci. - Mater. Med., 17
(9), 859–867.

140. Hench, L.L., Splinter, R.J., Allen, W.C.,
and Greenlee, J.T.K. (1972) Bonding
mechanisms at the interface of ceramic
prosthetic materials. J. Biomed. Mater.
Res., 2 (1), 117–141.

141. Song, J., Saiz, E., and Bertozzi, C.R.
(2003) A new approach to miner-
alization of biocompatible hydrogel
scaffolds: an efficient process toward
3-dimensional bone like composites.
J. Am. Chem. Soc., 125, 1236–1243.



21

2
Conducting Polymers: An Introduction

Nidhin Joy, Joby Eldho, and Raju Francis

2.1
Introduction

Polymers have been extensively used both as biomaterials, which are constituents
of medical devices, and as constituents of drug delivery systems [1]. Many regula-
tory requirements must be met in order to use materials in the domain of human
health [2]. For instance, sterility is mandatory concerning materials in direct con-
tact with living tissues in the absence of a barrier such as intact skin. In addition,
both polymers and devices have to be biocompatible, and their biocompatibility
has to be evaluated by in vitro and in vivo tests [3, 4]. However, the regulations dif-
fer depending on whether the polymer is a constituent of a medical device or part
of a medication. If a drug is included in a medical device for an auxiliary action,
then the regulations for medical devices are applicable. If the main action is linked
to the presence of the drug, then regulations for medications are applicable.

Polymers (plastics) are known to have good insulating properties and are among
the most used materials in the modern world. However, it has been discovered that
there are some polymers that have conducting properties. Polymer materials with
metallic and semiconductor characteristics are called conducting polymers (CP),
a combination of properties not exhibited by any other known material [5]. The
most important component of a CP is the presence of conjugated double bonds
along the backbone of the polymer. In conjugation, alternate single and double
bonds exist between the carbon atoms.

Since the electrons in a conjugated system are only loosely bound, current flow
may be possible. Every bond contains a localized “sigma” bond that forms a strong
chemical bond. In addition, every double bond also contains a less strongly local-
ized “pi” bond that is weaker [6, 7]. These enable the electrons to be delocalized
over the whole polymer chain and so be shared by many atoms. This means that
the delocalized electrons may move around the whole system. However, conju-
gation alone is not enough to make the polymer material conductive. Further,
the polymer material needs to be doped for electron flow to occur. Doping is
either the addition of electrons (reduction reaction) or the removal of electrons
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(oxidation reaction) from the polymer. An oxidation doping (means removal of
electrons) can be carried out using iodine. The iodine attracts an electron from
the polymer from one of the bonds. Once doping is done, the electrons in the
bonds are able to “jump” around the polymer chain. As the electrons move along
the molecule, electric current flows. For better conductivity, the molecules must
be well ordered and closely packed to limit the space “jumped” by the electrons.
The conductivity of these polymers can be fine-tuned by chemical manipulation
of the polymer backbone, by the nature of the dopant, by the degree of doping,
and by blending with other polymers [8].

Polyacetylene, in view of possessing the simplest molecular framework, has
attracted the most attention, especially of physicists, with an emphasis on
understanding the mechanism of conduction. However, its insolubility, infusibil-
ity, and poor environmental stability have rendered it rather unattractive for
technological applications. The technologically relevant front-runners belong to
essentially four families: polyaniline (PANI), polypyrrole (PPy), polythiophenes
(PT), and poly(para-phenylene vinylene) (PPV)

PANI is rather unique as it is the only polymer that can be doped by a protic
acid and can exist in different forms depending upon the pH of the medium.
While PANI is soluble in the neutral emeraldine form in highly polar aprotic
solvents such as NMP, all other polymers are insoluble. However, as mentioned
earlier, laterally substituted derivatives of the remaining three classes are soluble
in pristine form and are solution processable. A typical example of a laterally
substituted conjugated polymer that has been extensively investigated is P3-HT.
PANI, PPy, and PT can be prepared by either chemical or electrochemical
oxidation, the latter approach being often preferred as they result in polymeric
films deposited on the anode surface, which can be removed to give free-standing
films. The electrochemical method, in addition, may also be well suited for
fabrication of microelectronic devices in which polymer films are directly
deposited on to metal contacts. Although chemical oxidation yields powders, the
reaction when performed in the presence of surfactants, in some cases, permits
the preparation of emulsions, which upon drying form coherent films. In the case
of the substituted derivatives, however, the chemical method is often preferred,
as the resulting polymers are soluble and hence can be purified and solution
processed.

PPV has also attracted a lot of attention in recent years, due to the availabil-
ity of a synthetic route that gives a water-soluble polyelectrolyte precursor, which
upon heating to about 200 ∘C under vacuum gives the wholly conjugated poly-
mer. By virtue of this soluble precursor route, PPV films and fibers for a variety of
applications are accessible.

CP have got wide applications in these fields, namely light-emitting diodes
(LEDs), electrochromic displays, polymeric batteries, and so on [9]. They have
also touched the biological field by taking its application in the field of biosensors
[10–12]. Commonly used CP are shown in Table 2.1.

CP have also touched the arena of biomedical applications. One such applica-
tion is the fabrication of a glucose biosensor. Such a device can not only sense the
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Table 2.1 Various conducting polymers.

Structure Maximum
conductivity

Stability Processability

Polyaniline

n

1.5× 105 Reacts with
air

Film not soluble or
fusible

Polypyrrole

n

H
N

H
N

2000 Reasonably
stable

Insoluble and
infusible

Polythiophene

n

SS

100 Stable Insoluble and
infusible

Polyaniline

n
NN

10 Stable Soluble in neutral
form

Polyphenylene

n
N

1000 Stable Insoluble and
infusible

Polyphenylene vinylene

n

1000 Stable
undoped
form

Soluble precursor
route available

presence of glucose but can also estimate its concentration. The principle involves
immobilization of an enzyme and a suitable mediator on a conducting polymer
matrix that is coated on to a suitable sensor chip. PPy- and PANI-based sensors
have been fabricated, both of which are of the amperometric type (based on the
measurement of the steady-state current at a fixed applied potential). One such
sensor is based upon electrochemically polymerized PPy on an electrode from a
solution that contains both glucose oxidase (a flavin-containing enzyme that oxi-
dizes glucose) and ferrocene monocarboxylic acid (which is the electron transfer
mediator that shuttles electrons from the redox center of the enzyme to the surface
of the sensing electrode). In such a device, the amount of charge transferred (i.e.,
the current passed) is proportional to the concentration of glucose present in the
solution. The specificity of the enzyme (which oxidizes only glucose) imparts to
the device a very important characteristic, namely, its ability to sense glucose even
in the presence of several other components (as would be the case in, say, blood
or urine). Prototypes of such microamperometric glucose and galactose biosen-
sors based on a silicon chip employing PPy have in fact been developed by several
companies. These types of sensors are likely to soon find their way into analyti-
cal clinical laboratories for glucose estimation, for online supervision of diabetic
patients, and so on.
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2.2
Types of Conducting Polymers

Only emeraldine polymer exhibits conductivity. The emeraldine salt form which
is the conducting form of the emeraldine polymer is formed when an emeraldine-
based polymer is treated with acidic solution (either organic or inorganic protonic
acids) with pH lower than 4. The insulator form of the same polymer is obtained
if the polymer is treated with a solution with pH greater than 4 [13]. Common
CP are poly(acetylene)s, poly (pyrrole)s, poly(thiophene)s, poly(terthiophene)s,
poly(aniline)s, poly(fluorine)s, poly(3-alkylthiophene)s, polytetrathiafulvalenes,
polynapthalenes, poly(-phenylene sulfide), poly(-phenylenevinylene)s, poly(3,4-
ethylenedioxythiophene), polyparaphenylene, polyazulene, polyparaphenylene
sulfide, polycarbazole, and polydiaminonaphthalene [14]. Among the various CP,
PANI, polythiophene, and PPy are biocompatible and hence, cause minimal and
reversible disturbance to the working environment and protect electrodes from
fouling [15]. Nonetheless, only PANI and polypyrrole are most extensively used
in biosensors for foodborne pathogen detection. Recently, conducting polymer
nanocomposites that have improved properties have been fabricated to overcome
the inherent limitations of pure CP. [16] Some of the most important CP and their
synthetic techniques, properties, and applications are summarized and shown in
Table 2.2.

The greater exposed surface area of conducting polymer nanocompos-
ites/nanoparticles could greatly improve the diffusion. As a result of this,
the basic characteristic of a biosensor, for example, low detection limit, gets
enhanced. The oriented microstructure and the high surface area also facilitate
high biomolecule loading, and, thereby, highly sensitive detection is possible.
Besides, the relative stability is increased due to efficient bonding of biomolecule
on the transducer surface, which increases reproducibility. These materials are
particularly important due to their bridging role between the world of conducting
polymers and nanoparticles [17]. The rewarding features of CP nanocomposites
are also discussed in literature [18–23].

Pal and Alocilja have developed electrically active PANI-coated magnetic
nanoparticle-based biosensor for the detection of Bacillus anthracis endospores
in contaminated food samples. The 100 nm-diameter EAPM nanoparticles are
synthesized from aniline (ANI) monomers coating the surface of gamma iron
oxide cores. Experimental results show that the biosensor is able to discover
Bacillus anthracis spores at concentrations as low as 4.2 × 102 spores/ml
from the samples with a total detection time of 16 min. Nanocomposite of
poly(anilineboronic acid), a self-doped PANI, with ss-DNA-wrapped single-
walled carbon nanotubes(ss-DNA/SWNTs) to fabricate on a gold electrode by in
situ electrochemical polymerization of 3-aminophenylboronic acid monomers in
the presence of ss-DNA/SWNTs was used by Ma et al. [24]. The paper reported
that the sensitivity increased by four orders of magnitude when nanocomposite
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Table 2.2 Types of conducting polymers and their properties and applications.

Conducting polymer Synthetic technique Properties Applications

Polypyrrole (PPy) Electrochemical and
chemical synthesis

High conductivity (up to
160 S cm−1) when doped
with iodine, opaque, brittle,
amorphous material

Biosensors, antioxidants,
drug delivery, bioactuators,
neural prosthetics,
cardiovascular applications

Polyaniline (PANI) Electrochemical and
chemical synthesis

Belongs to the semiflexible
rod polymer family;
requires simple
doping/dedoping
chemistry; high
conductivity up to
100 S cm−1

Biosensors, antioxidants,
drug delivery, bioactuators,
food industry,
cardiovascular applications

Poly(3,4-diethylene-
dioxythiophene)
(PEDOT)

Electrochemical and
chemical synthesis

High temperature stability;
ability to suppress the
so-called thermal runway of
the capacitor transparent
|conductor; high
conductivity up to
210 S cm−1

Biosensors, antioxidants,
drug delivery, neural
prosthetics

Polythiophenes (PT) Electrochemical and
chemical synthesis

Good electrical
conductivity and optical
property

Biosensors, food industry

was used to detect nanomolar concentrations of dopamine compared to the
detection at an electrode modified with only poly(aniline boronic acid).

CPs are an exciting new class of electronic materials, which have attracted
increasing interest since their discovery in 1977. They have many advan-
tages, as compared to the non-CP, which are primarily due to their electronic
and optic properties. In addition, they have been used in artificial muscles,
fabrication of electronic device, solar energy conversion, rechargeable batter-
ies, and sensors. Many scientists have been working on finding applications
for the newly discovered CP, such as thin-film transistors [25], polymer
LEDs [26], corrosion resistance [27], electromagnetic shielding [28], sen-
sor technology [29], molecular electronics [30], supercapacitors [31], and
electrochromic devices [32]. CP include PT, PPV, polycarbazole, PANI, and
PPy.

CP are mainly of three types:

• Electron-conducting polymers
• Proton-conducting polymers
• Ion-conducting polymers
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2.2.1
Poly(thiophene)

PT has received great scientific attention in the past 20 years. This is because of its
interesting properties, such as good environmental and thermal stability, as well as
by its wide application perspectives [33]. Numerous polyalkyl derivatives of thio-
phene have been synthesized so far by chemical and electrochemical approaches,
resulting in CP with better solubility and higher capacitor behaviors [34].

CP have attracted attention to be used as electrochromic materials due to their
inexpensive and potentially processable nature [35–37]. Thiophene-based poly-
mers have received significant interest for their electrical properties, environmen-
tal stabilities, and a number of practical applications. For instance, these materi-
als have been used as charge dissipation coatings in electron-beam lithography
[38] and as active semiconducting material in organic thin-film transistors [39].
Recently, Shi and coworkers reported the preparation of PT films from a boron
trifluoride–diethyl ether solution with thiophene monomer by electrochemical
means so that the films possess tensile strength and are tougher and mechani-
cally more durable than aluminum [40]. Thiophene-based polymers can also be
used as potential materials for electrochromic devices [41]. An electrochromic
material possesses the ability to reversibly change color by altering its redox state.
For instance, poly(3-methylthiophene) (poly(3MTh)) is known to be blue in the
oxidized state and red in the reduced state. Panero et al. have investigated the elec-
trochromic devices by using poly(3MTh)-coated indium tin oxide glass electrodes
and thus have obtained an optical contrast between the reduced and oxidized
states of about 30% [42].

2.2.2
Poly(para-phenylene vinylene)

PPV is a conducting polymer of the rigid-rod polymer family with high levels of
crystallinity. PPV is an important polymer in many electronic applications, such
as LEDs and photovoltaic devices [43], which is due to its small optical bandgap
and its bright yellow fluorescence. In addition, it can be easily doped to form
electrically conductive materials. Therefore, its electronic and physical properties
can be changed by the inclusion of functional groups. It is mostly synthesized via
chemical routes, where a precursor is converted to PPV by thermal elimination
of a leaving group. The deposition of PPV on to or inside polysilicon (PSi) could
lead to the development of new functional hybrid devices. In literature, PPV and
poly(2,5-dimethyl-para-phenylene vinylene) were prepared via the formation of
a double bond by thermal elimination of an octylsulfinyl side group at 200 ∘C
under vacuum [44]. Alves et al. have studied theoretical approaches of PPV
and poly(p-phenylene) (PPP) [45]. PPV-based devices have drawbacks due to
photodegradation. However, PPV and its derivatives find frequent application in
research cells [46].
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2.2.3
Poly(carbazole)

Carbazole(Cz) is a heterocyclic organic compound with active sides at the 3rd and
6th positions. The anodic polymerization of Cz [47], especially N-vinylcarbazole
[48, 49], has been considered in relation to the polymer film electrodes. The
interest in polycarbazoles is also stimulated by their possible applications in
electrochromic display devices [50] and batteries [51]. Sarac et al. have syn-
thesized and polymerized some ter-arenes based on N-ethylcarbazole and
thiophene [52]. PVCz electroluminescence devices with better performance and
modified configuration were also reported [53]. Electrocopolymerization of Cz
with p-tolylsulfonylpyrrole (pTsp) was studied concerning two different types
of electrodes, namely, CFMEs and platinum (Pt) button electrodes. Modified
electrodes on the CFMEs are more suitable for decreasing the electrochemical
potential values than the Pt button electrodes [54].

2.2.4
Polyaniline

The oxidized and reduced states of PANI films, including the effects of the
dopants and electrolytes, have been extensively studied [55]. Sarac et al. [56]
have studied aniline, which has been electropolymerized by the CV method
on three different electrodes: Pt, glassy carbon, and CFME in acid aqueous
solution (0.5 M H2SO4). Bhattacharya and De [57] have investigated PANI using
gas sensors and corrosion protective coatings. The applicability of PANI as an
ion-exchange resin and conducting polymer has attracted considerable scientific
interest in recent decades due to its good combination of properties, such as
diverse structure, thermal and radiation stability, low cost, ease of synthesis,
and conducting properties. This resulted in its application to different fields,
such as microelectronics, corrosion protection, sensors, and electrodes for
batteries [58].

2.2.5
Polypyrrole

Among the various CP, PPy is more interesting due to its ease of synthesis,
stability in the oxidized form, good redox properties, ability to give high electrical
conductivity, commercial availability, water solubility, and useful electrical and
optical properties [59–61]. So it has several applications, such as batteries,
electrochemical biosensors, supercapacitors, conductive textiles and fabrics, EMI
shielding, mechanical actuators, antistatic coatings, and drug delivery systems
[42]. Its intrinsic properties are highly dependent on electropolymerization
conditions [62].
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Brajter-Toth and coworkers have proposed overoxidized PPy films as a substi-
tute for Nafion films [63–65]. In its oxidized form, PPy is a positively charged
conducting polymer [66]. Upon overoxidation, it loses its conductivity and charge
[67]. The characterization of these films by X-ray photoelectron spectroscopy [68,
69] and Fourier transform infrared spectroscopy (FTIR) [70] reveals the overoxi-
dation results on addition of carbonyl and carboxylic groups.

2.3
Synthesis of Conducting Polymers

CPs can be synthesized by different methods of chemical synthesis including
step- or chain-growth polymerization. Condensation polymerization proceeds
via the loss of small molecules, such as hydrochloric acid or water. Radical, cation,
and anion polymerizations are all examples of addition polymerization [71]. The
advantages and disadvantages of chemical and electrochemical polymerization
methods are summarized in Table 2.3.

Electrochemical polymerization (Figure 2.1) occurs by applying an electrical
current through electrodes placed into a solution containing the monomer of
the polymer, the solvent, and the doping agent [72–75]. This method allows the
deposition of a thin film of the polymer with well-controlled thickness (down to
20 nm) and morphology [71, 74, 76]. The electrical current causes the monomer
to deposit and oxidize on the positively charged working electrode, forming
insoluble polymer chains. Electrochemical polymerization allows the synthesis
of the polymer only if its monomer can undergo oxidation in the presence of an
electrical potential. All of the main conductive polymers currently in use (e.g.,
PPy, PANI, PEDOT) fulfill this criterion.

Table 2.3 Comparison of chemical and electrochemical polymerization methods used to
prepare CPs.

Polymerization
approach

Advantages Disadvantages

Electrochemical
polymerization

• Synthesis of thin film is possible
• Doping is simultaneous
• Ease of synthesis
• Entrapment of molecules in CP

• Postcovalent modification of
CP is difficult

• Difficult to remove film from
electrode surface

Chemical
polymerization

• Postcovalent modification of
bulk CP is possible.

• More options to modify CP
backbone covalently

• Larger-scale production is
possible

• Synthesis is more
complicated

• Cannot make thin films
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Figure 2.1 A schematic of the electrochemical synthesis setup [72].

2.4
Surface Functionalization of Conducting Polymers

2.4.1
Physical–Chemical Modifications

Both physical and chemical modifications are used for achieving the surface
modification of the CP for incorporating biomolecules. Chemical modifica-
tion has been extensively investigated using biomolecules as dopants or by
immobilizing bioactive moieties on the surface of the material [77, 78]. Physical
modification has been explored by increasing surface roughness using methods
like creating microporous films using polystyrene sphere templates, fabricating
composites of nanoparticles and polylactide, growing CPs within HG, blending
with biomolecules to yield “fuzzy” structures, and so on.

2.4.2
Electrical Property Modification

Doping is the process of oxidizing (p-doping) or reducing (n-doping) a neutral
polymer and providing a counterion or cation (i.e., dopant), respectively. Upon
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doping, a zero-charged CP system is produced owing to the close association of
the counterions with the charged CP backbone. This process introduces charged
polarons- (radical ions) or bipolarons- (dications or dianions) like charge carriers
into the polymer. The attraction of electrons in one repeat unit to the nuclei in
the neighboring units yields charge mobility along the chains as well as between
the chains, often referred to as “electron hopping.” Electrical conductivity was
produced by this ordered movement of charge carriers along the conjugated CP
backbone [71, 79]. Dopant concentration is the main factor that affects the elec-
trochemical properties of the CP, that is, electrical conductivities can be varied by
15 magnitudes by changing dopant concentrations [80].

2.4.3
Mechanical Property Modification

As compared with those of a linear macromolecule, the tensile properties of CPs
like polyacetylene and PPy have been accounted to be very unsatisfactory. In any
case the tensile strength and moduli have been reported to increase as a conse-
quence of annealing [81]. Moreover, the mechanical properties have additionally
appeared to rely upon the strategy for the synthesis of CP [82]. The mechani-
cal property of the CPs was influenced by the addition of dopant molecules. The
expansion of dopants, for example, SbF5 and AsF5, has been reported to create a
significant lessening in the modulus and quality of the material.

This may be because even if the addition of dopants causes an increment in the
average cross-sectional area, no major contribution was accomplished toward the
load-bearing capacity of the polymer, in this way lowering its modulus. Likewise,
doping brought about embrittlement and scission, on account of the strong oxi-
dizing capability of the dopants utilized. Sometimes doping diminishes the tensile
modulus and attainable strain to around 1% in cases where the impact of doping is
greater because of the lateral separation of the polymer chain required to accom-
modate the dopant molecule. Varying alkyl chain length is also a technique for the
modification of mechanical properties.

Abbreviations

ANI aniline
CP conducting polymers
Cz carbazole
EL electroluminescence
GC glassy carbon
LEDs polymer light-emitting diodes
NMP N-methyl pyrrolidone
P3-HT poly(3-hexyl thiophene)
PANI polyaniline
PEDOT poly(3,4-diethylenedioxy thiophene)
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PPP poly(p-phenylene)
PPy polypyrroles
PPV poly(para-phenylene vinylene)
PT polythiophenes
pTsp p-tolylsulfonylpyrrole
PSi polysilicon
PVCz polyvinylcarbazole
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3
Conducting Polymers: Biomedical Applications

Nidhin Joy, Geethy P. Gopalan, Joby Eldho, and Raju Francis

3.1
Applications

Conducting polymers (CPs) are organic polymers that may either have metallic
conductivity or be semiconductors and can conduct electricity. The biggest
advantage of CPs is their processability, mainly by dispersion. Bioapplications of
CPs are attractive because of their inherent biocompatibility and unique optical
and electrical transduction mechanisms [1–3]. CPs consisting of conjugated
𝜋-electron systems also offer advantages of having enhanced chemical and phys-
ical properties [4, 5]. These features make CPs attractive for many biomedical
applications. There are various extraordinary qualities of CPs that make them
appropriate for integration with living systems:

1) Mixed conduction of both electronic and ionic charge carriers is advanta-
geous for communication with biological systems that depend mostly on ionic
fluxes.

2) CPs form ideal interfaces with electrolyte solutions that lack native oxides and
dangling bonds.

3) CPs are easily fabricated by chemical and electrochemical polymerization.
4) CP structure is readily modified by synthetic variables, and can be deposited

on substrates via electrochemical deposition or drop casting methods.
5) Conducting polymeric framework has “soft” mechanical properties almost

similar to those of the majority of biological tissues and, therefore, there is
very low mechanical mismatch in implanted devices.

6) Their biocompatibility enables various biomedical applications.
7) The solution processing of CPs facilitates easy fabrication and unique form

factors. Solution processability becomes important when designing flexible
devices or inexpensive single-use sensors. These characteristics provide a new
solution for interfacing electronics with biology and biodiagnostics.

The application of CPs at the interface with biology is an energizing new
pattern in organic electronics research [6–8]. The coupling of organic electronic
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devices (such as electrodes and transistors) with biological systems, in an effort
to bridge the biotic/abiotic interface, is included in the early field of organic
bioelectronics.

Recently, CP nanomaterials have shown outstanding chemical and physical
properties compared with those of ceramic and metal nanomaterials. Thus,
significant efforts have been made to fabricate CPs that enable various biomedical
applications, such as high-performance biosensing and cellular interfacing.
Although sensing or measuring devices based on CP nanomaterials have shown
excellent electrical and physical properties, their limitations, such as the mini-
mum detectable level, cytotoxicity assessments, and reliable synthesis methods,
remain challenges to realizing high-performance biomedical geometries.

CP nanomaterials are promising candidates that have shown excellent perfor-
mance in biomedical applications [9–16]. Nanoscale CPs exhibit outstanding
properties compared with their bulk counterparts. In addition, they possess
unique properties associated with high surface-to-volume ratios, such as highly
sensitive sensing and low impedance with cells. Studies have provided informa-
tion on the effects of interfacing CP nanomaterials in biological systems: (i) charge
transfer via CP nanomaterial arrays, (ii) immobilization of CP nanomaterials
and biomaterials, (iii) cell adhesion properties on CP nanomaterials, and (iv) the
cytotoxicity of size and shape-controlled CP nanomaterials.

Cytotoxicity assessments are essential for the purpose of using CP
nanomaterials for biomedical applications; however, they have generally been
neglected. Only a few papers have been published concerning the cytotoxicity
of CP nanomaterials. Although CPs are generally known as safe materials, the
unique physicochemical properties of CP nanomaterials can induce adverse
biological effects on living cells [17]. The surface area of nanomaterials increases
exponentially with decreasing size, resulting in increased uptake and interaction
with biological tissues. Thus, systematic toxicity evaluations of CP nanomaterials
are important for understanding the toxicological issues associated with nano-
materials and providing toxicological information with relevance to biomedical
applications. The investigation of neuronal development and outgrowth has
received considerable attention from biomedical engineers over the past few
decades [18–20]. Several research groups have exploited CP nanomaterials
to improve the properties of neural interfaces as well as methods in tissue
engineering [21, 22]. Such CP nanomaterials were substituted for metal elec-
trodes because of their enhanced charge-transfer characteristics, leading to
high cell adhesion in biological assays [19]. Because neuronal stimulation and
monitoring are required for many clinical diagnostics and remedies, the unique
electrical properties of CP nanomaterials may provide advantages for thera-
peutic and other purposes [23, 24]. In addition, the electronic properties of CP
nanomaterials can be modified according to the charge transport required for
electrical cellular interfacing. CPs nanomaterials can be subjected to large strains
and have high strength even though they are lightweight, and they can be applied
at body temperature and can circulate through the body [25–27]. Moreover, CP
nanomaterials can be actuated or tuned with existing technologies. Therefore, CP
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Figure 3.1 Everything is connected in the world of conductive polymers [28]. (Balint http://
www.sciencedirect.com/science/article/pii/S1742706114000671. Used under CC-BY 3.0 license
http://creativecommons.org/licenses/by/3.0/.)

nanomaterials have advantages in drug delivery systems, that is, the process of
releasing a pharmaceutical compound at specifically targeted points in the living
body; researches have made considerable efforts in the field of CP nanomaterials
to take advantage of their properties that could control the administration of a
therapy through physiological or chemical triggers. In this chapter, we provide
general information on CP nanomaterials and their biomedical applications
focusing especially on cellular interfacing and biosensing (Figure 3.1) [28].

In the field of bioelectronics emerged a champion material called poly(3,4-
ethylenedioxythiophene)/polystyrene sulfonate (PEDOT/PSS). The p-conjugation
gives PEDOT its semiconducting properties, while the PSS acts as a p-type
dopant and raises the room temperature electrical conductivity to high levels
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(100 S cm−1, even up to 1000 S cm−1 with proper optimization). Polarons present
on the PEDOT chain balances the fixed negative charges on the PSS chain,
resulting in an enhanced electronic conductivity.

Also the use of CPs in extracting polar compounds has several advantages: the
inherent and unusual multifunctionality of these compounds resulted in high
extraction efficiency (e.g., ion-exchange properties, π–π interactions, hydro-
gen bonding, acid-base properties, polar functional groups, and electroactivity)
[29, 30] and switchable ion-exchange behavior [31]. Conductive polypyrrole (PPy)
hollow fibers were fabricated by electrospinning and in situ polymerization over
electrospun polycaprolactone (PCL) fibers [32]. These fibers were used for the
solid-phase extraction of two important neuroendocrine markers of behavioral
disorders, namely, 5-hydroxyindole-3-acetic acid and homovanillic acid from
human plasma, with a successful recovery of 90.7% and 92.4%, respectively.

3.1.1
Drug Delivery

A drug delivery system is designed to deliver medicine at specifically targeted
places in the living body. The medicine can be transported by carriers such
as NPs and biomolecules [33, 34]. Polymeric microspheres and hydrogel-type
compounds have been investigated before for their ability to target specific
points and reduce drug toxicity. Moreover, controlled release and active targeting
delivery systems are required. CP nanomaterials are biocompatible and can be
activated by low voltages or light. The application of CP nanomaterials for drug
delivery has currently not been explored in depth but is promising. The Martin
group developed PEDOT NTs having well-defined internal and external surface
textures, which showed controlled release of dexamethasone (DEX) by external
electrical stimulation [35]. The PEDOT NTs lowered the impedance between
the tissue and recording site by growing the surface area for ionic-to-electronic
charge transfer. To produce the PEDOT NT delivery system, biodegradable PLLA
or poly(lactic-co-glycolic acid)(PLGA) was first electrospun onto the electrode,
followed by electrochemical deposition of PEDOT on the electrospun NFs. Then,
the drug was loaded into the NFs after the fiber templates were removed. The
neural probes consisting of PEDOT NTs enabled the electrical stimulation or
signal recording of neurons. This methodology opens new pathways for the
controlled release of drugs and biomolecules through electrical stimulation.
PEDOT:PSS NPs were developed as an organic photothermal agent, activated by
strong near-infrared (IR) absorbance, for the photothermal treatment of cancer
[36]. Layer-by-layer coating with charged PEDOT:PSS polymers, followed by
grafting with branched PEG, resulted in PEDOT:PSS–PEG NPs that were highly
stable in the physiological environment and possessed “stealth-like” behavior
after intravenous injection, with a long blood circulation half-life. As a pho-
tothermal agent, PEDOT:PSS–PEG NPs were used for in vivo cancer treatment
and demonstrated excellent therapeutic efficacy in a mouse tumor model under
near-IR irradiation at a low laser power density. Carbonized PPy NPs for drug
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delivery were prepared by pyrolysis of PPy NPs [37]. The final NPs displayed
uniform sizes, large micropore volumes, and high surface areas. Magnetic phases
formed during pyrolysis were useful for selective NP separation. Hydrophobic
medicines, such as ibuprofen, were incorporated into the carbonized PPy NPs by
surface adsorption and pore filling, and further plasma modification enhanced
drug sustainability via surface covalent coupling. Drug-loaded NPs demonstrated
sustained release properties. The carbonized PPy NPs also showed low toxicity
and were readily incorporated into cells.

The applications of drug delivery systems are targeting cell clusters rather than
the individual cells [38]. The utilization of CPs in the areas of bioanalytical sci-
ences is of immense interest since their biocompatibility opens up the possibility
of using them in “in vivo” biosensor applications for continuous monitoring of
drugs or metabolites in biological fluids or as a means of opening up the field
to a variety of new analytes [39–41]. Soluble CP polyaniline (PANI) grafted
to lignin, poly(aniline sulfonic acid), and PPy are effective scavengers of the
stable 1,1-diphenyl-2-picrylhydrazyl(DPPH) free radical. This property might
be especially advantageous in tissues suffering from oxidative stress due to its
attractive ability to lower the excessive levels of reactive radical species. This
free radical-reducing ability of CPs is matched by efficient scavenging of DPPH
radicals, with two and four radicals scavenged per aniline or pyrrole monomer
unit during the 30 min test period. This shows that CPs can act as effective antiox-
idants when present in biological media [42, 43]. Various vitamins and polyphenol
free radical-scavenging antioxidants in beverages, fruits, and vegetables are of
great interest. These antioxidants have the ability to protect against diseases like
cardiovascular diseases and cancer [44, 45]. Controlled drug release can also be
facilitated using a change in CP redox state to increase permeation of dexam-
ethasone (drug) [46, 47]. Electrical stimulation of CPs has been used to release
a number of therapeutic proteins and drugs like nerve growth factor (NGF),
heparin, and DEX. A fast release of heparin from the HG immobilized onto PPy
films has been observed when PPy was electrically stimulated. Another study
showed the utilization of PEDOT nanotubes polymerized on top of electrospun
PLGA nanofibers for the potential release of the drug DEX. Here, PEDOT was
integrated around the DEX-loaded PLGA nanofibers. DEX molecules remained
inside the PEDOT nanotubes when the PLGA fibers degraded. The volume of the
PEDOT nanotube changes upon electrical stimulation owing to the expulsion
of anions [35]. Although the CPs possess immense potential in drug delivery
applications, they have certain disadvantages that are attributed to the initial
burst release of the drug and the hydrophobic nature of the polymer, which
limits their application. Nevertheless, the drug delivery systems are of immense
scientific interest and give hope for the treatment of cancer and also for minimum
invasive techniques for several neural and cardiovascular applications.

Uniform pore-sized nanoporous membranes are used for achieving pulsatile
release of drugs based on electric stimulus [44, 48]. Fluorescein isothiocyanate-
labeled bovine serum albumin as a model protein drug was used for demonstrating
successful release of pulsatile drug. This device could be used for intermittent and
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fast drug delivery (therapeutic methods of hormone-related diseases as well as
chronic diseases). The main goal is the use of biodegradable polymers that could
eliminate surgery for removing the implant.

Cellulose-PPy composite film was also used as a self-powered drug delivery
system. This was constructed by electrochemical deposition of drug-contained
PPy film on the inner and outer surfaces of a porous cellulose film. The amount
of the drug released and the release rate were effectively controlled by adjusting
the thickness and type of the active metal, respectively. The authors expected
that this system could be used for in vivo applications because cellulose film is
biodegradable, and the system was flexible and lightweight [27].

Abidian et al. reported a new method for the preparation of CP nanotubes
that can be used for precise controlled drug release [35]. The fabrication process
involved electrospinning of a biodegradable polymer (e.g., PLGA), into which
a drug (e.g., DEX) was incorporated. Subsequently, a CP (e.g., PEDOT) was
electrochemically deposited around the drug-loaded electrospun nanofibers. The
proposed method seems to provide a useful means for creating low impedance,
biologically active polymer coatings, which can facilitate integration of electronic
active devices with living tissues. Highly localized stimulation of neurite out-
growth and guidance for neural tissue regeneration and spatially and temporally
controlled drug delivery for ablation of specific cell populations are the other
interesting biomedical applications of these electrically active polymer nanotubes.

Drug delivery systems based on CPs are of immense scientific interest for
cancer treatment and also for the development of minimally invasive techniques
(neural and cardiovascular applications). Significant burst release effect and a
great hydrophobic nature of polymeric chains limit their applications.

3.1.1.1 Release and Diffusion
Niamlang and Sirivat [49] investigated the Dapp of SA (as a model drug) doped
into PPV, as well as the mechanism of its release from PPV blended with PAAm
hydrogel. They compared it with the release of SA from PAAm hydrogel loaded
with SA. Measurements were carried out both in the presence and in the absence
of an external electric field of 0.1 V, which was applied either to the anode or
to cathode terminals. For the first 3 h, SA was not released from the SA-doped
PPV, without electric stimulation. Afterward it started to diffuse through the
PPV/PAAm blend until equilibrium concentration was reached. When the
electric field was applied to the anodic terminal, SA was initially not released by
SA-doped PPV, because ionic interaction between conductive polymer and SA
counter ions prevented it. On the other hand, when the potential was applied to
the cathode, the release was very pronounced and increased with the increase in
the strength of the electric field. The release of SA loaded into PAAm hydrogel
was also affected by the applied current. However, Dapp of SA diffusing from
PAAm hydrogel was smaller by one order of magnitude than Dapp of SA released
by SA-PPV. Chansai et al. [50] prepared PAA hydrogel, cross-linked by EGDMA.
Various degree of cross-linking was obtained by changing the proportion of
EGDMA. Cross-linked PAA hydrogels were blended with PPy doped with SSA
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(as a model drug). Diffusion of SSA through the PAA hydrogels was compared
with their diffusion through the matrices of the conductive blends. When the
degree of cross-linking was decreased and the strength of the applied electric field
was increased, the diffusion coefficients increased. Investigators concluded that
PPy promotes transport of SSA through PPA matrix, and its rate of release can
be controlled by adjustment of the appropriate parameters. Cho et al. [51] inves-
tigated mesoporous silica nanoparticles (100 nm in diameter) loaded with NGF
and imbedded into PPy film. This system was able to control the release of NGF,
which induced specific cellular response in the PC12 cells targeted by it. Their
spreading, adhesion, and proliferation were significantly increased. These effects
were strongly enhanced by electric stimulation of the PPy film. Luo and Cui [52]
investigated the electrically controlled drug release from the sponge like nanos-
tructured PPy film. It was found that the drug can be loaded not only into the bulk
of PPy but also onto its nanoholes. The choice of molecules that can be loaded
into the holes is not limited rigorously by their size or charge. Such system allows
the simultaneous release of two kinds of drugs, which may be required for a given
treatment, for example, for simultaneous delivery of enzyme and its cofactor.
Wadhwa et al. [53] electrochemically controlled release of DEX from PPy-coated
electrode. 0.5 μg cm−2 of DEX was released during each cycle of cyclic voltamme-
try (CV). A total of 16 μg cm−2 of DEX could thus be released after 30 CV cycles.
In vitro studies of murine glial cells showed that the number of reactive astrocytes
could thus be reduced without any toxic side effects. Authors believe that this kind
of system can also be used for local delivery of other drugs and agents for treat-
ment of injuries and disorders. Abidjan et al. [35] prepared conductive nanotubes
coated on neural electrodes by electrospinning the biodegradable poly (L-lactic
acid) (PLA) as a template in which DEX was incorporated. This step was followed
by an electrochemical deposition of PPy or PRDOT doped with saline solution.
DEX could be released after biodegradation or dissolution in chloroform of PLA.
Alternatively, the core of the polymer could be removed by soaking it in CH2Cl2,
and the conductive tubes (containing DEX inside it) could be deposited on the tips
of the microelectrodes. DEX could be delivered by activating the microelectrodes.

Stevenson et al. [54] investigated polyterthiophene (PTT) as an electro-
stimulated material for the release of DEX. Disodium phosphate of DEX can
be released from PTT at therapeutically relevant levels. Sirivisoot et al. [55]
released DEX and/or penicillin/streptomycin (P/S) in a controlled fashion, from
PPy immobilized on an anodized nanotubular titanium (MWNT-Ti). Pyrrole
monomers were oxidized by P/S or by DEX (incorporated as anionic dopants).
CV was used to stimulate the release of drugs from PPy. Results of CV showed
that 80% of drugs could be released on demand by applying five cycles of voltage
sweep at a scan rate of 0.1 V s−1. This investigation indicated that controlled
release of these drugs improved bone implants. They enhanced adhesion of
osteoblasts and inhibited fibroblast (scar-tissue cells) formation. Stauffer et al.
[56] modulated local neural activity by controlled drug release from PPy coated
on recording microelectrodes. However, without an external reservoir, the num-
ber of molecules that can be thus released was quite limited. These investigators
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attempted to increase drug load, to attain identical release at each pulse applied,
and to increase its efficiency, by creating a nanostructure polymer film. They
attempted to optimize stimulation drug release, and conditions of polymer synthe-
sis, in order to attain maximal, identical release at each pulse applied. Moreover,
electroactive polymers, other than PPy, could also be used for the electrochemi-
cally controlled release of various agents. Kang, Borgens, and Cho deposited PPy
electrochemically on colloidal polystyrene arrays, which served as a template for
the formation of a well-ordered porous PPy doped with NGF and sodium salt of
poly(styrene sulfonate) (NaPSS). They deposited, under constant cathodic poten-
tial of 0.9 V aqueous mixture of 0.1 M pyrrole, 0.1 M NaPSS and 100 μg ml−1 of
NGF. The resulting porous film of doped PPy was dried and stored in vacuum. The
PPY-NGF-doped film was incubated at 37 ∘C in PBS solution, and 0.1 V potential
applied for 2 h in order to release NGF. The release profile of NGF doped into
the open structure porous PPy increased dramatically in comparison with NGF
doped onto a flat PPy sheets, especially when it was stimulated electrically. Cell
adhesion, metabolic activity, and neurite extension of cells cultured on the porous
PPy were superior to those which were cultured on flat PPy sheets. Cho and Bor-
gens prepared biotin-doped porous PPY. 9 mM of biotin, and 0.01 M NaDBS were
used instead of NGF and NaPSS, and the applied potential was 0.7 V and not 0.9 V.
When the biotin-doped PPy was exposed to a suspension of gold–streptavidin
(Au–Sa), it absorbed gold particles as a result of the biotin–streptavidin interac-
tion. The absorbed Au–Sa nanoparticles can be released in a controlled fashion by
applying negative–positive potentials ranging from 1 to 2 V. When +2 V potential
was used, all the nanoparticles were released within 60 s. This experiment demon-
strated that biotin doping combined with biotin–streptavidin interactions can be
used for controlled release of many important biological substances. Shepherd
and Wallace [57] achieved autonomously controlled drug release due to galvanic
coupling between an electrode (I) immersed in PBS solution at pH= 7.2 and
biodegradable Mg alloy attached to it (which dissolves during the release of a drug
to form Mg2+ions) and electrode (II) connected to it, enveloped by a film of con-
ductive polymer doped with a drug to be released and immersed in an identical
PBS solution. The rate of drug release may be adjusted by changing the thickness
and/or porosity of the coating method of preparation or the type of the conducing
polymer. Majumdar et al. [58] applied a mathematical framework of the dynamics
and performance involved in the molecular drug release of a given drug from
an ECP, in order to calculate parameters of its release. A huge set of simulations
varying in operational parameters and design were considered. Authors believe
that the system developed by them will enable optimization of a wide range of
therapeutic applications of ECPs for controlled drug release and delivery.

3.1.1.2 Targeting and Delivery
Wuang et al. [59] synthesized nanoparticles of PPy with Fe3O4 encapsulated in
them by emulsion polymerization (with PVA as surfactant). The size (80–100 nm)
and shape of the PPy-Fe3O4 nanoparticles were well defined. Their magnetization
values were >20 emu g−1 and electric conductivity was about 1 S cm−1. At Fe3O4
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content of 28%, they were well dispersed and did not show any significant toxicity.
Surfactant’s functional groups allowed immobilization of folic acid or other
biomolecules. Folic acid bonded to them targeted efficiently MCT-7 human
breast cancer cells, as a result of the receptor-induced endocytosis and possibly
also some nonspecific binding. It is hoped that these nanoparticles will serve
as cancer cell-targeting agents and as intracellular seeds in cancer treatment
therapy. George et al. [60] proposed to attach drugs to be delivered to biotin
molecules, which were attached as dopants to PPy. In this way, they circumvented
problems related to the choice of dopant and were not limited by the molecular
weight of the drug. They investigated neurite outgrowth from PC12 cells cultured
on PPy doped with biotin to which NGF molecules were attached through
streptavidin links. Stimulation of PP by the 3 V potential was applied at 24 ∘C
across BPS solution. Abidian et al. [35] reported that DEX loaded into PLGA
tubes surrounded by PEDOT could be delivered at a given moment by electric
pulse, which caused contraction of PEDOT surrounding PLGA containing DEX
and pushed part of the drug into the surrounding solution or blood.

Micro- and nanostructured materials, often characterized by a significant
amount of surfaces and interfaces, have been attracting intensive interest
because of their demonstrated or anticipated unique properties compared with
conventional materials. As an important type of carrier for foreign species,
micro- and nanocontainers are common in nature, for example, the vesicles
in living cells. A vesicle is a small, intracellular, membrane-enclosed container
that stores or transports substances within a cell. In recent years, laboratorially
available micro- and nanocontainers have been obtained with the advancement
of nanotechnology resulting from scientific exploration of nature. CPCs, in
particular, have aroused great attention because of their special inherent
properties. Noticeably, the biggest advantage of nanostructured CPs is that their
structure and properties can be adjusted reversibly by the doping/dedoping
process. Therefore, CPs have been widely studied as actuators in aqueous
solution. The polymer matrix expands and contracts with the flux of counter
ions during the electrochemically controlled reversible doping and dedoping.
So far, various structures of conductive-polymer containers have been produced
by chemical or electrochemical approaches, including porous films, hollow
spheres, tube like structures, and so on. Numerous novel methods have been
introduced to fabricate CPCs. Among them, hard templates, soft templates,
and nanofabrication are usual and typical routes. Meanwhile, the formation
mechanisms of these CPCs have been investigated based on the comprehensive
understanding of their chemical, electrical, and mechanical properties.

CPCs are considered to be competitive potential candidates for applications in
encapsulation, drug delivery, and controlled release. A great deal of such examples
is available in recent reports, reviews, and books. However, there are seldom
systematic summaries, including the methods, corresponding mechanisms, and
applications of these containers. Because of their significant possibilities for the
future, the current state of knowledge concerning the aspects mentioned earlier
is reviewed in this chapter with a systematic perspective.
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Current drug delivery methods pose specific problems that scientists are
endeavoring to address. For example, many drug potencies and therapeutic
effects are limited or reduced because the drugs partially degrade before they
reach the target in the body. Further, injectable medications could be made more
cheaply and administered more easily if they were dosed orally [61]. However, this
improvement cannot take place until methods are developed for the safe delivery
of drugs through specific areas of the body or through an area where healthy bone
and tissue are badly affected. The goal of all drug delivery systems is to transport
medications intact to specifically targeted parts of the body through a medium
that can control the release of the drugs by means of either a physiological or
a chemical trigger. To achieve this, researchers have put enormous effort into
the fields of micro- and nanotechnology. During the past decades, polymeric
microspheres, polymer micelles, and hydrogel-type materials have all been
proven to be effective in enhancing drug targeting specificity, lowering systemic
drug toxicity, improving treatment absorption rates, and providing protection for
pharmaceuticals against biochemical degradation.

So far, many sophisticated and potent drugs have been developed. However,
conventional dosage forms such as oral delivery and injection have been found to
be unsuitable for many of these new protein- and DNA-based drugs. Since they
fail to target a specific area, these delivery routes often require frequent admin-
istration of drugs in high dosages. Consequently, the body experiences a rapid
release of the drug, which renders these dosage forms unsuitable for many of the
new drugs, because their toxicity requires observation for concentration spikes.
Therefore, the blood concentrations and target areas of these drugs must be care-
fully controlled. Furthermore, since the efficacy of many new and traditional drugs
is strongly influenced by their temporal administration, it is necessary to deliver
drugs at a controlled rate. For example, many therapeutic agents are most effective
when delivered in a pulsatile release profile. For these reasons, new cost-effective
technologies for controlled drug delivery are demanded for the administration of
the new drugs. Progress has been made in recent years following advances in nan-
otechnology, by way of microparticles, biocapsules, microneedles, and microp-
umps. The ideal drug delivery system that can self-regulate the delivery rate in
response to the patient’s physiological condition to obtain the optimal therapeutic
effect is yet to be attained.

The reasons why CPs are the ideal materials for biomedical actuators and
relevant applications have been summarized by Smela [62]. These lightweight
materials have large strain and high strength. They are able to work at room
or body temperature and in body fluids, and they only require low voltages
for actuation. Many CPs are also biocompatible and suitable for processing by
microfabrication with existing technology. CPs have been chosen as the material
for micropump drug delivery systems. Experiments were conducted to choose
the polymer or polymer composites most suitable for the application. Numerous
articles have indicated that PPy is a good candidate because of its in vivo stability
and biocompatibility. Different micropump designs were also modeled by
computer simulation. CPs possess reversible electrochemical responses, where
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they expand upon oxidation and contract on reduction. The volume change
originates from the insertion or expulsion of counter ions from an electrolyte
for charge balancing, together with the movement of solvent molecules. When
conducting electroactive polymers expand, they generate force and movement
in a particular direction. This electrochemically controlled actuation has been
investigated for a wide range of applications, including artificial muscles,
microrobotics, and microfluidics. Electrochemical switching of an electronically
conducting polymer is accompanied by charge compensation through ion flux
into or out of a membrane formed from such a polymer, which can be made to
work as an ion gate. PPy functions very well as an ion-gate membrane, which
is positively charged in its oxidized state and is neutral in its reduced state. The
ion-gate membrane can be used to control the delivery of drugs, which can be
accumulated in the membrane, for example, during oxidation, and then released
by electrochemically controlled reduction of the membrane.

PPy is particularly suitable for this purpose because the monomer is nontoxic,
and the electrochemical synthesis of the polymer membrane can be performed
in aqueous solution. Glutamate and dopamine (DA) can be released from a PPy
membrane using potential control. Pyo has shown that controlled release of
adenosine 5′-triphosphate (ATP) can be achieved using the same polymer mem-
brane [63]. Hepel and Mahdavi have used a composite PPy film as an ion-gate
membrane for the potential controlled release of a cationic drug, chlorpromazine
[64]. The electrochemical synthesis conditions have a great influence on the redox
properties of the PPy membrane, and these determine the ion-gate function of the
membrane. In a recent study, efforts were made toward the electrochemical poly-
merization of PPy conductive polymer in order to find the optimum conditions
for producing a PPy membrane that could exchange anions [65]. Furthermore,
Iseki et al. evaluated the efficiency of a PPy membrane as a device for drug delivery
using model compounds, which in aqueous solution produces anions with thera-
peutic activity. The selected anions were salicylate, nicoside, and naproxen. These
anions have an aromatic structure and are of medium size [66]. The delivery of
anions from the membrane was studied by using an electrochemical quartz crystal
microbalance (EQCM), as well as high-pressure liquid chromatography (HPLC)
as an analytical tool. In a report by D.G. Shchukin, the release and reloading cycles
of a PPy microcontainer system were visualized by fluorescence microscopy,
employing FITC-labeled dextran as a probe. The initial dextran-loaded PPy
microcontainer electrode demonstrated a high uptake yield in solution without
applied potential bias. Changing to a reductive potential resulted in the release
of the encapsulated material. Further, hollow polyelectrolyte capsules could be
reloaded with new portions of FITC-dextran at a positive potential bias. Twenty
minutes of incubation at an oxidative potential was sufficient to reload the
capsules inside the PPy microcontainer electrode. The incubation time or release
time could be reduced by increasing the potential bias (Figure 3.2) [66].

Martin et al. demonstrated that PEDOT nanotubes can precisely release indi-
vidual drugs and bioactive molecules at desired points in time by using electrical
stimulation [35]. By applying a positive voltage, electrons were injected into the
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Figure 3.2 Schematic representation of functioning of polypyrrole microcontainer electro-
chemical system. (Shchukin 2006 [67]. Reproduced with permission from American Chemical
Society.)

chains, and then positive charges in the polymer chains were compensated. To
maintain overall charge neutrality, counter ions were expelled toward the solution,
and the nanotubes contracted. PEDOT contraction then produced a mechanical
force creating pressure within the nanotubes. Expulsion of PLGA degradation
products and DEX occurs either through the ends or through openings or cracks
on the surface of the PEDOT nanotubes as a result of hydrodynamic force inside
the nanotubes. This research provided a general method capable of facilitating
the integration of electronically active devices into living tissues.

Encapsulation, drug delivery, and controlled release are the main goal of
scientists in preparing CPCs. Considering their special structures and unique
properties, CPCs could also be applied to other aspects. For example, because of
their high specific area, CP microcontainers are considered to be good candidates
for sensing applications. Dai et al. found that the response current for PPy micro-
containers is roughly double that of the corresponding PPy film when using them
to detect glucose [68]. Furthermore, CPCs are capable of serving as a catalyst
support due to their hollow structures and high surface-to-volume ratios. Despite
their potential applications in other fields, encapsulation of certain foreign
species and delivery and release of contents continue to be the focus of research.

The ability to nanostructure CPs allows biological signaling factors to be incor-
porated into these materials, through a variety of routes [69]. It is perceived that
electrochemical reduction of oxidatively doped CPs allows the release of micro-
scopic doses of biological inclusions to supply tissues with appropriate biological
cues in a controlled manner [44]. Biological release profiles can also be controlled
either through polymer composition or structure or through the application of
electrical potentials, which releases charged biomolecules via ionic flux [70]. Such
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bioactive CPs can be designed for targeted cell responses. This functionality has
been predominantly exploited in the field of neuroprostheses to promote neural
cell growth toward microelectrodes and is hypothesized to aid in the survival and
rescue of degenerative cells [71, 72]. The provision of cell adherence proteins and
growth factors within CPs have significantly improved in vivo cell interactions
with electrodes, but wider applications of bioactive CPs have not been thoroughly
investigated. It is hypothesized that bioactive CPs could find applications in the
prevention of infection and reduction of inflammation through the provision of
antibiotics, anti-inflammatories, and other appropriate drug formulations.

The utility of incorporating CPs into biomaterials to take electrical stimulation
on tissue regeneration such as nerve, skeletal, or other living tissues has been
explored by researchers. For example, biocompatible PANI and its derivatives
have both H9c2 cardiac myoblasts, and PC12 pheochromocytoma cells can
adhere, grow, and differentiate well [73, 74]. PPy enhanced the effect of NGF
in inducing neuronal differentiation of PC12 cells with electric stimulation.
Polyvinylidine difluoride (PVDF) and poled polytetrafluoro ethylene (PTFE)
promote enhanced neurite outgrowth in vitro and nerve regeneration in vivo as
a consequence of either transient or static surface charges in the material [75].

Electrospinning and spin coating are the two methods for NF synthesis. These
fibers are noticing for drug gene/cell delivery, wound dressings, artificial blood
vessels, and substrates for tissue regeneration, immobilization of enzymes, and
catalyst systems, because they have interconnected porous networks. Nonwoven
mats of electrospun NFs can copy the extracellular matrices (ECM) since their
construction becomes similar that of the collagen structure of the ECM (a 3D sys-
tem of collagen NFs 50–500 nm in distance across). What’s more, electrospun
synthetic materials can offer several advantages for tissue regeneration: correct
and controllable topography (e.g., nanoscale size, 3D porosity, and alignment),
encapsulation and local sustained release of drugs, and surface functionalization.
Electrospun NF mats can likewise be utilized for the development of complex
nanosensory systems to identify biomolecules (e.g., glucose recognition) in less
than nanomolar concentrations [76].

3.1.2
Electrode Coating

The most common biomedical applications for which CPs have been explored are
implantable bioelectrodes for stimulating or recording from tissues. Typical neu-
roprosthetic implant electrodes are fabricated from platinum, gold, or alloys of
these metals and iridium oxide. Despite recent advances in surface modification to
increase the available surface area of conventional electrodes, their minimal inter-
action with neural tissue limits their capacity to provide optimal stimulation of and
recording from neural cells [10]. The provision of a conductive polymer coating
has the potential to surmount these limitations by providing a softer interface with
a high surface area for delivering higher charge densities with lower thresholds.
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Bioelectrodes are used extensively in the area of biological–machine systems
integration (BMSI), particularly in relation to neural interfacing. The primary pur-
pose of the BMSI is to provide neural interfaces for both sensory (recording) and
actuation (neurostimulation purposes). The majority of recent advances in BMSI
for manipulation and locomotion are in the domain of neural and rehabilitation
engineering, the motivation being to improve the quality of life of the severely
paralyzed or those suffering from profound losses to various sense organs.

Cellulose paper can be viewed as a smart material that can be utilized as a
sensor and an actuator [77, 78]. The material has clear advantages with respect to
lightweight, dryness, biodegradability, biocompatibility, low cost, large deforma-
tion, low actuation voltage, and low power consumption. Cellulose paper can be
electrically activated due to the combination of ion migration and piezoelectric
effect which originates from its crystal structure. The performance of cellulose
can be enhanced by coating the paper with conductive polymers, for example,
PPy and PANI [79, 80]. The ion migration effect can be improved by nanocoating
the cellulose film with PPy and ionic fluids (e.g., 1-butyl- 3-methylimidazolium
tetra fluoroborate) [81]. This hybrid nanocomposite showed durable bending
actuation in ambient and temperature conditions. Results seem promising
for creating cellulose-based paper actuators for ultralightweight devices and
biomedical applications.

Cochlear implant, bionic eye, and deep brain stimulators are examples of stimu-
lating devices. In the case of the last device, direct electrical stimulation of cortical
and deep brain structures has been carried out for many years to control epileptic
seizures and symptoms associated with degenerative neurological disorders such
as Parkinson’s disease. Replacing loss of motor control through functional electri-
cal stimulation (FES) of nerve fibers and muscle is another example. While these
prostheses are utilized to electrically bring out reactions in specific neural tissue
through controlled stimulation paradigms, in many cases they are also required to
perform recording functions that output information relating to characteristics of
the neural – tissue interface – typically the interfacial impedance. Existing neural
recording devices are typically more research based, with intensive investigation
underway in the areas of brain–computer interfacing and nerve interfacing for
prosthetic control purposes. Cochlear implant is a commercially available device
that has for several decades restored hearing percepts to patients suffering from
sensorineural deafness. This device communicates with the neural tissue via a
flexible electrode array inserted in the cochlea. While the electrodes are fabri-
cated from platinum and provide an effective long-term stimulation platform, it
is hypothesized that CP electrodes could reduce implant power consumption and
improve signal fidelity by increasing the electroactive surface area. This would
benefit patients by allowing more complex signal modulation resulting in an
improved dynamic range. The psychophysical outcome of such technology would
be clearer hearing percepts of sounds, which are currently poor due to high
background noise, such as music and speech in crowded environments [82]. In
addition, the modification of CPs to incorporate biofunctional molecules might
be used both to reduce tissue damage resulting from implantation and rescue or
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aid in the survival of diseased neural cells [83]. The vision prosthesis, also known
as the bionic eye, is a stimulating device currently under development. Several
groups around the world [84–86] are designing implants to restore perception
of sight to blind patients by bypassing the degenerative photoreceptor tissue and
electrically stimulating the remaining functional cells. Such devices are designed
to aid patients blinded by degenerative diseases of the retina such as age-related
macular degeneration (AMD) and retinitis pigmentosa (RP) [87]. In both these
diseases the photoreceptor layer regresses, but a number of cell types within the
retina, such as the retinal ganglion cells (RGCs), remain functional and can be
electrically stimulated by electrodes placed in close apposition to the target cells
[88, 89]. One of the major technological barriers in developing such a device is
the construction of the high-density electrode array. CPs can potentially offer
one alternative to allow small electrodes to be constructed with appropriate
characteristics for long-term charge delivery.

In stimulating electrode applications, the current density supplied by the
electrode and the current threshold required for cell activation are integral in
determining the quality of the delivered signal. As the size of the electrodes is
reduced to increase the number of discrete stimulation points (or resolution), the
current density inversely increases. This is a major limitation for conventional
platinum electrodes as the typical charge-carrying capacity of this metal is
6 mC cm−2 [90], and the safe charge injection limit is 250 mC cm−2, above which
hydrolysis of the platinum can result in the evolution of toxic chemical species
that can cause adverse tissue reactions [91]. Conventional CPs have been reported
as carrying charge densities of up to approximately 200 mC cm−2 [92, 93]. It has
been proposed that CP coatings can provide significantly higher charge-carrying
surface areas available per geometric electrode area.

CPs have also found application in neural recording and sensing of many organ
systems in the body, with particular emphasis in the brain (cortical) interfacing
to provide the so-called brain–computer interfaces (BCIs). Other applications
include improving biosignal detection in diagnostics and mapping approaches for
corrective surgery. Studies have shown that the distance between the recording
electrodes and neural tissue has a significant influence on the signal to noise
ratio (SNR) [94, 95]. The application of a CP coating provides closer apposition
between the recording electrode and neural tissue, resulting in improved signal
detection with less noise. An improved SNR can potentially be used to distin-
guish previously unattainable signals, leading to better diagnostics and improved
surgical outcomes through more accurate localization and mapping [96].

3.1.3
Biological Sensors

Conversion of a biological response into an electrical signal is done by a
biosensor, which is an analytical device. It consists of two main components: a
bioreceptor or biorecognition element, which recognizes the target analyte, and
a transducer, for converting the recognition event into a measurable electrical
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signal. A bioreceptor can be a tissue, microorganisms, organelles, cells, enzymes,
antibodies, nucleic acids, and biomimic, and the transduction may be optical,
electrochemical, thermometric, piezoelectric, magnetic, and piezoelectricor
combinations of one or more of the previous techniques.

A biosensor is a device having a biological sensing element either intimately
connected to or integrated within a transducer. The aim is to produce a digital elec-
tronic signal, which is proportional to the concentration of a specific biochemical
or enzyme. CP conductivity is sensitive to chemical agents, and this allows them
to be structured for use as biosensors, with the conductivity being proportional
to the detected biochemical. The ability to alter the CP molecular structure and
morphology makes them a superior choice for biosensors that are easily tailored
to enhance the sensitivity and selectivity of a device to specific biochemicals [97].

Amperometric biosensors based on CPs with incorporated enzymes such as
glucose oxidase (GOx), alcohol dehydrogenase, glutamate oxidase, and peroxi-
dase [98–101] have found application in both biomedical and food industries.
The most common CP-based biosensor is used in the detection of glucose
in diabetic patients. In this CP-based biosensor, GOx is immobilized on the
surface of either (PPy) or (PEDOT). The GOx enzyme catalyzes the conversion of
glucose to D-gluconolactone, and the electron release from the oxidation reaction
alters the current passing through the CP in proportion to the concentration of
converted glucose in solution.

The bioreceptor recognizes the target analyte, and the corresponding biological
responses are then converted into equivalent electrical signals by the transducer.
The amplifier in the biosensor responds to the small input signal from the trans-
ducer and delivers a large output signal. The amplified signal is then processed
by the signal processor where it can later be stored, displayed, and analyzed. In
medicine, security, food, process industries, defense, environment, and so on,
biosensors are used.

Some of the attractive features of CPs for biosensor applications include:

• Availability of varied range of monomer types.
• Availability of synthetic analogs of monomers.
• Composites can be prepared combining CPs with non-CPs or with nonpolymer

materials such as carbon, carbon nanotubes (CNTs), metals, and so on.
• It can be prepared both electrochemically and chemically.
• It can be prepared in a range of soluble and insoluble forms.
• It has unique electrical, electronic, magnetic, and optical properties.
• Compliance with micro- and nanoscale fabrication.
• Compatibility with a diverse range of fabrication techniques such as electro-

chemical, optical, mass-based, and so on.
• Biomaterials such as enzymes, antibodies, whole cells, and nucleic acids can be

incorporated into the polymer matrix.
• Strong biomolecular interactions.
• Low detection limits.
• Enhanced sensitivity.
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• Reversible responses at ambient temperatures.
• Cost effectiveness.

CPs have tremendous technological potential for the development of sensors.
They are inexpensive, can be miniaturized, and can be easily fabricated as
compared with other miniaturized sensors. The primary output of these sensors
is electrical in nature and hence easier to integrate into a single chip for further
signal processing, which may lead to the development of “multiple sensors” or
“sensor arrays” (Figure 3.3).

Even though many CP-based biosensors for foodborne pathogen detection have
been reported in recent years, only very few applications in food samples have
been reported to date. Among other CPs, PANI and PPy were most extensively
reported and PPy was found to be a better choice for DNA biosensors. Foodborne
pathogen detection based on electrochemical detection is preferred to optical
detection. To fabricate a CP-based biosensor, it is important not only to consider
the properties of CPs but also to focus on the method of immobilization that
plays a vital role. For the fabrication of biosensors and many other nanoelectronic
devices, CPs combine with nanomaterials/NPs as a composite shows enhanced
sensitivity and very low detection limit.

Biosensor is a device that has a biological sensing element either connected to
or integrated within a transducer. The purpose is to produce a digital electronic
signal, proportional to the concentration of a specific chemical or a set of chem-
icals [102]. The biochemical transducer or biocomponent imparts selectivity
or specificity to the biosensor. A transducer transforms the biochemical signal
into an electronic signal. A suitable transducing system can be fitted in a sensor
assembly depending on the nature of the biochemical interaction with the species
of interest [103, 104]. Biocomponents that can function as biochemical trans-
ducers are tissues, yeast, bacteria, antibodies/antigens, liposomes, organelles,
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Figure 3.3 Biosensors classification.
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enzymes, and so on [105, 106]. Within a biosensor, the recognition of the
biomolecule incorporated possesses a level of selectivity, but it can be affected
by extreme conditions, such as temperature, pH, and ionic strength [107]. Most
of the biological molecules, such as enzymes, receptors, antibodies, cells, and
so on, have a very short lifetime in solution phase. However, they can be fixed
in a suitable matrix. The immobilization of the biological component against
the environmental conditions results in decreased enzyme activity [108, 109].
The activity of immobilized molecules depends on the surface area, porosity,
and the hydrophilic character of the immobilizing matrix. These are the bound
reaction conditions and the methodology chosen for the immobilization process.
CPs have attracted much interest as suitable matrices of biomolecules that can
be utilized to improve stability, speed, and sensitivity and can, therefore, be
useful in medical diagnostics [110, 111]. In order to obtain a long operational
life of the biomolecules, or enzyme in an analytic device, the technique of
the enzyme immobilization onto the transducer is key to developing a good
biosensor. Enzymes can be immobilized onto the transducer by using such
methods as adsorption, covalent attachment, cross-linking, and entrapment. As
for the adsorption method, it uses the hydrophilic or hydrophobic properties
of the material, such as ion- exchange resin [112] and nylon [113], to construct
the enzyme electrode. The method of covalent attachment uses the functional
group in the biomolecules, such as –NH2, –COOH, and –SH, for binding with
transducer chemically [114]. Covalent attachment, based on ethyldimethy-
laminopropylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) coupling
chemistry, has been used to improve the stability of the desired biomolecules
onto CPs [102]. Cosnier et al. reported the electropolymerization of a dicarbazole
monomer functionalized with NHS group. The immobilization of both polyphe-
nol oxidase (PPO) and thionine, which is a redox dye, has been carried out [115].
p-Aminophenol (p-AP) has been widely used as a raw chemical material and an
important intermediate in various fields, such as medicine, petroleum industry,
and photography, and in the preparation of sulfur and azo dyes, rubber, feeding
stuff, and others. As a result, large amounts of p-AP may enter the environment as
a pollutant [116]. Sarac et al. have demonstrated that by using thin film, electro-
coated poly[N-vinylcarbazole-co-vinylbenzene sulfonic acid] (p[NVCzVBSA]),
poly[carbazole-comethylthiophene] (p[CzMeTh]), and polycarbazole(PCz) car-
bon fiber microelectrodes can be used for the detection of some biologically
important species, such as p-AP. These modified carbon fiber electrodes are
found to be effective systems to determine p-AP. Thin film coated p[NVCzVBSA]
is the most suitable modified electrode for the detection of p-AP [117].

Developing high-performance biosensor is of great interest in the fields of
national security, food safety testing, and environmental monitoring [102, 118,
119]. Thus, the preparation of well-controlled nanomaterials having sensitive
and selective analyte detection is an important and challenging goal. The fol-
lowing issues require further consideration for high-performance biosensor
design: (i) an enlarged surface area for enhanced interactions with analytes and
(ii) chemical functionalization for selective responses [120–122]. Based on these
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considerations, various carbon-based nanomaterials including graphene and
CNTs and metal- or ceramic-based nanomaterials, have been shown to control
sensing in devices. Numerous studies on carbon nanomaterial-based biosensors
have been performed to advance the development of next-generation biosensors
[123–126]. Although carbon-based biosensors offer advantages in biosensing
applications, intrinsic shortcomings still remain due to their inert surfaces. CP
nanomaterials can be used in miniaturized biosensors that enable a cost-efficient,
portable, and high-density design [127, 128]. In particular, functionalized CP
nanomaterials exhibit improved sensing performance via the immobilization
process [41, 129–131]. The modification is readily achieved by grafting functional
groups onto the polymer backbone, leading to a stability in the liquid state com-
pared to noncovalent bonding. CP nanomaterials will open up novel biosensor
applications and likely play an expanding role in future biosensor technology.

For example, PANI-CSA-Ni composite nanowire was successfully synthesized
using camphor sulfonic acid (CSA) as a dopant as well as a surfactant. In this pro-
cess, CSA-ANI micelles act as soft template facilitating the formation of PANI
nanowire. The use of PANI-CSA-Ni composite nanowire as sensing material was
also investigated. It was observed that PANI-CSA-Ni nanowire composite shows
nearly four-order decreases in AC impedance in the presence of cigarette smoke.
Therefore, such material has potential for use in cigarette smoke detection [132]
(Figure 3.4).

DA is a monoamine neurotransmitter of both the central and the peripheral
nervous systems. It plays an important role in neural immune communication
[133]. In order to achieve simultaneous voltammetric measurement of DA and
ascorbic acid (AA), Ciszewski and Milczarek have investigated different polymer
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coatings [134] and introduced new carbon electrode materials [135]. The voltam-
metric resolution obtained is good, but some of the approaches either show a less
favorable detection capability with the conventionally sized electrodes, used in
all of these studies [136], or require a nonphysiological pH of the medium [137].
Despite these great achievements, it seems that further efforts are necessary
in order to introduce a suitable voltammetric microprobe for simple, selective,
and reliable simultaneous measurement of DA and AA at their physiological
concentrations. Modified PCz/carbon fiber microelectrode (CFME) is studied
for biosensor applications to detect DA concentration by Sarac and coworkers.
Results show that the electrodes have a reversible and stable behavior over the
68 days of testing for DA (100 μM) in buffer solution. A detection limit for PCz
thin films is obtained as low as 0.1 μM using CV. Hence, this sensor can be
considered to be a promising sensor for DA detection [138]. Polymer films of
N-vinylcarbazole (N-VCz) have been electrocoated on CFME. Their responses
to DA have been studied in different solutions [139]. Organophosphates (OPs)
have been used as pesticides in modern agriculture given their low tenacity
and high insecticidal activity [140]. Yet, due to their long-term accumulation in
the environment, OP pollutions have caused serious public concern from the
perspective of food safety and human health [141, 142]. Many analytic methods,
containing gas chromatography [143], liquid chromatography [144], ultraviolet
spectroscopy [145], and others, have been developed to assess OP disclosures.
Although these methods could quantitatively provide an accurate evaluation of
the health risk of integrated OP disclosures, they still suffer from some intrinsic
disadvantages either of low detection specificity and sensitivity or of expensive
analysis settings that entails well-trained personnel and inconvenience for field
applications. Hence, simple, sensitive, selective, and field-deployable tools are still
highly desired for the biomonitoring and diagnostic evaluation of OP disclosures.

Amperometric acetylcholinesterase (AChE) biosensors demonstrate a promis-
ing alternative to traditional methods owing to their good selectivity, sensitivity,
rapid response, and miniature size. AChE biosensors have shown satisfactory
results for pesticides analysis [146], where the enzymatic activity is employed as
an indicator of quantitative measurement of insecticides [45]. Du et al. reported
immobilized AChE on (PPy) and PANI copolymer doped with multiwalled car-
bon nanotubes (MWCNTs). The synthesized PANI–PPy–MWCNT copolymer
presents a porous and homogeneous morphology, which provides an ideal size
to entrap enzyme molecules. Because of the biocompatible microenvironment
offered by the copolymer network, the obtained composite is designed for AChE
attachment, arising from a stable AChE biosensor for screening of OP disclosure
[147].

Biosensors use the ability of triiodide to oxidize polyacetylene to measure
glucose concentration. Glucose is oxidized with oxygen with the help of GOx.
This produces hydrogen peroxide, which oxidizes iodide ions to form triiodide
ions. Hence, conductivity is proportional to the glucose concentration [148].

PANI is one of the most extensively studied CPs because of its simple synthesis
[149] and doping/dedoping chemistry [150], low cost, high conductivity, and
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excellent environmental stability. PANI has wide applicability in rechargeable
batteries [151], erasable optical information storage [152], shielding of electro-
magnetic interference [153], microwave- and radar-absorbing materials [154],
sensors [155], indicators [156], catalysts [157], electronic and bioelectronic
components [158], membranes [159], electrochemical capacitors [160], elec-
trochromic devices [161], nonlinear optical [162] and light-emitting devices
[163], electromechanical actuators [164], and antistatic [165] and anticorrosion
coatings [166]. Its electromagnetic and optical properties depend mostly on
its oxidation state and degree of protonation [167]. The green emeraldine salt
form of PANI is conducting. The preparation of bulk quantities of conducting
granular PANI is usually performed by the oxidative polymerization of aniline
with ammonium peroxydisulfate (APS) in an acidic aqueous solution (initial pH
<2.0). Colloidal PANI nanoparticles are prepared by dispersion polymerization of
aniline in the presence of various colloidal stabilizers [168, 169]. The average size
of colloidal PANI nanoparticles decreases with increasing stabilizer/aniline ratio.
PANI colloids often have nonspherical (rice grain, needle like, etc.) core–shell
morphology. The colloidal nanoparticle core most likely has a composite nature,
that is, it is composed of both the PANI and the incorporated stabilizer, while the
shell is formed by the stabilizer.

Nowadays, conducting PANI nanostructures are the focus of intense research
owing to their significantly enhanced dispersibility and processability and
substantially improved performance in many applications, as compared with
granular and colloidal PANI [170–175]. The continuously growing interest in
the study of zero-dimensional (0-D) (solid nanospheres), one-dimensional (1D)
(NFs (nanowires), nanorods (nanosticks), nanoneedles, rice-like nanostruc-
tures, nanotubes), two-dimensional (2D) (nanoribbons (nanobelts), nanosheets
(nanoplates, nanoflakes, nanodisks, leaf like nanostructures), nanorings (cyclic
nanostructures), net like nanostructures), and three-dimensional (3D) PANI
nanostructures (hollow nanospheres, dendritic, and polyhedral nanoparticles,
flower like, rhizoid-like, brain-like, urchin-like, and star like nanostructures,
etc.) has dramatically increased in recent years. The major focus of research
has been the preparation, characterization, processing, and application of PANI
nanofibers (PANI-NFs) and nanotubes (PANI-NTs). PANI-NFs are 1-D PANI
nanoobjects of cylindrical profile with diameters 100 nm, without a discernible
internal cavity, while PANI-NTs are 1-D PANI nanoobjects with an internal
cavity. PANI nanowires (conducting or semiconducting doped PANI-NFs) and
PANI nanorods (short and straight PANI-NFs) are also referred.

Extensive research in the broad field of preparation and characterization of
nanostructured composite PANI materials, containing PANI nanostructures and
micro-/submicro-/nanoparticles of various metals, oxides, organic/bioorganic
compounds, and biological materials, has developed intensively with the aim to
design nanomaterials with unique physicochemical properties and applicability.
Therefore, the objective of this review is not only to provide insight into the
recent developments regarding preparation, characterization, processing, and
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application of pure PANI nanostructures but also to give comprehensive infor-
mation about composite materials that contain PANI nanostructures. It should
be noted that the PANI nanocomposites prepared by the formation of PANI
thin solid films on the surface of other nanostructured materials (nanofibers and
nanotubes of various inorganic, organic, and biological materials, for example,
CNTs, nanorods of tobacco mosaic virus, etc.) are not the subject of this review.

Progress in the development of nanostructured PANI for sensor applications
has recently been reviewed [3, 23, 24, 176]. Films of PANI-NFs possess much faster
gas-phase PANI nanostructures doping/dedoping times compared with conven-
tionally cast films [177]. The NF films show essentially no thickness dependence
in their performance. This is consistent with the porous nature of the NFs films,
which enables gas molecules to diffuse in and out of the fibers rapidly. This also
leads to a much greater doping or dedoping over short times for the NFs films.
The better performance in both sensitivity and time response of PANI-NF film
relative to its conventional bulk counterpart is caused by higher effective surface
area and shorter penetration depth for target molecules. Using an interfacial poly-
merization method for the synthesis of PANI-NFs, Kaner’s group has developed
NF sensors (Figure 3.5) and compared them with conventional PANI sensors [22,
101, 178].

The changes in electrical resistance were monitored as a function of time
as the thin films of PANI-NFs were exposed to the various gases. Five differ-
ent response mechanisms were explored: acid doping (HCl), base dedoping
(ammonia), reduction (hydrazine), swelling (chloroform), and polymer chain
conformational changes (methanol). In all cases, the PANI-NFs performed better
than conventional thin films. PANI-NF composites with metal salts can be used
as a chemical sensor for hydrogen sulfide [179] and arsine [180]. Hydrogen
sensors, based on conductivity changes in PANI-NFs [181, 182], have been
reported. A controlled multipotential process was used to deposit PANI-NF
arrays on a lithium niobate substrate with gold finger paired electrodes to form a
surface acoustic wave device (hydrogen sensor) [183]. The lithium niobate surface
acoustic wave transducer coated first with aluminum nitride and then with
PANI-NFs by rapid mixing chemical oxidative method, in the presence of CSA,

10 μm 1 μm

Figure 3.5 PANI-NF sensors. (Virji 2004 [170]. Reproduced with permission from American
Chemical Society.)
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has demonstrated a large and reproducible response to different concentrations
of the hydrogen gas, making it an ideal candidate for hydrogen sensing at room
temperature [184]. PANI-NFs deposited on lithium tantalate surface acoustic
wave transducers [185] and Au and Pt electrodes [186] have also been used as
hydrogen gas sensors. The great sensitivity of the Pt/PANI-NF sensor can be
used to detect hydrogen at a concentration of 10 ppm [40]. Chemical gas sensors
for nitrogen dioxide detection, using PANI-NFs synthesized by an interfacial
polymerization method [187] and a plasma-induced polymerization technique
[188], have been reported. Composites of PANI-NFs, synthesized using a rapid
mixing method, with amines have recently been presented as novel materials for
phosgene detection [189]. Chemiresistor sensors with nanofibrous PANI films
as a sensitive layer, prepared by chemical oxidative polymerization of aniline
on Si substrates, which were surface modified by amino-silane self-assembled
monolayers, showed sensitivity to very low concentration (0.5 ppm) of ammonia
gas [190]. Ultrafast sensor responses to ammonia gas of the dispersed PANI-CSA
nanorods [191] and patterned PANI nanobowl monolayers containing Au
nanoparticles [192] have recently been demonstrated. The gas response of the
PANI-NTs to a series of chemical vapors such as ammonia, hydrazine, and
triethylamine was studied [193, 194]. The results indicated that the PANI-NTs
show superior performance as chemical sensors. Electrospun-isolated PANI-CSA
NF sensors of various aliphatic alcohol vapors have been proven to be comparable
to or faster than those prepared from PANI-NF mats [195]. An electrochemical
method for the detection of ultratrace amount of 2,4,6-trinitrotoluene with
synthetic copolypeptide-doped PANI-NFs has recently been reported [196].
PANI-NFs, prepared through the in situ oxidative polymerization method, were
used for the detection of aromatic organic compounds [197].

Good biocompatibility of PANI-NFs enables them to become a simple and
effective platform for the integration of proteins/enzymes and electrodes,
which can provide analytical access to a large group of enzymes for a variety of
bioelectrochemical applications. The (GOx)-PANI-NFs/glassy carbon [198] and
(GOx)-PANI-NFs/carbon cloth [199] electrodes have displayed desirable features
in electrocatalytic oxidation of glucose. An amperometric glucose biosensor
prepared by self-assembly of GOx and dendrimer-encapsulated Pt nanoparticles
on PANI-NFs has been described [200]. The unique sandwich-like layer structure
showed excellent response performance to glucose and provided a favorable
microenvironment to keep the bioactivity of GOx and to prevent enzyme leakage.
A sensitive glucose biosensor based on a composite of conducting PANI-NFs and
Au NPs, which shows excellent reproducibility and good operational stability,
was also reported [201]. An amperometric glucose biosensor with good elec-
trocatalytic activity toward oxidation of glucose and exhibited rapid response,
low detection limit, useful linear range, high sensitivity, and biological affinity,
as well as good stability and repeatability, was developed by electrochemically
entrapping GOx on the inner wall of highly ordered PANI-NTs, which were
synthesized using an AAO membrane as a template [202]. CSA-doped PANI/PS
NFs, prepared using the electrospinning technique, have been used for sensing
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H2O2 and glucose [203]. Sensitive H2O2 biosensors using HRP immobilized
in PS nanoparticle/cauliflower like nanostructured PANI [204], Au–Pt alloy
nanoparticle/PANI-NT/chitosan nanocomposite membranes [205], and process-
able PANI-NF/chitosan film [206] have been fabricated. Cholesterol biosensors
based on cholesterol oxidase covalently immobilized onto electrophoretically
deposited PANI film, derived from a PANI-NF colloidal suspension, have been
reported [207]. A lipase/glutaraldehyde/PANI-NT/indium tin oxide (ITO)
bioelectrode has recently been used to estimate triglycerides in serum samples
using an impedimetric technique [208].

Sensitive electrochemical DNA biosensors based both on electrochemically
fabricated PANI-NFs and methylene blue [209] and on the synergistic effect
between PANI-NFs and MWCNTs in chitosan film have been successfully pre-
pared [210]. Highly sensitive electrochemical impedance spectroscopic detection
of DNA hybridization based on Aunano–CNT/PANI-NFs films has recently
been reported [211]. PANI-NTs doped by poly(methyl vinyl ether-alt-maleic acid)
were used to construct a simple electrochemical oligonucleotide sensor, where
oligonucleotide probes were covalently grafted onto residual carboxylic acid
functionalities on the nanotubes [212–214]. The potential pulse amperometry
technique was used to obtain a direct and fast electrochemical readout. An ultra-
sensitive electrochemical DNA biosensor using a conducting PANI-NT array as
the signal-enhancement element has also been presented [215]. A PANI-NT array
with a highly organized structure was fabricated with a well-controlled nanoscale
dimension on a graphite electrode using a thin nanoporous layer as a template,
and 21 mer oligonucleotide probes were immobilized on these PANI-NTs. In
comparison with Au nanoparticle or CNT-based DNA biosensors, this PANI-NT
array-based DNA biosensor could achieve similar sensitivity without catalytic
enhancement, purification, or end-opening processing. The electrochemical
results showed that the conducting PANI-NTs array had a signal-enhancement
capability, allowing the DNA biosensor to readily detect the target oligonucleotide
at concentrations as low as 1.0× 10−15. In addition, this biosensor demonstrated
good capability of differentiating the perfect matched target oligonucleotide
from one-nucleotide mismatched oligonucleotides, even at a concentration
of 4× 10−14 M. This detection specificity indicates that this biosensor could
be applied to single-nucleotide polymorphism analysis and single-mutation
detection. Au nanoparticle/PANI-NT membranes on a glassy carbon electrode
were constructed for the electrochemical sensing of the immobilization and
hybridization of DNA [216]. The synergistic effect of the two kinds of nanoma-
terials, Au nanoparticles and PANI-NTs, dramatically enhanced the sensitivity
for DNA hybridization recognition. The detection limit was 3.1× 10−13 M. The
biosensor also had good selectivity, stability, and reproducibility.

A nanogapped microelectrode-based PANI-NF biosensor array was fabricated
for ultrasensitive electrical detection of microribonucleic acids (miRNAs) [217].
Deposition of conducting PANI-NFs was carried out by an enzyme-catalyzed
method, where the electrostatic interaction between anionic phosphate groups
in miRNA and cationic aniline molecules was exploited to guide the formation
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of the PANI-NFs on the hybridized target miRNA. The conductance of the
deposited PANI-NFs was correlated directly with the amount of the hybridized
miRNA, with a detection limit of 5.0× 10−15 M.

A fast and sensitive continuous-flow nanobiodetector for detecting micro-
organism cells in a flowing liquid, based on PANI-NFs fabricated as a freestanding
nanonetwork in a microgap between two Au electrodes, was recently developed
[218]. A direct-charge transfer biosensor, using antibodies as the sensing element
and conducting PANI-NFs as the molecular electrical transducer, was developed
for the detection of the foodborne pathogen Bacillus cereus [219]. A new type
of nanobiodetector based on a limited number of PANI-NFs has recently been
designed and tested against bacteria Klebsiella pneumoniae, Pseudomonas
aeruginosa, Escherichia coli, and Enterococcus faecalis [220]. The cells’ “defects”
accumulated in PANI-NFs lead to an abrupt change in their electrical conduc-
tivity above a threshold density (the percolation limit). The device works like an
“on–off” switch with nearly linear response above a threshold number of cells
in the suspension examined. Nanostructured ultrathin films of self-assembled
PANI-NFs cast onto interdigital microelectrodes have been used as efficient
sensoactive layers in taste sensors for quality assessment of orange juices [221].
Unique highly carbonized PANI-NTs as a new thermally stable nanomaterial
for nanosensors and nanodevices with a wide range of possible applications,
comparable with CNTs, have been prepared [222].

Cell-based sensors, used for monitoring barrier tissue integrity in situ with high
sensitivity and temporal resolution, result from the direct integration of barrier
tissue with an organic electrochemical transistor (OECT) [223]. Barrier tissue
comprises tightly packed layers of epithelial cells, such as the gastrointestinal
(GI) tract and the blood-brain barrier. These cell layers allow the passage of ions,
water, and nutrients but help to block the passage of toxins and pathogens. The
ability of barrier tissue to impose this extremely controlled transport arises from
the presence of protein complexes at the neighboring cell border, including the
adherens junction (AJ) and the tight junction (TJ) [224]. So, disruptions in barrier
tissue integrity are often indicative of the presence of toxins and pathogens.
Here we use Caco-2 cell grown on a permeable membrane in vitro model for
the GI tract, characterized by localized junctional proteins, low permeability
to tracer molecules, and high transepithelial electrical resistance (TER) [225].
The sensor presented here follows OECT mechanism which consists of a CP
(PEDOT : PSS) channel in contact with an electrolyte (cell culture medium)
[226]. A gate electrode (Ag/AgCl) is immersed in the electrolyte, and either
side of the transistor channel connects with the source and drain used for
measuring the drain current (ID). On applying positive gate voltage (VG),
cations from the electrolyte drift into the PEDOT : PSS channel and decrease
the drain current (ID) due to dedoping the CP. The changes in the barrier
tissue integrity affect the ID transient response. The OECT barrier tissue sensor
was used to monitor the effect of a specific calcium chelator such as ethylene
glycol-bis(2-aminoethylether)-N, N, N′,N ′-tetraacetic acid (EGTA), on barrier
tissue integrity. The junctional protein complexes are dynamic in nature, such
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as changes in the extracellular environment affect their assembly and function.
Some junctional proteins are internalized in lower extracellular calcium level
[227]. EGTA has effectively modified extracellular environment, leading to an
increase in paracellular diffusion across tissue barrier [228]. Negligible changes in
the response of the OECT were observed, when 100 mM EGTA was introduced
to the basolateral side of the barrier tissue layer; it indicated no disruption of
barrier properties. The sensitivity of the OECT sensor is equal to or greater than
traditional end point characterization techniques including immunofluorescence
staining of junctional proteins, permeability assays, and electrical impedance
spectroscopy and benefits from an extremely high temporal resolution. This
device fabrication and operation opens up new possibilities for creative solutions
for large-scale diagnostic screening and in vitro model development.

3.1.4
Bioactuators

Bioactuators are used to create mechanical force, which in turn can be utilized as
artificial muscles. The phenomenon of change in the volume of the CP scaffold
upon electrical stimulation is the working principle for the construction of bioac-
tuators. In artificial muscle applications, two layers of CPs are placed between
nonconductive materials (triple-layer arrangement) [229, 230]. Oxidation and
reductions occur when current is applied. The oxidized film expands owing to
the inflow of dopant ions, whereas the reduced film expels the dopant ions and in
the process shrinks [62].

The combined effect of simultaneous expansion and contraction is translated
into a mechanical force that bends the polymer, which mimics the impact of
muscles in biological systems [231]. CP actuators have numerous elements that
make them perfect candidates for artificial muscles, including the fact that they
(i) can be electrically controlled; (ii) possess high strength; (iii) have a large strain
which is favorable for linear, volumetric, or bending actuators; (iv) require low
voltage for actuation; (v) work at room/body temperature; (vi) can be positioned
continuously between minimum and maximum values; (vii) can be readily
microfabricated and are lightweight; and (viii) can operate in body fluids. PPy,
PANI, and PPy–PANI composites and composites of these polymers with CNT
have the ability to function as actuators. Of these materials, PPy-PANI shows
strong mechanical property due to the high work per cycle [232, 233].

Electrochemical actuators are based on the expansion and contraction that tests
a polymer in an electrolyte solution as an outcome of the change in electronic
charge [234–236]. This is produced by the exchange of ions being the extension
and contraction effect dependent on the size and number of counterions that
enter or exit the polymer [231]. Bioactive drug-doped CPs used in actuators, for
example, microfluidic pumps [47, 237], could lead to a controlled local release. For
example, the treatment of the inflammatory response of neural prosthetic devices
requires the release of anti-inflammatory drugs at wanted focuses in time [238].
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3.1.5
Tissue Engineering Applications

CPs have recently received much attention as being advantageous substrates for
tissue engineering scaffolds, because they can induce electrical stimuli for various
cell types, including neurons, osteoblasts, fibroblasts, and skeletal myoblasts
[239–243]. Because the orientation and diameter of NFs present unique topo-
graphical features that affect the behaviors of many cell types, CP NFs with
well-controlled topographical features could be valuable as scaffold materials
for translating model studies in tissue engineering [244–247]. The general CP
properties desired for tissue engineering applications include conductivity, redox
stability, reversible oxidation, hydrophobicity, biocompatibility, 3D geometry, and
surface topography. One of the most promising CPs is PPy, which can be prepared
by simple processes (in situ chemical oxidation or by VDP on a substrate) followed
by oxidant treatment [248]. PPy NFs have shown attractive characteristics such
as biocompatibility, facile modulation of adhesion, and differentiation of cell
types as well as the ability to release and entrap biomolecules in bioapplications
[46]. However, PPy performed poorly in a tissue engineering scaffold under
mechanical forces because of its brittle backbone. Therefore, composites based
on PPy have been constructed to overcome this limitation [43]. For example,
PPy-coated PLGA, prepared by nano thick deposition, was used for conducting
nanoscaffolds with high surface areas, interconnecting pores, and nanofibrous
topographies [249].

CPs are broadly utilized as a part of tissue engineering applications because
of their ability to subject cells to electrical stimulation. [250]. Little evidence of
cytotoxicity was seen after long-term exposure to current [251]. Abidian et al.
[252] demonstrated the biocompatibility of PPy and electrical conductivity of
PEDOT, in film and nanotube morphology, by culturing neuronal cells using an
in vitro dorsal root ganglion (DRG) model. CP in electrochemical synthesis allows
direct deposition of a polymer on the electrode surface while simultaneously
trapping the protein molecules [253]. Different approaches have been analyzed
to overcome the drawback of CPs (hydrophobicity), which include the use of
monomers that contain both redox centers and hydrophilic chain blends with
polyelectrolytes and CP–HG composites.

In vitro cell culture using PC12 cells and embryonic hippocampal neurons
demonstrated biocompatible cellular interactions, suitable for neuronal appli-
cations. In addition, the low electrical potential, 10 mV cm−1, facilitated neurite
outgrowth on the aligned PPy-PLGA NFs. Xie and colleagues developed conduc-
tive PCL-PPy and polylactate (PLA)-PPy core–sheath NFs that facilitated neurite
growth and extension [254]. The conductive core–sheath NFs were prepared by
combining electrospinning with aqueous polymerization. The maximum length
of neurites can be achieved by the synergistic effects of aligned conductive NFs:
1.83-fold (random NFs) and 1.47-fold (aligned NFs). PPy-polyurethane (PU)
nanocomposites were also designed for tissue engineering scaffolds for C2C12
myoblast cells [255]. The scaffolds were prepared by chemical polymerization
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in a PU emulsion mixture with drop wise addition of an oxidant. The PPy–PU
nanocomposites exhibited nontoxic, conductive, and elastomeric properties,
resulting in cellular growth and subsequent cell differentiation. The dopant placed
in the CPs can affect their cytocompatibility and the delivery of biomolecules
[256]. Among various dopants, the smallest dopants (para toluene sulfonate
and dodecylbenzenesulfonate) showed best biocompatibility with the neural
tissue culture. As a result, electrochemically synthesized PPy/para toluene
sulfonate enhanced the auditory nerve matrix, with release of neurotrophin.
PEDOT-COOH nanodots (NDs) were prepared as a nanoplatform for enhanced
cell capturing, synthesized by electropolymerization on ITO-coated glass [257].
The NDs were modified with the EpCAM antibody, a tumor cell-binding anti-
body. The enlarged cell-capturing efficacy resulted in the synergistic effects of
ligand–receptor reactions and structural and mechanical matching between
tumor cells and PEDOT-COOH NDs. The NDs have inherent advantages of
facile fabrication, functional groups, and matching mechanical properties. PANI-
NF-collagen composite films were introduced as an electronically conductive and
biocompatible scaffold for mammalian cell culture [258]. The conductivity was
related to the weight ratio of PANI-NFs. In addition, a PANI-coated Pt electrode
was used to evaluate the biochemical mechanisms of tissue damage, in terms of
both phospholipid peroxidation and protein denaturation under electrical stim-
ulation.136 PANI was deposited onto the Pt electrode by in situ polymerization.
PANI-NFs exhibited valuable properties, including inactivity against lipid perox-
idation, increased protein adsorption, good stability, and anticorrosive effects.

It is well known that melanins are naturally occurring pigments which exhibit
unique electrical properties [259]. This initiated their use as scaffolds for tissue
engineering applications because of being biodegradable and semiconducting
biomaterials. Here, melanin thin films with little concern for potential cyto-
toxicity were produced by the spin coating technique from dimethyl sulfoxide
as the solvent. Melanin thin films increased Schwann cell growth and neurite
extension compared with collagen films in vitro. In addition, melanin implants
were significantly resorbed after 8 weeks. Recently Rachocki et al. have developed
new biodegradable proton-conducting carbohydrate polymer films based on
alginic acid (constituted by nearly 61% of mannuronic and 39% of guluronic acid)
and benzimidazole [260].

An electroactive silsequioxane precursor containing an aniline trimer (i.e., N-
(4-aminophenyl)-N′-(4′-(3-triethoxysilyl-propylureido)phenyl-1,4-quinonenedii
mine) (ATQD)) could be a promising biomaterial for tissue engineering; it
was reported by Wei et al. [261]. Self-assembled monolayers of ATQD on
glass substrates were covalently modified with an adhesive oligopeptide, cyclic
Arg-Gly-Asp (RGD) (Figure 3.6).

Measurement by atomic force microscopy gave the mean height of the
monolayer coating on the surfaces as ∼3 nm. The bioderivatized electroactive
scaffold material, ATQD-RGD, supported adhesion and rapid growth of PC12
neuronal-like cells. Significantly, electroactive surfaces triggered spontaneous
neuritogenesis in PC12 cells, in the absence of neurotrophic growth factors, such
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Figure 3.6 Scheme of self-assembled monolayers of ATQD-RGD. (Guo 2007 [261]. Repro-
duced with permission from American Chemical Society.)

as NGF. Therefore, covalent grafting of bioactive molecules, such as adhesion
peptides, appears to be the best strategy to improve the biocompatibility of
conventionally nonbiocompatible materials and consequently may permit to
overcome the apparently poor cell biocompatibility of PANI.

Electrically conducting biomaterials have gained great attention in various
biomedical studies especially to influence cell and tissue responses. Aufan et al.
developed a simple method to create wrinkle topographies of conductive (wPPy)
on soft polydimethylsiloxane surfaces via a swelling–deswelling process during
and after PPy polymerization and by varying the thickness of the PPy top layers
[262]. In vitro cell culture studies on NIH 3T3 fibroblasts and PC12 neuronal cells
indicated that the conductive wrinkle topographies promote cell adhesion and
neurite outgrowth of PC12 cells. wPPy-on-PDMS materials offer a novel design
strategy for biomaterials for potential tissue engineering scaffold applications
(Figure 3.7).

3.1.5.1 Neural Applications

Neural probe applications require materials with hydrophobicity, high surface
area, and cell specificity for detection of neuron signals. Typical neuroprosthetic
implants are usually fabricated from gold, platinum, or alloys of these metals and
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Figure 3.7 Conductive wrinkle topographies
on PDMS. (a) Schematic diagram of wPPy
formation. (b) Images of PPy wrinkle-coated
PDMS for cell culture applications: a photo-
graph of the wPPy-on-PDMS (top), its optical

microscopic image (middle), and a fluores-
cent image of NIH3T3 cells grown on the
wPPy substrate (bottom). (Aufan 2015 [262].
Reproduced with permission from American
Chemical Society.)

iridium oxide, but the minimal interaction of these materials with neural tissue
limits their ability to provide optimal stimulation and recording from neural
cells. Neuroprostheses are utilized to electrically evoke responses in specific
neural tissue through controlled stimulation paradigms, and they are also used
for recording functions that output information on the status of the neural
tissue interface. To maintain signal quality and activation of neural cells, neural
interface has contact between the excitable tissue and the electrode. The effect
of biological inclusions on polymer properties and their performance in neural
prosthetics require a greater understanding of the CP film characteristics for
long-term performance.

Kang et al. reported electrically conductive, porous PPy surfaces and demon-
strated their use as an interactive substrate for neuronal growth. NGF-loaded
porous CPs were initially prepared by electrochemical deposition of a mixture of
pyrrole monomers and NGF into 2D or 3D particle arrays followed by subsequent
removal of a sacrificial template. A four-point probe study demonstrated remark-
able electrical activities despite the presence of voids. In addition, the effects of
these surfaces on cellular behaviors using PC12 cells both in the presence and
absence of electrical stimulation suggest that the surface topography as well
as an applied electrical field can play a crucial role in determining further cell
responses. Indeed, surface-induced preferential regulation leads to enhanced
cellular viability and neurite extension (Figure 3.8) [263].
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Figure 3.8 (a) The preparation of NGF-doped porous polypyrrole surfaces and (b) cellular
interaction with a porous surface in the presence of electrical stimulation. (Kang 2011 [263].
Reproduced with permission from American Chemical Society.)

Nerve grafts or conduits guide the repair of injured neural tissue. Neural repair
in the central nervous system, as in the case of spinal injury, as well as peripheral
nerve damage associated with trauma, often results in uncontrolled growth of
neural tissue. The result is that no effective conduction path is obtained, and
both movement and sensory response can be lost in the body portion distal to
the injury. CPs have potential application in nerve-graft technology, where an
electroactive path is desirable for guiding tissue growth to bridge the gap in a
damaged neural conduction path. CPs can be patterned to form channels along
which neural cells extend, and the preferential adherence of cells to CPs may
limit uncontrolled growth that could lead to cross talk and poor reconstruction
of the damaged nerve. Currently, CPs are not frequently used because most are
nonbiodegradable, but recent developments of novel composite CPs consisting
of degradable block copolymers indicate that these materials will potentially
provide superior scaffolds for nerve repair [264, 265].

The use of mixed heteroaromatic conductive segments of pyrrole and thio-
phene with flexible aliphatic chains via degradable ester linkages for making a
novel biodegradable CP has recently been developed for biomedical applications.
The authors specifically claimed its utility for peripheral nerve regeneration as
well as spinal cord regeneration, wound healing, bone repair, and muscle tissue
stimulation [266].

For nerve regeneration applications, electrically conductive polymer compos-
ites (PCLF-PPy) composed of polycaprolactone fumarate (PCLF) [267] and PPy
have been developed [268]. This is possible because PCLF is a derivative of PCL
that can be easily processed into complex 3D structures and exhibits biocom-
patibility, good mechanical properties, and tunable degradation rates that make
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it a future promising base material for application as nerve guidance conduits
[269]. In vitro studies on PC12 neuronal-like cells and DRG explants showed that
PCLF-PPy materials synthesized with naphthalene-2-sulfonic acid sodium salt
or dodecylbenzene sulfonic acid sodium salt supported cell attachment, neurite
extension, and proliferation and will be promising materials for future studies
involving electrical stimulation.

For nerve regeneration applications, two novel biodegradable block copolymers
of PPy with PCL and poly(ethyl cyanoacrylate) (PECA) were examined, that
is, PPy-PCL and PPy-PECA copolymer [270]. The new conducting degradable
biomaterials had good biocompatibility and support proliferation and growth of
PC12 neuronal-like cells in vitro and neurons in vivo.

Scaffolds comprising conductive core–sheath NFs have been synthesized via in
situ polymerization of pyrrole on electrospun PCL or PLA NFs [254]. Since PPy
constitutes a thin coating on biodegradable NFs, the amount of PPy occupied
in a nerve conduit could be significantly reduced for in vivo applications. The
synergistic effect of topographic cue and electrical stimulation on axonal regener-
ation from cultured neuronal populations was examined and could consequently
provide potential applications in neural tissue engineering.

Silk fibroin (SF) NF-based scaffolds prepared by electrospinning have been
studied in detail for their widespread applications in biomedicine (e.g., tissue
engineering in blood vessels, skin, bone, and cartilage) [271]. SF is highly
biocompatible and is able to carry out appropriate cellular activity without
evoking rejection, inflammation, or immune activation in the host [272]. Fibers
of fibroin meshes have also been thin coated with PPy by chemical polymer-
ization [273]. New materials were also established to support the adherence
and proliferation of adult human mesenchymal stem cells (ahMSCs) or human
fibroblasts (hFb).

Because of their low solubility and fast crystallization that easily blocks the
nozzle, it is known that electrospinning of semi-CPs have been rarely carried out.
Among the semi-CPs, poly(3-hexylthiophene) (P3HT) has been considered the
best candidate since it has very high field effect mobilities (i.e., 0.1 cm2 V s−1 can
be attained) [274]. A mixture of PLGA and poly(3-hexylthiophene) (PHT) was
electrospun into 2D random (196 nm) and 3D axially aligned NFs (80–200 nm).
Aligned PLGA-PHT NFs had a significant influence on the adhesion and prolif-
eration of Schwann cells as indicated by in vitro cell studies. The new electrically
conducting axially aligned NFs gave both electrical and structural cues and could
be seriously used as scaffolds for neural regeneration [275].

3.1.5.2 Cardiovascular Applications

The complexity of the electrical conduction pathways is of great interest in the field
of cardiac tissue engineering. The cardiac cells make the proper intercellular con-
nections and matrix architecture so as to enable the electrical impulses to be trans-
mitted in the appropriate direction at normal speed [276]. Further, the contraction
of the cardiac muscle is driven by the waves of electrical impulses generated, which
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induces the mechanical stretch in the native heart. Any impairment in the electri-
cal signal conducting pathway leads to cardiovascular diseases [277].

Li et al. showed the potential for using PANI as an electroactive polymer
in the culture of excitable cells for cardiac and/or neuronal tissue engineering
applications [278]. Different approaches of covalently attaching oligopeptides
to PANI and electrospinning PANI–gelatin blend NF scaffold were exam-
ined as potential candidates for cardiac tissue engineering applications using
H9c2 myoblast cells. In addition, a PPy–heparin composite was observed
to be a good substrate for endothelial cell growth, and a PPy–hyaluronic
acid (HA) composite seemed to promote vascularization. Also, PPy doped
with erythrocytes can be used for the detection of blood rhesus factor via
the rhesus factor antigens present on the cell surface [279]. Compared with
unmodified one, erythrocyte-containing PPy bound more antibody, as proved
by ELISA [280]. Tryptophan and oligopeptide (YIGSR)-modified PANI as
well as PANI–collagen complexes showed that H9c2 cardiac cell viability was
preserved, and that biocompatibility was improved using these modified CP
scaffolds [281]. The mechanical properties of the CP construct play a vital role
in cardiac applications. Attempts have been made to enhance the mechanical
properties of CPs by making composites or blends and doping with large
molecules that possess the desired mechanical properties to mimic the native
myocardium.

One of the major challenges of cardiac tissue engineering is to generate a
bioactive substrate with suitable chemical, biological, and conductive properties
that could mimic the ECM both structurally and functionally, particularly to
reconstruct infarct myocardium. Scaffolds constituted by PPy/PCL/gelatin
NFs were obtained by electrospinning of different concentrations of PPy to
PCL/gelatin solution [282]. The most balanced properties of conductivity,
mechanical properties, and biodegradability and matching the requirements for
regeneration of cardiac tissue were exhibited by conductive NFs containing 15%
PPy. In addition, the scaffold promoted cell attachment, proliferation, interaction,
and expression of cardiac-specific proteins.

3.1.5.3 Applications in Brain Recording
Electronic devices that interface with living tissue have become a necessity in
clinics to improve findings and medications. One such illustration is electro-
corticography (ECoG) electrode arrays, which are progressively utilized for
functional mapping of cognitive processes before certain types of brain surgery
(e.g., surgery for tumors), for diagnostic purposes (epilepsy) [283], and for
brain-machine interfaces, an assistive innovation for people with serious motor
disabilities [284]. High-quality electrical contacts are formed by complying with
these electrode and curvilinear shape of the brain. Thin sheets of polymeric
materials with metal electrodes are customarily utilized for this purpose [285].
Scientists prepared ECoG arrays with CPs electrodes utilizing microfabrication
methods [286]. The arrays consisted of a parylene substrate, parylene insulation,
and gold contact pads and interconnects. PEDOT:PSS film was deposited in
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appropriate holes in the insulation layer which defines the electrodes. The
electrode arrays had adequate mechanical strength to be self-supporting and to
be manipulated by a surgeon. The recordings were done after the addition of
bicuculline (GABAA receptor antagonist) that enables the genesis of sharp-wave
events which mimic epileptic spikes, and data were validated against a com-
mercial implantable electrode. [287]. The PEDOT:PSS electrodes were found to
outperform conventional metal electrodes, which highlight the significance of
incorporating CP in a highly conformable electrode array format.

3.1.5.4 Applications in Scaffolds
Composite materials are currently used as a temporary substrate to trigger tissue
generation by specific electrochemical signals as well as by continuous mechanical
triggering until the regeneration processes are finished. Initial works giving novel
conductive material well suited as biocompatible scaffolds for tissue engineering
signals the development of PANi–gelatin blend NFs [278]. Many PANi and poly(D,
L-lactide) (PDLA) compositions at different weight percentages were successfully
electrospun from 1,1,1,3,3,3-hexafluoroisopropanol solutions, and their conduc-
tivity and biocompatibility were evaluated [288]. Even though the usefulness of
polymer blend as the primary component of a biomedical device has limited use
due to polymer degradation and shrinkage, it is found to be useful as biocompat-
ible coatings on medical devices like sensors.

The use of composites from the blending of CPs and biocompatible poly-
mers is strongly emerging as a promising strategy for the reappearance of
myocardium due to their specific conductive and biological recognition prop-
erties. These findings are able to guarantee a more efficient electroactive
stimulation of cells. Composite substrates made of synthesized polyaniline
(sPANI) doped with CSA and PCL electrospun fibers were examined as
scaffolds for cardiac tissue regeneration [289]. In particular, conductibility
tests indicated that sPANI short fibers enabled a more efficient transfer of
electric signals due to the spatial organization of the percolative network of
electroactive needlelike phases. Based on this information, sPANI/PCL elec-
trospun membranes have been optimized to mimic the morphological and
functional features of the cardiac muscle ECM. Biological assays (i.e., eval-
uation of cell survival rate and immune staining of sarcomeric α-actinin of
cardiomyocites-like cells) indicated that conductive signals offered by PANI
needles promoted the cardiogenic differentiation of human mesenchymal stem
cells into cardiomyocite-like cells. These preliminary results exhibited that
the development of electroactive biodegradable substrates opens the path to
another era of synthetic patches for the support of the regeneration of damaged
myocardium.

Nanofibrous blends of HCl-doped poly(aniline-co-3-aminobenzoic acid)
(3ABAPANI) copolymer and PLA were created by electrospinning solutions
of the polymers, in varying proportions, in a DMF/THF mixture [290]. The
nanofibrous electrospun 3ABAPANI-PLA blends gave improved cell growth,
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potent antimicrobial capability against Staphylococcus aureus and electrical
conductivity. This new class of nanofibrous blends can potentially be utilized as
tissue engineering scaffolds and new generation of functional wound dressings
that may take out deficiencies of currently available antimicrobial dressings.

Combination of temperature-responsive CPs together with CNTs has excellent
smart matrix with outstanding cell viability and proliferation. Electrospun
microfabric scaffolds of poly(N-isopropylacrylamide) (PNIPAM)–CNT–PANI
show excellent cell proliferation and viability that was attributed to the balanced
hydrophilic functions, conductance, and mechanical strength provided by the
PNIPAM, PANI, and MWNTs, respectively [291]. A temperature-dependent cell
detachment behavior was observed by varying incubation at below LCST of PNI-
PAM. Thermoresponsive poly(NIPAM-co-methacrylic acid) in 3D conducting
smart tissue scaffolds is also reported [292].

To support 3D cell culture in vitro, a novel fluffy-PPy scaffold composed of dis-
crete hollow PPy fibers with interconnected pores of∼100 μm has been developed
[293]. Cardiomyocytes as model cells were observed to enter into the interior of
the fluffy-PPy scaffold smoothly with no extra help to achieve the 3D cell culture
after only three days. Cell proliferation was found to be higher than that cultured
on traditional electrospun mesh-PPy scaffolds. Results demonstrated that the
3D cell culture in fluffy fibrous scaffolds could enhance cells’ survival in vitro
compared with traditional 2D cell culture on electrospun fibrous meshes.

Advanced platforms for cell culturing and tissue engineering need polymer
structures with controlled dimensions. The nature of polymeric structure and
tissue to be repaired are some real worries that should be considered. Muscle is a
suitable tissue to develop proper functional nano- and microstructured cell cul-
ture platforms since it includes a characteristic “bundled tubular” structure and
cell systems that respond to electrical stimulation. Consequently, biosynthetic
platforms support ex vivo growth of partially differentiated muscle cells in an
aligned linear orientation that is consistent with the structural requirements of
muscle tissue [294, 295]. In this platform, PLA/PLGA fibers are spatially aligned
on a PPy-conducting substrate. Long multinucleated myotubes could be formed
from differentiation of adherent myoblasts, which aligns longitudinally to the
fiber axis to form linear cell-seeded biosynthetic fiber constructs. The capacity
to remove the muscle cell-seeded polymer fibers when required gives the way
to utilize the biodegradable fibers as linear muscle-seeded scaffold components
suitable for in vivo implantation into muscle. Moreover, the conducting substrate
with fibers placed provided the potential to develop electrical stimulation
paradigms for optimizing the ex vivo growth and synchronization of muscle
cells on the biodegradable fibers prior to implantation into damaged muscle
tissue.

The designed scaffold also suggested to control axonal growth and Schwann
cell migration. In addition, improved neurite outgrowth and Schwann cell migra-
tion were accomplished after direct electrical stimulation through the conductive
polymer layer [296].
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3.2
Conclusions

CPs have electrical and optical properties similar to those of metals and inorganic
semiconductors, but they also possess attractive properties similar to those of
common polymers. In most of the applications, CPs possess either a doped con-
ducting state or a neutral semiconducting state. During the past decade, numerous
applications such as biosensors, artificial muscles, coatings for neuroprosthetics,
and drug delivery systems were proposed in this field – all of them showed the
biomedical applications of CPs. However, their nondegradability has led to great
attention being directed toward the recently developed degradable and electrically
conductive polymers (DECPs). In many of the reported studies, biocompatibility
testing has been limited to in vitro screening, and any further advancement of
these materials requires appropriate functional animal studies before they can be
used in clinical applications. It is clear that CPs are promising materials to fulfill
material requirements in medical implants, in particular implants used in neural
stimulation and sensing. Tissue engineering is another area where these materials
may find applications, mainly as substrates for regeneration of tissues where elec-
trical conductivity can enhance cell growth. However, the area is full of unresolved
technological challenges motivating researchers to conduct further research and
development work.

Abbreviations

AA ascorbic acid
AChE amperometric acetylcholinesterase
ATP adenine triphenyl phosphate
BMSI biological–machine systems integration
CNT carbon nanotube
CP conducting polymer
CPCs conducting-polymer containers
CSA camphor sulfonic acid
Dapp apparent diffusion coefficients
DP dopamine
DPPH 1,1-diphenyl-2-picrylhydrazyl
DRG dorsal root ganglia
ECM extracellular matrices
ECoG electrocorticography
EGDMA ethylene glycol dimethacrylate
EQCM electrochemical quartz crystal microbalance
GOx glucose oxidase
HA hyaluronic acid
MDL minimum detectable level
miRNAs micro ribonucleic acids
MWCNT multiwalled carbon nanotubes
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NF nanofibers
NGF nerve growth factor
NHS N-hydroxysuccinimide
N-VCz N-vinylcarbazole
OECT electrochemical transistor
OPs organophosphates
PAAm polyacrylamide
p-AP p-aminophenol
PANI polyaniline
PCL polycaprolactone
PCLF polycaprolactone fumarate
PCz polycarbazole
PECA poly(ethyl cyanoacrylate)
PDLA poly(D,L-lactide)
PEDOT poly(3,4-ethylenedioxythiophene)
PEDOT:PSS poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
PEG polyethylene glycol
PHT poly(3-hexylthiophene)
PLA polylactic acid
PLGA poly(lactic-co-glycolic acid)
PNIPAM poly(N-isopropylacrylamide)
p[NVCzVBSA] poly[N-vinylcarbazole-co-vinylbenzene sulfonic acid
PPO polyphenol oxidase
PPV poly(p-phenylene vinylidene)
PPy NPs polypyrrole nanoparticles
RP retinitis pigmentosa
SA salicylic acid
SF silk fibroin
SNR signal to noise ratio
SSA 5-sulfosalicylicylic acid
sPANI synthesized polyaniline
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4
Plasma-Assisted Fabrication and Processing of Biomaterials

Kateryna Bazaka, Daniel S. Grant, Surjith Alancherry, and Mohan V. Jacob

4.1
Introduction

Plasma creates a highly reactive chemical environment that can be used to
selectively induce specific biological responses, fabricate materials with a wide
range of physico-chemical, mechanical, and biological properties, and modify
surfaces in a highly controlled manner. In this chapter, we will first briefly review
how plasma is used for sterilization and disease management. We will then focus
on the use of plasma environments for surface functionalization and fabrication
of carbon-based structures, from soft polymers to amorphous carbons and
carbon nanotubes.

The suitability of materials for use within a biological environment is a func-
tion of both their mechanical characteristics and their surface properties [1–3].
Historically, major emphasis has been placed on selecting materials with the most
favorable mechanical properties and chemical inertness. However, as our under-
standing of the interplay between living cells and abiotic surfaces grows, current
practices have progressed beyond merely favoring inert surfaces, to employing
techniques that enable the controlled development of surface morphology and
chemistry [4–9]. As a result, the typical approach for the development of devices
that are to be exposed to some biological medium is to select materials possessing
the requisite bulk mechanical properties (e.g., strength, density, wear resistance,
machinability), and to then employ surface modification techniques to control
interactions between the material’s surface and constituent components of the
biological medium [10].

Surface characteristics such as roughness, specific chemistry, hydrophilicity,
surface charge, surface energy, and surface reactivity play a significant role in
mediating biocompatibility factors relating to protein adsorption, cell adhesion,
immunological responses, and surface-tissue integration [11, 12]. There exists
a wide range of methods that can be employed to modify a surface, including
self-assembly, imprinting, pulsed laser processing, chemical etching, mechanical
polishing, and many others. The selection of a specific technique is dependent
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on the type of the material being processed (e.g., metallic, ceramic, or poly-
meric), and the desired outcome (e.g., altering surface chemistry, topography, or
hardness).

It must be noted that while most surface-modification techniques aim to alter
surface chemistry as the dominant factor in regulating interactions between a
material’s surface and the biological medium in which it exists, other factors such
as surface architecture and roughness should also be considered when engineering
a surface for biotechnology applications [13]. Furthermore, consideration must be
given to the surface properties of the biological bodies that the material is expected
to interact with, and the environmental conditions (e.g., pH, biomolecule concen-
tration, and presence or absence of micro-organisms) of the application site where
the interaction is to occur [6, 14, 15].

The process of introducing atoms or molecules with known chemical behav-
ior (i.e., functional groups) to the surface of a given material is known as surface
functionalization, and, given the inherently inert nature of many presently used
biomaterials, is of particular importance in biotechnology applications [10]. These
inert surfaces elicit nonspecific protein adhesion immediately upon exposure to
a biological system, and in the case of medical implants, this nonspecific protein
adhesion often induces foreign body reactions such as prolonged inflammation
at the surface–medium interface, and the formation of collagenous fibrous tissue
that encapsulates the device [4, 16].

The principal role of surface functionalization in biotechnology is to effect
selective immobilization of biogenic substances (e.g., proteins, peptides, and
polysaccharides) at the material’s surface [14]. This immobilization is often best
achieved via covalent bonding, which presents several advantages over other
less stable immobilization mechanisms such as electrostatic interactions and
ligand–receptor pairing. Advantages include an extended half-life of attached
biogenic substances, and a capacity to inhibit both their metabolism and
migration, all of which permit continued bioactivity of in-dwelling implants [10].

Selective immobilization of biogenic substances ultimately regulates interac-
tions between the material’s surface and the biological medium, with many far-
reaching implications of technological significance. From a medical perspective,
it prospectively permits surface engineering that can bring about a moderated
foreign-body response, and selectivity in cell adhesion and proliferation (includ-
ing an ability to inhibit bacterial adhesion and subsequent biofilm development
and tissue overgrowth) [17]. This ability to control the interplay between material
surfaces and biological mediums has led to the adoption of surface functionaliza-
tion techniques in a number of fields, including: drug delivery, biosensors, med-
ical implants and instruments, and industrial environments (where it has been
employed to control bacterial adhesion and subsequent biofilm formation that
promotes bioinduced corrosion of piping and other metal work) [4, 18, 19].

The desirability of specific surface-functionalization techniques employed to
achieve selective biogenic substance immobilization may be assessed on two
fronts. First, and most importantly for the performance of the device in question,
factors relating to the process outputs must be considered. This includes an
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analysis of variations in bulk material properties (which are typically sought
to be kept to a minimum), as well as the selectivity, amount, and distribution
of attached functional groups. If a number of techniques can be employed to
achieve comparably equivalent functionalization performance, then practical
factors relating to the process itself must be taken into consideration. To this
end, elements relating to technique cost, material wastage, environmental effects,
reproducibility, and production rates must be analyzed [20, 21].

In this chapter, we will focus on plasma-enabled processing as a highly versatile
tool for selective modification of a wide range of implantable materials, includ-
ing temperature-sensitive polymeric materials and living tissues. By varying pro-
cessing conditions, a wide range of outcomes can be attained, including highly
controlled micro- and nanostructuring of the surface (e.g., via etching and deposi-
tion), alterations to surface chemistry, including homogenous and heterogeneous
functionalization with functional chemistries and surface chemical gradients (e.g.,
via surface activation), and enhancing mechanical properties of the surface layer
(via cross-linking). Furthermore, plasma-enhanced fabrication enables controlled
synthesis of a wide range of nanomaterials that can be either directly grown on
the surface of the material or deposited on the catalyst support and then used in
material fabrication (bulk and surface).

4.1.1
Plasma in Medicine

Plasma-assisted technologies have found numerous applications in medicine,
materials science, and biotechnology. In medicine, thermal plasmas have long
been used to cut, ablate, and cauterize tissues by means of heating. On the other
hand, low-temperature, nonequilibrium plasmas produce minimum heating,
and thus can be applied to materials and tissues to induce a highly specific
response. Clinically, low-temperature plasma can be used for sterilization and
decontamination, wound healing, blood coagulation, and cancer treatment.

4.1.2
Plasma Sterilization

Low-temperature plasma can be used to effectively kill pathogens residing on
surfaces of medically relevant materials and devices, in liquids, and on living tis-
sues. Furthermore, plasma can be used to clean the surface of proteins, pyrogens,
peptides, and other microorganism-related biomolecules without damaging the
substrate. It can also be used to effectively deactivate and remove bacterial spores,
making it highly suited for decontamination and sterilization of biomaterial sur-
faces [22, 23]. Exposing pure water to a carrier gas in an electrical discharge pro-
duces an acidic solution, a so-called plasma acid, which can be used for biological
decontamination for several days. The pH of such a solution can be controlled by
changing the carrier gas; for example, using the gliding arc plasmatron, solutions
with a lower pH were obtained with air as the carrier gas than with oxygen [24].
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Resistive barrier discharge plasmas have been demonstrated to be effec-
tive on Escherichia coli, Pseudomonas fluorescens (5RL), methicillin-resistant
Staphylococcus aureus, spores, and bacteriophages [25]. In addition to medically
relevant bacteria, atmospheric pressure plasma was demonstrated to rapidly
and completely eradicate biofilms of four biofouling marine bacterial species on
polystyrene and stainless steel surfaces [26]. The kill rate and physical removal of
biofilms were controlled by regulating the process parameters, such as air flow
[25].

In terms of plasma device set up, low-pressure systems, for example, a dou-
ble inductively coupled plasma or a very high frequency capacitively coupled
plasma, are best used for laboratory inactivation of spores and germs, whereas
atmospheric-pressure plasmas, for example, dielectric barrier discharge, are
better suited for wound and skin sterilization [27]. Wavelength-dependent photo
sterilization efficiency is observed for double inductively coupled plasma, where
irradiation below 235 nm effectively kills Aspergillus brasiliensis spores, whereas
irradiation between 235 and 300 nm is required for deactivation of Bacillus
atrophaeus spores [27].

Treatment of bleeding rat wounds contaminated with high concentrations of
S. aureus for 1 min resulted in a 3-log reduction in bacteria cell numbers [28]. In
humans, treatment of wounds using MicroPlaSter alpha and MicroPlaSter beta
plasma devices resulted in a significant reduction in bacterial load, regardless of
the species of bacteria [29]. Treatment was safe, with no side-effects observed in
the treated patients. Similar results were reported for the decontamination of fin-
gertips of healthy volunteers as a means of hands hygiene [30]. Although in this
study dielectric barrier discharge plasma was shown to be more effective at reduc-
ing the bacterial load than low-temperature atmospheric pressure plasma jets,
both types of plasma treatments were effective and well tolerated by the patients.
Histology and electron microscopy examination of healthy ex vivo human skin
samples subjected to plasma treatment using FlatPlaSter 2.0 and MiniFlatPlaSter
showed the treatment to be tolerable up to 2 min, with no DNA damage [31].

The antimicrobial activity of plasma is closely associated with reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that are generated in medically
relevant plasmas [32]. These species play a key role in oxidation–reduction bio-
chemistry, a critical process in the biology of aerobic organisms. ROS and RNS
are also intimately involved in the immune reactions, with recent findings point-
ing to their key role in the antimicrobial and antiparasite activity of medical agents
[32]. Indeed, recent reports have suggested that classic antibiotics kill bacteria by
stimulating the formation of ROS [33, 34] although this finding remains a sub-
ject of debate [35, 36]. In addition to ROS, RNS and other reactive species, neutral
species, electric fields, charges, and photons generated in nonequilibrium plasmas
also contribute to the antimicrobial activities of these plasmas [32, 37].

The process of plasma-induced killing of bacteria is not fully elucidated [38].
Bacterial cells, as well as cells of most living organisms, are coated by a liquid
film. Therefore, it is likely that plasma species may interact with this film before
they reach the surface of the cell itself. Computational studies have shown that
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ROS, such as OH, HO2, and H2O2 can travel deep into the liquid layer and
reach the bioorganism. At the same time, O, OH, and HO2 radicals can react
with water molecules through hydrogen-abstraction reactions (H-reaction),
whereas no H-abstraction reaction occurs for H2O2 [39]. Furthermore, it is
important to consider that a wound is not a homogenous environment, but rather
a morphologically complex surface, potentially complete with dirt, oil, blood,
and other contaminants [40, 41]. These complexities may affect the depth of
penetration, and thereby the effectiveness of the reactive species generated in the
plasma.

4.1.3
Plasma Treatment of Cells

In addition to wound sterilization, low-temperature (at or below physiological
level) plasmas can be used to suppress inflammation and encourage healing [42,
43]. Tissue-tolerable plasma has been investigated for treatment of inflammatory
diseases, such as psoriasis, where plasma treatment was also found to temporar-
ily reduce the bacterial colonization on skin lesions [44]. Plasma treatment of
inflamed tissues in ulcerative colitis disease suppressed the progression of the dis-
ease while no damage to colon tissues was observed [45].

Immune system cells, such as monocytes and CD4+, CD8+, B, NK, NKT, TH17,
and γδT cells, regulate immune responses and modulate inflammation in all types
of tissues. Plasma treatment of these cells for 5–60 s resulted in a notably reduced
cell viability that varied with the cell type, with lymphocyte-type cells showing
significantly lower survival rates compared to monocytes [46]. It is likely that dif-
ferent types of immune cells possess inherently different coping mechanisms to
mitigate plasma cytotoxicity.

Exposure of primary human immune cells to plasma induces oxidative stress,
significantly oxidizing glutathione and thus changing cellular redox balance [47].
This change leads to mitochondrial oxidation and reduced mitochondrial mem-
brane potential, thus inducing apoptosis [47].

Depending on the dose, plasma treatment of eukaryotic cells can induce
either proliferation or apoptosis, with the effect attributed to the extent of
formation of intracellular ROS within the cell. Plasma-generated active neutral
species may induce the formation of organic peroxides in cell medium, thus
facilitating DNA damage, replication arrest, or formation of single-stranded DNA
breaks [48]. However, plasma was not found to lead to the formation of bulky
adducts/thymine dimers. Exposure of blood samples to the plasma jet for 40–80 s
yielded significant incremental differences in micronuclei, IL-1β, and TNF-α,
whereas shorter exposure times (i.e., 20 s) did not lead to these changes [49].

Given that different cell types respond differently to plasma-generated species
and radiation, selective biomanipulation of cells can be achieved. In addition to
affecting cell proliferation, plasma treatment can be used to control local cell
adhesion without inducing necrosis. Similarly, plasmas can be used for displace-
ment of cells from the substrate by inducing apoptosis [48, 50]. Atmospheric
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plasmas alter cell migration rates as a function of plasma treatment time and
localization of the treatment zone [51]. Cancer cells can be selectively targeted
[52, 53]. For instance, treatment of glioblastoma brain tumor cells and normal
astrocytes with plasma-activated medium resulted in selective killing of glioblas-
toma cells, manifested by morphological changes and reduced size consistent
with apoptosis. The killing mechanism involved plasma-induced downregulation
of expression of AKT kinase, the survival signals in cancers. Such selectivity in
a co-culture may be used for safe anticancer therapy [54–56]. Plasma treatment
of prostate cancer primary cells derived from patient tumor tissue exacted
irreversible DNA damage [57].

The mechanisms of plasma effects on healthy cells need to be elucidated
further. On exposing human keratinocyte cells to atmospheric pressure argon
plasma induced changes of charges of several cell proteins, yet no fragmentation,
degradation, or complexation of cell proteins was observed [58]. At the mRNA
levels, such plasma treatment prompted an upregulation of vascular endothe-
lial growth factor-a, heparin-binding epidermal growth factor, granulocyte
macrophage colony-stimulating factor, prostaglandin-endoperoxide synthase 2
and interleukin-6 [59], promoting the synthesis and secretion of corresponding
proteins. The release of these cytokines and growth factors may stimulate
resolution of chronic wounds.

Plasma treatment of amino acids in aqueous solution resulted in hydroxylation
and nitration of aromatic rings in tyrosine, phenylalanine, and tryptophan; sul-
fonation and disulfide linkage formation of thiol groups in cysteine; sulfoxidation
of methionine; and amidation and ring opening of five-membered rings in histi-
dine and proline [60]. Plasma treatment was also found to preferentially decrease
sulfur-containing and aromatic amino acids. Plasma interactions with L-alanine
caused the decrease in the –CH3 bond, >C(NH2)COOH bond, and –COOH
bond peaks of the main component [61]. Degradation increased with ion energy
and dose, and photon energy, with energy over 6 eV sufficient to degrade this
amino acid. In terms of the relative importance of different plasma-generated
effects, argon plasma ions were found to be the most significant, followed by
UV photons, and metastable radicals [62]. Results from the treatment with
Ar–O2 plasma suggest that surface etching dominates the chemical degradation
process [62].

4.1.4
Plasma-Assisted Surface Modification

From a biomaterials perspective, plasma-assisted techniques are widely used for
the long-lasting, highly controlled modification of a variety of medically relevant
surfaces [63–65]. Over the past two decades, plasma-assisted nanoscale synthe-
sis and modification has developed into a sophisticated highly flexible process for
the fabrication of a broad selection of pure and hybrid nanoscale objects span-
ning across a vast number of materials systems and length scales [66]. In terms of
energy, material efficiency, and degree of organization, plasmas are equal or even
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superior to commonly used thermal, wet chemistry, or laser-assisted processing
methods [66]. The plasma environment can be tailored to facilitate one-step syn-
thesis of functional materials from natural precursors [67–73].

Numerous advantageous properties can be attributed to the use of plasma-
assisted functionalization of biomaterial surfaces, as achieved via either plasma
treatment or plasma polymerization. First and foremost, the ability to change
plasma species energy and density by easily varying process parameters affords
the surface engineer ample opportunity to develop new functionalization-related
surface environments [74]. Importantly, this breadth of choice is also accompa-
nied by a high degree of reproducibility in the achieved functional group type
and coverage when a given system operates under identical conditions [75].

Plasma-assisted functionalization processes exhibit low substrate depen-
dence and can, as such, be applied to virtually all materials commonly
employed in biotechnology applications, including polymers such as poly(methyl
methacrylate) (PMMA), polyurethane (PU), polytetrafluoroethylene (PTFE),
polypropylene (PP), and poly(ethylene terephthalate) (PET) [10]. Vitally, only
the top few nanometers of these materials are subjected to modification, and as
such the polymers retain their bulk physical properties [76]. This process is also
line-of-sight independent, and can as such accommodate the functionalization of
three-dimensional geometries [77, 78]. This feature can be coupled with the fact
that the process is highly scalable, and as such lends itself to the functionalization
of micro- or nano-scaled artifacts, allowing it to cater to the prominent trend of
miniaturizing the detail of biotechnology devices [5, 79].

The application of masking techniques to the substrate during either the plasma
treatment or plasma polymerization process can facilitate spatial patterning of
surface functionalities (i.e., form well-defined regions of functional groups, or
conversely an absence of functional groups) [79, 80], or the formation of func-
tional group gradients [81–83]. This surface patterning ability has been exploited
by researchers such as Leclair et al. in order to micropattern glass substrates using
plasma-deposited fluoropolymer thin films, resulting in single-cell positioning
and neural circuit arrangements, as depicted in Figures 4.1 and 4.2 [84]. Gradients
of a specific chemical moiety or several chemical groups across the surface can

0.64 µm
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Figure 4.1 (a, b) Optical images of myoblast cells cultured on the single-cell patterning sub-
strates. (c) AFM image of a single cell adopting the triangular shape of the pattern feature.
(Leclair 2011 [84]. Reproduced with permission of Elsevier.)
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Figure 4.2 Optical images of live neurons cultured on the hexagonal grid pattern, after
incubation times of (a, b) 4 days, (c) 7 days, and (d) 21 days. (Leclair 2011 [84]. Reproduced
with permission of Elsevier.)

be employed to study cell–surface interactions, yielding a large number of data
points per sample [85]. In a similar manner, morphological gradients can be
employed to study the response of cells to various surface topographies.

Specific surface topographies can be achieved in a two-step process, where
chemical functionalization is followed by time-dependent immersion of the
substrate into a nanoparticle solution, where nanoparticles preferentially bind to
the deposited chemistry [86]. The material is then coated with a thin polymer
layer, resulting in a surface that displays a nanoparticle density gradient, yet is
chemically homogeneous. The final coating step can be omitted, and instead
biomolecules with a preferential attachment for the nanoparticles can be used
to create a biomolecule gradient. Given that protein fouling is observed on
most biomaterial surfaces, understanding the relationship between biomolecule
density and cells can provide further insights into cell–surface dynamics.

Single-cell patterning achieved using plasma lithography technology
(Figure 4.1a,b) may facilitate the controlled study of cell, cell-to-cell, and
cell–material interactions, free from the interference generated by the bulk pres-
ence of cells [87–89]. Moreover, the demonstrated ability to moderate cell shape
and spreading area (Figure 4.1c) also lends the process a prospective capacity for
influencing cell migration [90, 91], differentiation [92], and proliferation [93].
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By taking advantage of the cell’s preferential adhesion to the glass substrate over
that of the fluoropolymer thin film, the researchers were able to successfully fab-
ricate live two-dimensional neural circuits cultured on patterned samples. These
networks were strongly characterized by cell nuclei adhesion at the nodal locus’
connecting glass channels (Figure 4.2a,b), and by subsequent neurite alignment
and growth along the glass channels (Figure 4.2c,d). This plasma polymerization
process used to fabricate neural networks with controlled morphology has numer-
ous prospective applications, including that of neuron-based biosensors, which
may be achieved by monitoring variations in neuron electrical activity in response
to chemical influences in the culture environment [84].

Beyond patterning, the benefits associated with plasma techniques for accom-
plishing surface functionalization also extend to a preclusion of the need for cer-
tain biomaterial surface-cleaning and preparation techniques, which may by their
very nature introduce contaminants onto the surface. This includes contaminants
such as silicon and aluminum from grit blasting media, processing fluids (e.g.,
etchants and cleaning solvents), and residues from sterilization procedures (e.g.,
autoclaving or ethylene oxide) [94]. It also obviates the need to use other avenues
for achieving surface functionalization, including the use of wet chemicals or pho-
tochemical treatment. These alternative techniques can be subject to a number of
limitations, including high substrate dependence, difficulties in reproducibility,
the production of hazardous chemical waste, and prospectively low functional-
ization yield and specificity [95–98].

Finally, it must be noted that plasma-based methods for achieving surface func-
tionalization also impose a number of constraints upon the selection of bulk mate-
rials suitable for the process. The functionalization process is often (though by no
means exclusively) undertaken at low pressure, and as such the polymeric material
may need to exhibit stability while under vacuum at (or slightly above) room tem-
perature [77, 78]. The vast majority of polymeric materials employed in biotech-
nology are more than capable of satisfying these process requirements.

4.1.5
Plasma Functionalization

Plasma treatment involves the use of nonpolymerizing gases (with frequently
used gases including Ar, O2, H2, N2, and NH3) to produce a plasma state
consisting of neutral atoms and molecules, positively and negatively charged
atoms and molecules, electrons, and photons [99]. The plasma can be subjected
to several modes of classification based upon its working pressure (e.g., low or
high/atmospheric pressure), the method of transferring energy from the electric
field to the plasma species (e.g., DC, RF capacitively coupled, and microwave
discharge), and its thermal state (i.e., thermal equilibrium or nonequilibrium
plasma).

Plasma treatment makes use of careful selection of the process gas and con-
ditions to achieve controlled changes in surface chemistry and topology [100].
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It can be applied to polymeric materials in order to enhance their cytocompat-
ibility, hemocompatibility, and antibacterial properties. This enhancement is
accomplished (notwithstanding the effects of nanostructuring) by the controlled
introduction of specific functional groups (such as carboxyl, amine, and hydroxyl
groups) onto the polymer’s surface [14].

Surface functionalization is achieved by bombardment of the polymeric sub-
strate with energetic species present within the plasma. Bombardment leads to
the removal of contaminant surface species, the cleavage of covalent bonds on
the substrate surface, and the subsequent development of unsaturations and free
radicals. These surface free radicals establish covalent bonds with active plasma
species and subsequently facilitate the adhesion of functional groups at the surface
[101]. The specificity of these functional groups (i.e., the number of a specific type
of functional group per 100 C atoms) can be controlled to some extent via intelli-
gent selection of the process gas [100]. For example, oxygen or hydroxyl group
functionalization can be achieved using O2, H2O, O2/O3, and O2/H2O2 gases
[102–104] amine groups can be introduced using N2, N2/H2, and NH3 gases [105,
106] and carboxyl groups such as COOH can be introduced using CO2 [105, 107].

There exists an extensive compilation of publications exploring the interplay
between plasma treated polymeric materials and cell interaction [17]. One rep-
resentative example of these publications is the study conducted by Švorčík et al.
[108] into the in vitro cytocompatibility of Ar plasma treated polyethylene [17].
This study focussed, in part, on the effects of Ar plasma treatment on polyethy-
lene (PE), as determined by its influence on the adhesion and proliferation of rat
vascular smooth muscle cells (VSMC), and mouse embryonic NIH 3T3 fibrob-
lasts.

Here, the plasma treated PE exhibited markedly greater cell population density,
attributable in part to plasma-induced surface oxidation, which promoted surface
wettability and the subsequent uptake of adhesion supporting biomolecules. A
comparison of the growth rates for both VSMC and NH 3T3 fibroblasts on pris-
tine and plasma treated PE surfaces (Figure 4.3) clearly demonstrates superior cell
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Figure 4.3 VSMC adhered (first day) and grown (fifth day) on pristine and plasma treated PE
(a), and 3T3 adhered (first day) and grown (third day) on pristine and plasma treated PE (b).
(Jacobs 2012 [17]. Reproduced with permission of Elsevier.)
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adhesion and spreading on the plasma treated surfaces, leading to an enhanced
state of proliferation for the cell types under consideration.

Plasma treatment may find preferential employment over plasma polymeriza-
tion in situations where it would be inappropriate to apply a polymeric layer to the
substrate, or when a higher degree of nonspecific hetero-functionalization of the
surface is sought. In qualifying this latter point, it bears mentioning that while it
is possible to use plasma treatment to produce highly homo-functionalized sur-
faces, doing so may require additional chemical reduction of the functional groups
formed by the plasma [109].

4.1.6
Plasma-Enabled Synthesis of Polymers

Plasma polymerization differs from plasma treatment in that its process gas makes
use of monomeric units containing specific functional groups, leading to the pro-
duction of a functionalized polymer coating over the bulk substrate material. This
method of surface functionalization finds preferential use over plasma treatment
when a high degree of mono-functionalization is sought, or when a nonpolymeric
substrate material (e.g., metal or ceramic) is to be used.

The properties of the polymer coating depend on the processing parameters,
including fabrication power, pressure, properties of the monomer and carrier gas,
flow rates, temperature of the substrate, and many others [110]. For protective
coatings, highly cross-linked polymers are used. These coatings are fabricated
at higher input power, resulting in a high degree of fragmentation and a sig-
nificant loss of original chemical functionality. Where surface functionality is
to be retained, low-temperature low-power plasmas are used. However, these
conditions also result in coatings with inferior mechanical properties, stability,
and adhesion to substrate, which may undermine the clinical usefulness of these
coatings [111].

Selectivity of the functional groups to be retained in the plasma-deposited poly-
meric layer can be achieved via careful selection of the monomeric unit (e.g., allyl
alcohol for OH groups, acrylic acid for COOH groups, and allylamine for NH2
groups) [112]. At low power, the chemical structure of the monomer, such as the
presence of unsaturation, is particularly important [113]. Polymerization of unsat-
urated monomers results in coatings with lower hardness, and higher solubility,
and density compared to films produced from saturated monomers. The retention
of the selected functional groups can then be accomplished by exercising control
over a number of plasma parameters, with special emphasis on the plasma energy
density, as indicated by the Yasuda factor: YF=W /MF , where W =wattage in
J s−1, M =monomer molecular weight in kg mol−1, and F =monomer flow rate
in mol s−1 [114].

While retention of monomer functional groups during plasma polymerization
is easier to achieve than retention of the entire monomer structure, it still stands
that lowering the input power (i.e., operating at a lower Yasuda factor) suppresses
monomer fragmentation [115], and leads to an increased retention of monomer
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functional groups within the deposited polymer layer [116, 117]. However,
caution must be exercised when using a low energy density plasma, as it also
leads to increased retention or entrapment of complete monomer and oligomer
units throughout the deposited polymer layer. These entrapped species may,
subsequently, lower the thermal stability of the deposited polymer layer as they
evaporate at temperatures below 100 ∘C [116].

A complementary method for increasing functional group retention involves
operating at a higher process pressure, resulting in a reduction in the electron
mean-free-path and a subsequent decrease in electron temperature. In turn,
this lower electron temperature leads to a decrease in monomer fragmentation,
and an increase in the number of intact monomer units incorporated into the
deposited layer. The extent of functional group retention may be prospectively
calculated as 𝜑= [cfg M]n × cfg M, where M =monomer molecular weight in
kg mol−1, n=number of monomer units, and cfg = concentration of functional
groups per monomer unit [116]. Efforts to limit the residence time of the
monomer within the plasma and to avoid ionic bombardment may also lead to
further preservation of the monomer structure within the plasma-polymerized
film [118].

In addition to direct incorporation of functional groups at the surface during the
plasma on state, polymer surfaces may also be functionalized by plasma-induced
chemical radical graft polymerization. In this process, an inert gas (e.g., Ar or He)
is used in the plasma on state to activate the surface as per the case for plasma
treatment. Thereafter, the activated surface is exposed to unsaturated monomeric
units, which subsequently graft to free radical sites at the surface [21]. This can be
accomplished using any process that exposes the post-plasma activated surface to
the monomer, or by processes employing on–off cycles (such as pulsed plasma
techniques) [119].

The efficacy of plasma-induced grafting has been comprehensively demon-
strated on a number of polymeric substrate materials [109, 120, 121].
Furthermore, the technique has the capacity to immobilize a variety of bio-
genic molecules and other functional structures [63, 122], and to enhance
the properties of the biomaterial for a specific application [123]. For example,
proteins, such as streptavidin can be covalently linked to aldehyde functionalities
without losing their binding ability, or nonspecifically adsorbed to ethanol
functionalities, leading to protein denaturation [124]. Xia et al. used surface
modification of poly(L-lactic acid) (PLLA) to promote endothelialization [125].
In this study, PLLA was subjected to a three-step plasma process, consisting
of (i) surface activation via Ar plasma treatment, (ii) carboxylic group surface
functionalization via acrylic acid (AA) graft polymerization, and (iii) biomolecule
immobilization via covalent bonding between the surface carboxylic groups and
amine groups present on the selected biomolecules (viz., gelatin and chitosan).
Human umbilical vein endothelial cells (HUVECs) were then grown on the
pristine and surface-modified PLLA surfaces.

The effectiveness of this plasma-induced grafting process is demonstrated in
Figure 4.4 by the preferential focal-adhesion and spreading of the endothelial
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Figure 4.4 Surface dependent focal adhe-
sion formation (denoted by arrows). Cells
were seeded on (a) PLLA, (b) PLLA-gAA-
chitosan, and (c) PLLA-gAA-gelatin at a

seeding density of 104 cell cm−2 and cul-
tured for 12 h. Scale= 20 μm. (Xia 2010 [125].
Reproduced with permission of Springer.)
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Figure 4.5 Cell morphology observed on (a)
PLLA, (b) PLLA-gAA-gelatin, and (c) PLLA-
gAA-chitosan by SEM at day 7. Complete
endothelialization was observed on both

modified PLLA substrates, but not on PLLA
substrate. Scale= 100 μm. (Xia 2010 [125].
Reproduced with permission of Springer.)

cells on the PLLA samples with plasma grafting assisted immobilization of gelatin
(b) and chitosan (c) biomolecules. These enhanced cell attributes (relative to
those exhibited by the pristine PLLA surface) are then further complemented by
the complete endothelialization of the plasma grafted surfaces, as presented in
Figure 4.5.

Improved surface endothelialization achieved by plasma-based techniques such
as those presented here may find prospective applications in blood-contacting
devices, effectively masking the underlying polymeric biomaterial from platelets
and fibrinogen present within the blood, and subsequently circumventing
immunogenic complications [126, 127].

4.1.7
Plasma-Enhanced Fabrication of Amorphous and Graphene-Like Carbon

4.1.7.1 Plasma Polymerized Diamond-Like Carbon (DLC) Films

Diamond-like carbon (DLC) is a group of metastable carbon materials with
a significant fraction of sp3 carbon–carbon bonds. They exist as amorphous
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carbon (a-C) and hydrogenated amorphous carbon (a-C:H). The amorphous
carbon is characterized by high sp3 content (between 40% and 80%) whereas the
hydrogenated form comprises predominantly sp2 bonded carbon together with
20–30% hydrogen [128]. For decades, DLC has been considered as a techno-
logically important material due to its outstanding properties such as extreme
hardness, high chemical inertness, high wear and corrosion resistance, low
coefficient of friction, transparency to IR light, and good biocompatibility. The
properties of DLC thin films are highly dependent on the ratio of sp3/sp2 carbon
bonds in their structure. In turn, the sp3/sp2 ratio is very sensitive to the deposition
process and parameters.

DLC films can be prepared using a range of techniques, including plasma-
enhanced chemical vapor deposition (PECVD), ion beam deposition, filtered
cathodic vacuum arc, plasma immersion ion implantation, magnetron sputtering,
ion beam sputtering, pulsed laser deposition, and mass selected ion beam
deposition. Of these, plasma-based methods have gained considerable research
attention in recent years [129–134]. A comparative experimental analysis of
PECVD of a-C:H films using methane and acetylene as precursor gases showed
that deposition rate, surface roughness, hardness, mass density, and hydrogen
content were affected by both the choice of the precursor and deposition
parameters.

4.1.7.2 DLC films as Hemocompatible Coatings
Hemocompatibilty is an essential prerequisite for implants, especially those that
are in direct contact with blood such as prosthetic heart valves, blood pumps,
stents, and other blood contacting devices. One of the major challenges faced
by these implants is thrombus formation on the device’s surface arising from
the adsorption of plasma proteins and subsequent platelet adhesion when the
device comes into contact with blood. The process of thrombus formation is
closely related to the ratio of adsorbed albumin to fibrinogen (plasma proteins)
on the implant surface. It is better to have a higher albumin to fibrinogen ratio as
fibrinogen accelerates platelet adhesion whereas albumin prevents it. A number
of in vitro and in vivo studies have confirmed the blood biocompatibility of DLC
films [132, 135–137]. In general, the hemocompatibility of DLC films depends
on wettability, surface composition, surface roughness, and surface charge [138].
Hasebe et al. studied the platelet adhesion and activation characteristics of
PECVD DLC and fluorinated DLC (F-DLC) [139]. It was found that nano-order
surface roughness (below 100 nm) had no obvious effect on nonthrombogenic
properties of these films. Moreover, F-DLC has shown lower platelet adhesion
than DLC for every grade of roughness.

Several studies have reported the improvement of hemocompatibility of DLC
films by incorporating other elements [140–142]. Being amorphous in nature,
the DLC structure is flexible to accommodate the doping element and shows
properties dependent on the nature of the dopant and level of doping (Figure 4.6).
It is observed that the doping element (X) preferentially substitutes sp2 (C=C)
hybridized carbon forming C–X bonds by keeping the sp3 hybridized carbon
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Figure 4.6 (A) Optical microscopic images of
DI water droplets showing the difference of
oxygen and nitrogen plasma treatment on
maintaining the hydrophilic nature of Si-DLC
surface. The oxygen treated surfaces exhibit
prolonged wettability by showing consistent
wetting angle measured for a period of 20
days, whereas nitrogen treated surface lost
its hydrophilic nature. (Orlanda 2010 [143].
American Chemical Society.) (B) Variation

of sp3/sp2 ratio with respect to silicon dop-
ing concentration in DLC film. (Ahmed 2013
[144]. Reproduced with permission of Else-
vier.) (C) SEM images showing platelet adhe-
sion on substrates coated with TIN, A-Si and
F-DLC coatings. The adhered platelets are
significantly reduced in F-DLC films (g and
h) compared to others. (Chou 2013 [145].
Reproduced with permission of Elsevier.)

relatively unaltered. This will change the sp3/sp2 ratio, which in turn affects
the properties of the film [144]. A detailed description of the various studies to
enhance the blood biocompatibility of DLC films by doping with different ele-
ments is available in these review articles and references therein [141, 142, 146].
Recently, Ahmed et al. [147] prepared DLC and Si-DLC through radio frequency
PECVD using acetylene as a source gas and tetramethylsilane as a dopant source.
On comparing the adsorption of human serum albumin (HSA) on these films,
the authors observed an increased adsorption of HSA on Si-DLC. In addition, the
amount of HSA adsorbed on Si-DLC increased with the Si content. The sp3/sp2

ratio also increased with increase in Si concentration. Another couple of studies
by the same authors about glycine adsorption on PECVD-deposited silicon and
fluorine doped DLC film revealed that silicon and fluorine concentration could
control the glycine adsorption rate on DLC surfaces. The DLC films with lower
concentrations of silicon and fluorine, had a higher adsorption rate than films
having higher concentration of these elements [148].

Chou et al. conducted hemolysis ratio and platelet covered area studies of fluori-
nated DLC films coated on titanium alloy through radio frequency PECVD. They
showed that a higher concentration of fluorine in DLC films is not favorable to
maintain hemocompatibility [145]. Ohgoe et al. [149] observed reduced hemolysis
and improved hemolytic performance for fluorine doped DLC coatings prepared
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from C6F5H precursor gas. The fluorinated DLC dominated undoped DLC as well
as bare surface (SU 304) by exhibiting a low friction coefficient and reduced sur-
face energy, which resulted in improved hemolytic performance. Recently, Shiba
et al. reported the hemocompatibility studies of radio frequency plasma poly-
merized DLC films on four different polymers to ascertain the applicability of
microchannels for blood analyzing devices. The authors obtained a satisfactory
result for DLC coated polydimethylsiloxane and cyclic olefin polymers [150].

Apart from doping, surface treatment of DLC films with appropriate plasma
also enhances the blood compatibility [143, 151]. The plasma used for surface
treatment has significant influence in deciding the end properties of DLC films.
Plasma can modify the surface bonds, hydrophilicity, and surface charge of the
DLC surface. Roy et al. reported the protein adsorption and blood coagulation
time of Si-DLC films surface treated with O2, N2, and CF4 plasma [151]. It was
found that the plasma affects the polar component of surface energy and makes
the surface hydrophilic or hydrophobic depending on the nature of the plasma
used. Hydrophilic Si-DLC surfaces with reduced platelet adhesion and improved
blood coagulation time were obtained for oxygen and nitrogen plasma surface
treatment. On the other hand, CF4 plasma made the surface hydrophobic with
low hemocompatibility. The hydrophilicity of the surface is an important factor
governing platelet adhesion as well as prolonged wettability. Yi et al. showed
that long-lasting hydrophilic Si-DLC could be made by precisely controlling
the Si concentration in the DLC film and subsequent oxygen surface treatment
[152]. They prepared Si-DLC films with different Si concentrations (0–3.25 at.%)
through radio frequency PECVD using benzene and a mixture of benzene and
silane as the precursor gases. The Si-DLC films with Si concentration from 0.66
to 2.42 at.% maintained their hydrophilic nature up to 20 days and were suggested
for applications like biocoatings for contact lenses where long-lasting wettability
is needed.

4.1.7.3 DLC Films as Antibacterial Coatings
Bacterial adhesion, proliferation, and biofilm formation are another major con-
cern for implantable devices, with the majority of implant failure and surgical
removal occurring due to implant-associated infections and inflammation. DLC
films have been considered as promising antibacterial coatings for implantable
devices. The decisive parameters that control bacterial adhesion on DLC films
are the structure, chemical bonds, surface roughness, surface charge, hydrophilic-
ity, and hydrogen content. Marciano et al. reported the bactericidal properties of
PECVD DLC films from a methane gas precursor [153]. The antibacterial prop-
erty of 22% hydrogen containing films was evaluated against E. coli, P. aeruginosa,
Salmonella typhimurium, and S. aureus. The antibacterial activity ranged from
25% to 55% depending on the bacterial species (Figure 4.7). The antibacterial effect
of DLC films was attributed to the rupture of cell membranes from the direct con-
tact of bacteria with nanocarbon aggregates on the DLC film.

Though DLC films exhibit antibacterial properties, the majority of the reported
studies deal with doped DLC films since even better properties could be achieved
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Figure 4.7 (A) The SEM images showing
the antibacterial activity of DLC film against
bacterium E. coli and P. aeruginosa. The bac-
terium tends to lose its shape with cytoplas-
mic projections indicating the rupturing of
cell wall when bacteria come in contact with
DLC films. (Marciano 2011 [153]. Reproduced
with permission of Elsevier.) (B) The TEM
images describing the antibacterial activity
of Cu embedded nanostructured DLC film

against bacterium S. aureus and E. coli. The
cytoplasm leakage is clearly visible (arrow
marked region) due to destruction of cell
walls by Cu diffusion. The inset picture repre-
sents the adhered bacterium S. aureus (round
morphology) and E. coli (tubular morphol-
ogy) on glass substrate for the same incuba-
tion time. (Lee 2013 [154]. Reproduced with
permission of Taylor and Francis.)

through doping. The activity of bacterium Klebsiella pneumonia on silicon and
fluorine incorporated DLC films prepared through radio frequency PECVD on
stainless steel substrates was reported by Ren et al. [155]. The F-DLC with 39.2%
fluorine and Si-DLC with 19.2% silicon reduced the bacterial adhesion by 68%
compared to the undoped film. The doped DLC films were characterized by low
surface energy and low interaction energy between bacteria and film surface,
which accounts for the better antibacterial properties.

Staphylococcal biofilm formation on DLC and F-DLC coated ultrahigh molec-
ular weight polyethylene (UHMWPE) was investigated by Del-Prado et al. [156].
A marginal decrease in biofilm thickness and bacterial coverage was obtained
for DLC-coated UHMWPE compared to the uncoated sample. A species-specific
effect is also observed, with S. aureus being affected mainly by F-DLC, whereas
S. epidermidis was affected by DLC coatings. An antibacterial nanostructured a-
C:H/Cu composite was prepared by Lee et al. through a combined radio frequency
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PECVD and magnetron sputtering system [154]. The a-C:H/Cu composite con-
taining more than 27.8 at.% Cu displayed excellent antibacterial performance
(>99.9%) against S. aureus and E. coli after incubation for 24 h. The authors also
showed that the incorporated Cu particles could diffuse into the bacterial cell
by destroying the cell wall and cell membrane and causing bacterial apoptosis.
Similarly, Lan et al. [157] reported that silver containing DLC films were effective
against E. coli. It was noticed that even the lowest Ag/C ratio (0.07) resulted in an
activity of 93%, which increased to 98% upon increasing the Ag/C ratio to 0.25%.
In this case, Ag+ ions kill the bacteria by diffusing into the cytoplasm of the cell.

4.1.7.4 DLC Films as Corrosion Resistant and Low Wear Coatings
The use of orthopedic implants shows a dramatic increase every year. Unfor-
tunately, surgical removal and replacement also increases. The major problems
associated with orthopedic implants are implant-associated infections and
loosening of joints due to wear and corrosion [142]. The mechanism of wear is
complex, and is mainly related to the type of materials involved in joints, geome-
try, and implant surroundings. Metals, alloys, polymers, and ceramics have been
used to fabricate different parts of prosthesis. These artificial joints are expected
to be dynamic in the presence of body fluids containing corrosive elements,
subjected to wear and tear and corrosion. The wear rates of metal/ceramic-
on-polymer (UHMWPE), metal-on-metal, and ceramic-on-ceramic implants
are estimated in the 5–30, 1–3, and 0.05 mm3 year−1range respectively [142].
The debris particles released out of these joints may be cytotoxic and can cause
inflammation of tissue surrounding the implant, which leads to device removal
and replacement.

Since DLC coatings possess high hardness, wear resistance, chemical inertness,
and a low friction coefficient, they are considered as an excellent material to engi-
neer the surface properties of artificial joint components to overcome the afore-
mentioned problems [142, 146, 158, 159]. One of the major advantages of DLC
films in biological applications are their noncytotoxic nature. For instance, it was
reported that delaminated DLC debris particles did not induce any inflamma-
tion or toxic reactions on bone marrow cell cultures, demonstrating excellent cell
compatibility [146]. Another study, by Wang et al. [160] showed that ammonia
surface treated radio frequency plasma polymerized DLC displayed better cyto-
compatibility to mouse MC3T3-E1 pre-osteoblasts than the untreated DLC films.
As explained earlier, the DLC surface becomes hydrophilic by forming amine-
terminated bonds after surface modification.

Mechanically, the DLC films showed hardness up to 90 GPa and extreme
resilience. However, tribological behavior of DLC films depends on intrinsic as
well as extrinsic factors. The friction values reported for DLC films span a range
of 0.001–0.7 and normalized wear rate values as low as 10−11 mm3 N−1 m−1 [161].
It is postulated that the tribological performance of implant surfaces benefits
from protein adsorption, whereby a protein layer acts as a natural lubricating
layer to reduce wear rate [162, 163]. It is worth noting that DLC as well as
alloyed DLC films act as good host surfaces to proteins and, therefore, serve as an
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ideal material for orthopedic implant coatings. Liu et al. [162] reported that the
corrosion resistance and wear rate of DLC coated CoCrMo alloy was improved
by adsorption of protein when subjected to bovine calf serum. As discussed in
the previous section, doping of DLC could control the protein adsorption as
it changes the surface characteristics. Another study by Escudeiro et al. [163]
observed that incorporation of zirconium ion into DLC film enhances the protein
adsorption characteristics and showed better wear properties. The surface was
characterized by the reduced surface energy.

The tribological performance of DLC coatings for orthopedic replacements is
usually analyzed in vitro using pin on disc tests, hip simulators, or spine and knee
simulator analysis. Liu et al. [162] studied the tribocorrosion behavior of filtered
cathodic vacuum arc derived DLC, coated on CaCrMo alloy in a simulated bio-
logical environment (i.e., in the presence of 50 vol% bovine calf serum and 0.9%
NaCl solution) by using a ball-on-disk reciprocating tribometer and three elec-
trode electrochemical cell. The testing was performed at 1 N normal load, 0.5 Hz
sliding frequency, 6 mm stroke length, and with an estimated contact pressure of
800 MPa. Under sliding conditions, the DLC coated alloy showed better corrosion
resistance, smaller friction force, and a lower wear rate than the bare alloy. A pin-
on-disc simulation test with an applied normal force of 1 N, linear speed 20 cm s−1,
and 10 000 cycles performed by Escudeiro et al. [163] on zirconium incorporated
DLC films revealed that Zr-DLC films exhibited a significant reduction in the
wear rate of the titanium alloy counter-body. On comparing the corrosion, tri-
bological performance, and impact fatigue behavior of plasma derived DLC and
TIN coatings on 316L stainless steel, Wang et al. [164] observed that DLC has no
impact fatigue after 104 cycles, with 700 N impact and 700 N static loads, whereas
TIN showed impact fatigue under these conditions (Figure 4.8). In addition, DLC
coatings exhibited stable tribological behavior under a simulated body environ-
ment, with an average coefficient of friction of∼0.35 measured using a pin-on-disc
experimental set-up. Moreover, DLC coatings exhibited a higher corrosion resis-
tance by showing highest polarization corrosion resistance Rp (1543 kΩ cm2) and
lower corrosion current Icorr (0.055 μA cm−2) than TIN and bare stainless steel.

Though a number of wear studies have been reported using the above-
mentioned simulations, the results are incomparable due to inconsistencies in
choosing experimental parameters such as load, contact pressure, number of
cycles, speed, testing environment, and counter-surface [142]. Only a handful
of literature is available that describes the simulations as per ASTM or ISO
standard procedures. Recently, Thorwarth et al. [165] reported a simplified spinal
simulation with reference to ASTM-F 2423-05 performed on radio frequency
PECVD DLC layers on biomedical CoCr28Mo6 alloy. It is worth mentioning that
DLC coated CCM articulations detected little or no noticeable wear after 101
million cycles of testing. Franta et al. [166] studied the tribocorrosion behavior of
DLC coated and uncoated titanium alloy using a hinge-type knee prosthesis wear
test according to the ISO standard for knee joint prosthesis. Interestingly, the
coated implant did not show any contact damage and exhibited good tribological
performance with significant improvement in implant lifetime. A hinge-type knee
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Figure 4.8 (A) The SEM micrographs show-
ing the stability of DLC films over TIN coat-
ings for 104 cycles of impact fatigue test.
The DLC film does not show cohesive or
adhesive failure during the course of the
experiment. (Wang 2010 [164]. Reproduced
with permission of Elsevier.) (B) Wear volume

produced by metal-on-metal and DLC-on-
DLC pairs with respect to number of test
runtime. The smooth DLC pairs exhibit sig-
nificantly reduced wear volume compared
to MoM pairs. (Thorwarth 2014 [165]. Repro-
duced with permission of Elsevier.)

simulator with loading conforming to ISO 14 243, and in the presence of sodium
chloride solution, reported an increase in the service life of the DLC/PEEK
articulating system by up to 2 million cycles.

The DLC films are usually characterized by high residual stress. This high inter-
nal compressive stress, together with the coefficient of thermal expansion mis-
match with the substrate, leads to DLC film/substrate interfacial cracking and
delamination. In addition, the residual stress is found to increase with DLC film
thickness, preventing the implant surfaces with thick DLC coatings from being
used. Hence, providing better adhesion between DLC and the substrate, especially
on metal substrate, is one of the major goals for attaining long-lasting coatings
on articulating surfaces. One way of meeting this requirement is by introducing
suitable interlayers between the DLC and substrate material. In general, layers of
Ti, Si, Cr, Cr-CrN, Ta, Nb, and functionally graded layers (Me, MeN, MeNC, or
Me/MeC where Me corresponds to metallic ion) are used as adhesion promot-
ing layers [142, 163]. Interlayer stability and high cycle simulator performance
of a DLC coating with Ta interlayer was reported by Thorwarth et al. [165]. The
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authors found that an amorphous/α tantalum interlayer gave excellent adhesion
for a DLC layer to CCM alloy with little or no noticeable wear rate after 101 mil-
lion cycles. In addition, overloading and third body (cortical bone chips) wear did
not show any kind of coating failure, local defects or defect propagation, and pro-
jected them as potential candidates for coatings on metal-on-metal articulations.
Another approach is by forming multilayer structures. Xu et al. [167] effectively
reduced the internal stress of DLC films by fabricating alternating DLC layers rich
in sp2 (soft DLC) and sp3 (hard DLC) through the filtered cathodic vacuum arc
method. It was proposed that soft DLC is susceptible to plastic deformation and
effectively relieves the stress produced by hard DLC. Further, lowest compres-
sive stress was observed for low bilayer thickness (35 nm for each layer) due to an
increase in the number of layers as well as the interface region. In addition, these
multilayer structures exhibit better wear properties than single-layer DLC films.
Recently, Sahoo et al. [168] reported that DLC/Cr multilayers displayed enhanced
adhesion and modulus properties. Although interlayers provides better adhesion
in vitro, the long-term stability of these interlayers still remains a challenge for
researchers.

4.1.7.5 Efficacy of DLC Films Tested in vivo
Though DLC films show exceptional properties in vitro, the in vivo results are con-
tradictory. The major problem encountered is the longevity of the devices in real
body systems. As far as DLC coated orthopedic devices are concerned, delamina-
tion of DLC coatings from the articulating surfaces and reduced lifetime are the
prime reasons for device failure. In addition, localized defects and pin holes cre-
ated in the coating allow the diffusion of body fluids containing corrosive elements
into the interstitials, which could corrode the adhesion-promoting interlayer and
further enhance the delamination. As this process is very slow implant failure usu-
ally occurrs after a few years of operation.

Very little literature is available on in vivo and explant studies of DLC coated
orthopedic implants. Taeger et al. compared the survivorship of DLC coated
femoral heads and alumina oxide heads articulating with polyethylene in total hip
arthroplasty (THA) in a medical follow-up study [169]. After an average period of
9 years, excessive failure of DLC coated heads was noticed with a fourfold increase
in the number of patients undergoing revision surgery due to aseptic loosening
compared to THA having alumina femoral heads. Further, the DLC film was
found to delaminate from the head and failed in vivo for longevity. Another ex
vivo case study conducted by Joyce with metal-on-metal metatarsophalangeal
(MTP) prosthesis also addressed the delamination of DLC coatings and failure of
the implant in real practice [170].

Hauert et al. analyzed the stability of Si-based adhesive interlayers of DLC
coated metallic metatarsophalangeal (MTP) prosthesis explanted after 4 years
[171]. It appeared that DLC coatings were partly or fully delaminated from the
components. The study also revealed that the key reason for delamination is the
corrosive nature of the Si interlayer that was provided to increase the adhesion
between the DLC and alloy. Furthermore, on a separate crevice experiment the
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authors proved the instability of Si against body fluids. Similarly, the in vivo
studies of DLC coated blood contacting devices did not perform as well as
expected. Mikhalovska et al. reported significantly increased neointima around
DLC coated stents compared to TiO or ZrO coated stents assessed 8 weeks after
stenting inside white rabbits [172]. There are other medical follow-up studies
that have shown both satisfactory and nonsatisfactory results. The various in
vivo studies on DLC coated stents and heart valves are summarized in the review
article by Hauert et al. [142]. It is important to mention that in vivo studies have
failed to reproduce the excellent properties observed for this material in vitro.

4.1.7.6 Plasma-Enhanced Synthesis of Graphene and Carbon Nanoparticles
Nonequilibrium and kinetics-driven phenomena of low-temperature plasma
can be used for the catalyst-free energy-efficient production of self-organized
nanosolids from conventional precursors, for example, methane. While the
dissociation of carbon is purely thermal in the case of conventional thermal
CVD, the plasma environment enables electron- and ion-assisted dissocia-
tion that complements plasma heating effects to promote faster monomer
break-down. Ionic and radical species recombine on the surface of the carbon
nanoparticle, inducing highly localized heating that removes the need for
general substrate heating. A lower substrate temperature not only reduces the
energy cost of synthesis, but also minimizes the evaporation and desorption
of carbon units from the surface of the substrate. Plasma-generated reactive
hydrogen species prolong particle catalytic activity, while the electric field
enables surface organization and alignment of the formed particle. The unique
chemistry of plasma can be used to convert raw carbon sources such as foodstuff,
raw materials, and waste materials into carbon nanoparticles and graphene
layers [173, 174]. The plasma environment can be used to functionalize carbon
nanotubes during or post synthesis, enabling their use in a variety of biosensing
applications.

Graphene-based materials have a wide range of potential applications in
medicine and biotechnology [8, 175]. As films, graphene-based nanomaterials
inhibit the growth of E. coli, via a combination of membrane and oxidation
stress, while showing minimal cytotoxicity [176–178]. Graphene oxide was
demonstrated to have the highest antibacterial activity, sequentially followed by
reduced graphene oxide, graphite, and graphite oxide. Highly organized surface
nanostructures, such as arrays of vertically aligned CNTs with a length gradient
[179], can be used for a variety of biomedical application, including cell-surface
studies and highly controlled cell attachment. NIH-3T3 fibroblast cells, grown
on supported thin films of graphene and carbon nanotubes, displayed good
growth rate and gene transfection efficiency up to 250% more than that of cells
grown on a cover glass [180]. Graphene was found to be a suitable biocompatible
scaffold for proliferation of human mesenchymal stem cells, accelerating their
specific differentiation into bone cells with a rate comparable to that achieved by
common growth factors [181]. Graphene has also been shown to enhance neurite
numbers, average neurite length, and expression of growth-associate protein-43
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compared with tissue culture polystyrene substrates, suggesting its use for neural
interfacing [182].

Carbon nanotubes can be added to bulk biomaterials to improve their mechan-
ical properties for tissue engineering and implant applications [183]. A film pro-
duced by casting a solution containing few-layered graphene sheets (0.1–0.3 wt%)
dispersed in chitosan/acetic acid had an elastic modulus 200% higher than that of
pure chitosan film [184]. There was no significant difference in the biocompatibil-
ity between the pure and graphene-enhanced chitosan, with L929 cells adhering
well to both surfaces. Plasma can be used for fabrication of carbon nanodots from
a range of highly purified and raw resources, including chicken eggs [185], simple
carbohydrates [186], amino acids, and polymers. These quantum dots have bright
luminescence, resistance to photobleaching, aqueous stability, and low cytotoxic-
ity superior to most other dyes commonly used in biomedical applications. They
are often used in highly sensitive cellular imaging, where their photostability facil-
itates extended high-resolution imaging with multiple passes. They are equally
useful for real-time tracking of biomolecules and cells over prolonged periods of
time. For visualization, the dots may be linked to a biomolecule, such as an anti-
body, peptide, nucleic acid fragment, and so on, that targets a specific biomarker
on the cells to be visualized. This allows for imaging of specific tissues, such as
tumors. Individual cells can also be labeled and thus tracked to observe their real-
time behavior.

4.2
Conclusion

Plasmas have a plethora of applications in the areas of medicine and biotechnol-
ogy. In medicine, thermal effects of plasma have long been exploited for tissue
ablation and cauterization. Current research mainly focuses on the nonthermal
effects of plasmas, specifically their ability to induce specific biological responses
or chemical modification via plasma-generated reactive and neutral species and
irradiation. Because of their low temperature, nonthermal plasmas have minimal
deleterious effects on the surrounding healthy tissues, yet allow for prompt decon-
tamination from pathogenic microorganisms and removal of dead tissue. It can
potentially suppress inflammation and promote tissue healing.

The same reactive species can be effectively used to transform a wide range of
organic and inorganic precursors into thin polymer films with tunable properties
and good substrate adhesion. Furthermore, plasma effects can be successfully used
for highly controlled surface modification, with the ability to even process most
temperature-sensitive biomaterials without changing their bulk properties.

Plasmas that generate higher temperatures can be used to fabricate a broad
range of carbon nanomaterials, including ordered carbons (e.g., graphene sheets,
nanotubes and nanoparticles), carbon quantum dots, and amorphous carbons.
These materials can be deposited directly onto biomaterials to modify the sur-
face profile, particularly to improve chemical stability and prevent wear as well
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as to enhance blood- and tissue-compatibility and promote specific cell/tissue
responses. These carbon nanostructures can also be used to change the bulk prop-
erties of biomaterials, often to improve the mechanical and biological properties
of the resultant structure. Carbon nanomaterials have promising drug delivery,
sensing, and bioimaging applications.
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P., Záruba, K., Král, V., Bačáková, L.,
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5
Smart Electroactive Polymers and Composite Materials

T.P.D. Rajan and J. Mary Gladis

5.1
Introduction

Electroactive polymers (EAPs) are polymeric materials whose shapes are modified
when a voltage is applied to them. They can be used as actuators or sensors. As
actuators, they are characterized by the fact that they can undergo a large amount
of deformation while sustaining large forces. Due to the similarities with biological
tissues in terms of achievable stress and force, they are often called artificial mus-
cles, and have the potential for application in the field of robotics, where large lin-
ear movement is often needed. When certain types of EAPs are physically flexed,
they produce a voltage output. This effect allows EAPs to be used as potential sen-
sors in various types of equipment. With the inherent flexible and durable nature
of EAPs, long sensor life is expected. EAPs such as ionic polymer metal composites
(IPMCs) are active materials that exhibit interesting bidirectional electromechan-
ical coupling phenomena; for example, by bending an IPMC strip, a voltage output
is obtained, while a voltage input is able to cause the strip to bend. Thus, they are
also large motion sensors. The output voltage can be calibrated for a standard-size
sensor and correlated to the applied loads or stresses. EAPs can be manufactured
and cut into any size and shape. For example, for a structural health monitoring of
a huge motor bridge against all vibrational, aerodynamics, or natural disturbances,
a completely integrated and distributed computer controlled package of quickly
installed, user-friendly IPMC sensor elements numbering 100 000 are required.

EAPs are a relatively new class of materials that can be used both as sensors
and actuators. Conductive polymers (CP) and ionic metal polymer composites
(IPMC) are categorized as electroactive polymeric materials that exhibit interest-
ing sensing and actuating behaviors. They are among the best candidates for use
in solar cells, sensors, and actuators (Otero and Teresa, 2001; Wallace et al., 2003
[1, 2]), due to their (i) large strains of up to 39%, (ii) biocompatibility, (iii) micro-
and nanoscale manufacturing feasibility and, (iv) relatively low actuation voltages;
Jager et al., 2000; Shahinpoor et al., 2007; Hara et al., 2005; Carpi and Smela, 2009
[3–8]. The possibility of tailoring the properties and the microstructure of EAPs,
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allows new and challenging applications in the biomedical area both in device
applications and in inducing targeted cell responses. EAPs are candidate materi-
als for state-of-the-art applications in an array of devices ranging from biomedical
appliances through artificial organs to micro-electromechanical systems (MEMS).

5.2
Types of Electroactive Polymers

EAPs can be classified into two major categories, namely, the ionic EAPs which are
activated by an electrically induced transport of ions or molecules and the elec-
tronic EAPs which are activated by an external electric field and by coulombian
forces. The ionic EAPs are polymer gels, conducting polymers, and ion polymer
metal composites (IPMC). These materials can be activated by very low voltages
(1–5 V) and can be operated only within a surrounding electrolyte medium. The
electronic EAP are piezoelectric polymers, electrostrictive polymers, and dielec-
tric elastomers (DEs).

5.3
Polymer Gels

Stimuli-responsive polymers and gels that swell or shrink in response to envi-
ronmental changes have been developed and find application in biomimetic
actuators or artificial muscles. They are expected to act as soft actuators because
not only are they light, soft, and flexible materials, but they can also generate
biomimetic motion without using mechanical parts such as motors and drive
shafts, gears, and so on. Following the observation of volume phase transition
of polymer gels by Tanaka [9], they have been used for application in various
fields such as drug delivery systems, robotic hands, and transporting devices.
The phase transition of polymer gel is induced by hydrogen bonds, coulomb,
hydrophobic, and van der Waals interactions (Shingo et al., 2010 [10]). Thus,
by changing the external physicochemical conditions, these applications can
be controlled. A major example is poly(N-isopropylacrylamide) (PNIPAAm),
which is thermo-sensitive and undergoes a discontinuous volume change. In
application, a microfluidic device using MEMS technology and PNIPAAm, could
adsorb proteins from solution and release them due to the adsorption change of
PNIPAAm by controlling resistive heating [11].

Gels exhibit a unique capability of undergoing spontaneous volume changes
in response to oscillatory chemical reactions. For example, gels can undergo
rhythmic swelling and shrinking in response to variations in the pH of the
surrounding solution caused by an oscillating reaction. The pH oscillations
were generated by the Landolt reaction [12] or by an enzymatic reaction [13].
Periodical volume changes were also observed in a pH-responsive gel, which
exhibited bistability with diffusion of a reactive substrate into the gel [14]. In
all these studies, the cause of the complex behaviors was outside of the gels.



5.3 Polymer Gels 127

The self-motion of the gel is produced by the dissipating chemical energy of the
oscillatory Belousov–Zhabotinsky (BZ) reaction [15]. The BZ reaction is the most
commonly known oscillating reactions. The overall process is the oxidation of an
organic substrate such as citric or malonic acid by an oxidizing agent (bromate)
in the presence of a metal catalyst under acidic condition. Metal ions or metal
complexes with high redox potentials, such as cerium ion, ferroin, or ruthenium
tris(2,2′-bipyridine) are widely used as catalysts. During the course of the reac-
tion, the catalyst ion periodically changes its charge number to oscillate between
the oxidized and reduced states for several hours as long as the substrate exists.

In an oscillating gel system, the polymer network itself takes part in the BZ reac-
tion, because the metal catalyst is covalently bounded to the polymer chain. As a
result, the reaction medium can change in time and space. In other words, the BZ
reaction induces the structural changes. When the redox state of the metal cata-
lyst moiety in the gel changed, the solubility of the polymer chain changed as well.
As a result, the change in the osmotic pressure inside the gel causes the swelling or
shrinking of the polymer gel. The displacement of the self-oscillating gel is several
dozen micrometers [15] as shown in Figure 5.1. However, the mechanical displace-
ment of the gel was too small to design the gel actuator. Therefore, in order to
construct gel actuators, the displacement of the gel has to be improved greatly.

For realizing the large deformation of the gel, a gradient structure is introduced
into the gel by Maeda et al. [16]. In order to make the gradient structure in the
gel, the hydrophobic interaction between the Ru(bpy)3

2+ moiety and the casting
mold during the polymerization is used. As a result, the large deformation of the
self-oscillating gel was achieved. During polymerization, the monomer solution
faces two different surfaces of plates: a hydrophilic glass surface and a hydropho-
bic, Teflon surface. Since Ru(bpy)3

2+ monomer is hydrophobic, it migrates easily
to the Teflon surface side. As a result, a uniform distribution in the direction of
the thickness is formed for the component, and the resulting gel has a gradient
distribution for the content of each component in the polymer network. Thus, the
hydrophilic 2-acrylamido-2-methylpropanesulfonic acid (AMPS) component at
the glass side was higher than that at the Teflon side. In contrast, the hydropho-
bic Ru(bpy)3

2+ moiety at the Teflon side was higher than that at the glass side.
Therefore, as for the gel at the AMPS-rich side, the swelling ratio was higher than
that at the opposite side (at the Ru(bpy)3

2+ rich side). Consequently, the gel in the
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water bends to the direction of the surface which was made to face the Teflon plate
during polymerization.

The development of stimuli-responsive gels was largely focused on their poten-
tial use as muscle-like actuators driven by chemicals, electric fields, or by elec-
trochemical reactions. More recent work has addressed the development of drug
delivery systems, micro fluidic components and circuits, sensors, biosensors, opti-
cal components, active membranes for separation, smart surfaces, and scaffolds
for tissue engineering.

Hydrogels are hydrophilic macromolecular networks that swell in water or bio-
logical fluids. Hydrogels have been used in numerous biomedical disciplines, in
ophthalmology as contact lenses and in surgery as absorbable sutures, as well as
in many other areas of clinical practice to cure such illnesses as diabetes mel-
litus, osteoporosis, asthma, heart diseases and neoplasms. Poly-2-hydroxyethyl
methacrylate is the first hydrogel synthesized by Lim and Wichterle, which is com-
monly used in contact lens production [17]. The main advantage of hydrogel is its
stability under varying pH, temperature, and tonicity conditions. Hydrogel is con-
sidered to be a material that is produced when a water-insoluble polymer absorbs
a large amount of water, or else it is simply a water-swollen polymer network.
Chemical hydrogels are prepared either by cross-linking water-soluble polymers
or by converting hydrophobic polymers into hydrophilic polymers that are then
cross-linked to form a network. Cross-linking may be either physical (e.g., hydro-
gen bonding) or chemical (covalent, atomic, ionic).

The swelling of hydrogels is quite a complicated process and consists of a
number of steps. In the first step, water molecules entering the hydrogel matrix
hydrate the most polar, hydrophilic groups. This results in the appearance of
primary bound water. In the second step, hydrophobic groups are exposed,
and they interact with water molecules giving the so-called hydrophobically
bound water or secondary bound water. Primary and secondary bound water
together form the total bound water. In the third step, because the covalent or
physical cross-links resist the osmotic driving force of the network toward infinite
dilution, an additional amount of water is absorbed. The water absorbed up to
the equilibrium swelling level is called bulk water or free water; it fills the space
between the network chains and the centers of larger pores, macropores, or voids.
The total amount of water absorbed by a hydrogel depends on the temperature
and the specific interaction between the water molecules and polymer chains.
Poly(hydroxyethyl methacrylate) (polyHEMA, PHEMA) (Figure 5.2) is one of the
most important and most widely applied hydrogel biomaterials.

Poly(ethylene glycol) (PEG), is one of the most widely used hydrogels in
medicine. PEG-based hydrogels are characterized by their high biocompatibil-
ity, lack of toxic influence on the surrounding tissue, and solubility in water,
which makes them good candidates for drug delivery system applications. PEG
hydrogel drug release systems are stimuli-sensitive and react in the presence of
a physical or chemical agent [18]. Physical stimuli include temperature, solvent,
light, radiation, pressure, and a magnetic, acoustic, or electrical field, while
the chemical and biological stimuli include pH, specific ions, and molecular
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n Figure 5.2 Poly(hydroxyethyl methacrylate).

recognition events. Polyvinyl alcohol (PVA)-based hydrogels are distinguished by
their good mechanical properties and their ability to retain water in the structure,
which ensures a prolonged moist environment. Other common hydrogels are
polyvinylpyrrolidone, polyimide, polyacrylate, and polyurethane.

5.4
Conducting Polymers

Conducting polymers are conjugated polymers, namely organic compounds that
have an extended p-orbital system, through which electrons can move from one
end of the polymer to the other. Conducting polymers contain (π-electron back-
bone responsible for their unusual electronic properties such as electrical con-
ductivity, low energy optical transitions, low ionization potential, and high elec-
tron affinity. This extended (π-conjugated system of the conducting polymers have
single and double bonds alternating along the polymer chain. Electrochemical
synthesis is rapidly becoming the preferred general method for preparing elec-
trically conducting polymers because of its simplicity and reproducibility. The
advantage of electrochemical polymerization is that the reactions can be carried
out at room temperature. By varying either the potential or current with time the
thickness of the film can be controlled. The great advantage of conductive poly-
mers is that their chemical, electrical, and physical properties can be tailored to
the specific needs of their application by incorporating antibodies, enzymes, and
other biological moieties. Structures of common conducting polymers are given in
Figure 5.3 and the conductivities in Table 5.1.

Electrochemical polymerization of conducting polymers is generally employed
by: (i) constant current or galvanostatic; (ii) constant potential or potentiostatic;
(iii) potential scanning/cycling or sweeping methods. Standard electrochemical
technique that employs a divided cell containing a working electrode, a counter
electrode, and a reference electrode generally produces the best films. The com-
monly used anodes are chromium, gold, nickel, palladium, titanium, platinum,
and indium-tin oxide coated glass plates.

The most studied conductive polymer, as evidenced by the amount of literature
published on its properties and applications, is the conjugated polymer polypyr-
role (PPy). It has good in vitro and in vivo biocompatibility [21], good chemical
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Figure 5.3 Structures of common conducting polymers.

Table 5.1 Conductivity of common CPs.a)

Conducting polymer Maximum conductivity (S cm−1)b) Type of doping

Polyacetylene (PA) 200–1000 n,p
Polyparaphenylene (PPP) 500 n,p
Polyparaphenylene sulfide (PPS) 3–300 p
Polyparavinylene (PPv) 1–1000 p
Polypyrrole (PPy) 40–200 p
Polythiophene (PT) 10–100 p
Polyisothionaphthene (PITN) 1–50 p
Polyaniline (PANI) 5 n,p

a) Reproduced from [19, 20].
b) S= Siemens.

stability in, for example, air and water, and reasonably high conductivity under
physiological conditions. PPy can be easily and flexibly synthesized in large quan-
tities at room temperature in a wide range of solvents, including water. PPy is also
stimulus-responsive, allowing the dynamic control of its properties by the appli-
cation of an electrical potential.

Optimizing the material properties (e.g., roughness, porosity, hydrophobicity,
conductivity, degradability) of conductive polymers and the binding of biological
molecules (that makes conductive polymers so promising for biomedical applica-
tions) can be done by four major chemical ways, namely, through adsorption, by
entrapping the molecule inside the polymer, by covalently bonding the molecule
to the monomer of the polymer, and by exploiting the very doping process that
renders conductive polymers conductive.

A wide range of biologically important molecules have been used to improve
the bioactivity of PPy: for example, dermatan sulphate was used to increase
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keratinocyte viability, heparin was incorporated to promote endothelial cell pro-
liferation, doping with laminin-derived peptides aided in neuron and astrocyte
adhesion, NGF and poly-L-glutamic acid enhanced neuronal growth, while HA
and CS were used for skeletal myoblast growth and differentiation [22].

5.5
Ionic Polymer–Metal Composites (IPMC)

An IPMC generally consists of a thin backbone polyelectrolyte membrane with
noble metal electrodes chemically plated on both of its faces, and neutralized using
the necessary amount of cations to balance the negative charges of the anions that
are covalently fixed to the backbone ionomer. When the IPMC is hydrated, the
positive ions in the Nafion polymer, such as sodium and calcium ions, bring water
molecules, and migrate to the cathode side under an electric field, whereas the
negative ions are permanently fixed to the carbon chain [23]. The ion transporta-
tion and water migration introduce swelling in the cathode side and shrinking
in the anode side, which eventually cause the bending motion of the IPMC [24].
Figure 5.4 shows the typical mechanism of ionic polymer–metal composites.

When a strip of IPMC sample in the hydrated state is stimulated by a small
(1–2 V) alternating current (AC), it shows a large bending vibration at the applied
frequency. When the same IPMC membrane is suddenly bent, a small voltage of
the order of millivolts is generated across its surface. Thus, IPMCs can serve as
soft actuators and sensors [25]. IPMCs may have certain advantages over some of
the traditional electroactive materials. They require only a modest operating volt-
age (1–2 V), show relatively fast responses (tenths of Hz), generate large bending
tip displacements (up to 10% of the gauge length), have intrinsic sensor–actuator
capabilities, and are light in weight, compact in design, and can operate in liquid or
open air. Using these features, various prototype designs have been investigated
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for potential applications in the fields of micro-robotics [26], artificial muscles
[3], biomedical devices [5], and control systems. Examples include robotic fingers
and grippers for planetary missions, catheter tips for intravascular neurosurgery,
a dust wiper developed for the Nanorover’s camera window [27], and a robotic
fish that can swim in water (EAMEX Corporation).

The ion-exchange reaction can be tailored in order to obtain IPMCs in a desired
combined-cation form. For IPMCs in various Na–TBA cation compositions,
the actuation behaviors as well as other physical properties show remarkable
variations from those of the pure Na+-form to those of the pure TBA+-form. The
duration of the initial bending toward the anode, and the subsequent relaxation
toward the cathode of Nafion-based IPMCs can be controlled by properly adjust-
ing the corresponding cation content. For Nafion-based IPMCs in the Na–TBA
combined-cation forms, the actuation activities can be greatly improved. The
actuation deformation of Flemion-based IPMCs is linearly related to the amount
of charge accumulation at the cathode boundary. The time variation of the
electromechanical response of an IPMC can be controlled by the application of
electric fields with suitable time variation. Various DC and AC electric functions
have been used to actuate IPMCs. By applying a slowly increasing potential field,
the Nafion-based IPMCs’ initial displacement toward the anode can be controlled
and actually eliminated.

5.6
Conjugated Polymer

Conjugated polymers are electroactive polymers and have found applications as
artificial muscles. Conventional polymers, plastics, have been used traditionally
because of their attractive chemical, mechanical, and electrically insulating prop-
erties, and not for their electronic properties. Although the idea of using polymers
for their electrically conducting properties dates back at least to the 1960s, the use
of organic n-conjugated a polymers as electronic materials in molecular-based
electronics is relatively new. While behaving as insulators or semiconductors in
the pristine form, conjugated polymers can reach metallic-like electrical conduc-
tivity when doped (in chemical terminology, when oxidized or reduced).

The charge transport of conjugated polymers has been studied for nearly two
decades. Early work focused on developing conjugated polymers as plastic con-
ductors and tried to increase the conductivity to that of inorganic metals. This was
accomplished by highly doping the polymer and stretch orienting the films. Poly-
acetylene, polyaniline, and polythiophene were the predominant polymers studied
for conductor applications. More recently, conjugated polymers are finding use in
perhaps the area of highest activity to date for these materials, that of electronic
applications. In particular, conjugated polymers as well as n-conjugated oligomers
play a central role in organic-based transistors and integrated circuits, photo-
voltaic devices, especially in organic-based light emitting devices. Even solid-state
lasers are under development.
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In conjugated polymers, there exists a continuous network, often a simple
chain, of adjacent unsaturated carbon atoms, that is, carbon atoms in the sp2

(or sp) hybridized state. Each of these sp2 C-atoms has three p-bonds, and a
remaining pz atomic orbital that exhibits n-overlap with the pz-orbitals of the
nearest neighbor, the sp2 hybridized C-atoms. This chain of atoms with n-overlap
of the atomic pz-orbitals leads to the formation of n-states delocalized along
the polymer chain. In a system with one-dimensional periodicity, these n-states
form the frontier electronic bands, with an n-band gap, E′ (n)(E′ (p), accounting
for optical absorption at lower photon energies. The essential properties of the
delocalized n-electron system, which differentiate a typical conjugated polymer
from a conventional polymer with p-bands, are as follows: (i) the electronic band
gap, E′, is relatively small (1–4 eV), leading to low-energy electronic excitations
and semiconductor behavior; (ii) the polymer chains can be rather easily oxidized
or reduced, usually through charge transfer with molecular dopant species; (iii)
carrier mobilities are large enough that high electrical conductivities are realized
in the doped (chemically oxidized or reduced) state; and (iv) charge carrying
species are not free electrons or holes, but quasi-particles, which may move
relatively freely through the material, or at least along uninterrupted polymer
chains. Although both positively and negatively charged species can exist, mostly
negatively charged species formed by the addition of electrons are discussed,
because these species are directly accessible through photoelectron spectroscopy
(while hole states are not easily studied by photoelectron spectroscopy). Finally,
since few polymers are crystalline, macroscopic electrical conductivity in finite
samples requires hopping between chains.

Blood vessel connecters, which are used during surgery to connect the blood
vessel quickly, are developed using the conjugated polymer of PPy/Au bilayer. The
blood vessel connecter is made by rolling up a micro-fabricated PPy bilayer into
a cylinder by applying the reduced potential. The tube is inserted into two sev-
ered ends. PPy spontaneously returns to its oxidation state when the potential is
removed, so that the tube expands in situ. The spring-like force on the walls of the
blood vessel holds the two ends together when they heal [5].

5.7
Piezoelectric and Electrostrictive Polymers

The piezoelectric effect is the phenomena where some materials generate an
electric potential in response to an applied mechanical stress. Figure 5.5 shows
the schematic of the piezoelectric effect. “Piezo” is derived from the Greek word
piezein, which means to squeeze or press. Piezoelectricity was discovered by
Pierre and Jacques Curie in 1880. Based on crystal symmetry and Neumann’s
principle, it is known that the piezoelectric effect only exists in crystals that do
not have a center of symmetry. Piezoelectric materials play an important role in
MEMS and nano-electromechanical systems (NEMS). Polyvinylidene difluoride
(PVDF) has been widely used in engineering applications due to its favorable
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Figure 5.5 Schematic of direct piezoelectric effect; (a) piezoelectric material, (b) energy gen-
eration under tension, (c) energy generation under compression.

chemical and mechanical properties. Properties such as high piezoelectric coeffi-
cient, good flexibility, biocompatibility, low acoustic, and mechanical impedance,
and light weight, are especially unique for MEMS applications. The polymer
PVDF is one of the most widely used piezoelectric materials in the fluoropolymer
family. Its piezoelectricity was discovered in 1969. However, the mechanism of
piezoelectricity has not been clearly explained. This uncertainty has hindered the
development of MEMS or NEMS.

Polymers are researched extensively as piezoelectrics because of their unique
properties and advantages over other piezoelectrics. The piezoelectric response of
polymers is less pronounced than those of single crystal inorganics, but polymers
do have their advantages. Poly(vinylidene fluoride), in particular, has high chem-
ical resistance, and high efficiency in converting mechanical energy to electrical
energy. Polymers are easier to manufacture, often at lower temperatures, and can
be customized more easily into shapes for use in complex operations. In addition,
polymers are inherently flexible, have relatively low modulus and low mechanical
impedance, with high sensitivity to mechanical loads. These properties make them
more versatile than other piezoelectric materials for sensing and actuation. There
are a few other semicrystalline organic materials that show piezoelectric prop-
erties, but none have shown the same magnitude of response as poly(vinylidene
fluoride) and its copolymers.

Poly(vinylidene fluoride) (PVDF) has received an increasing amount of atten-
tion because it exhibits the strongest piezoelectric response of any commercially
available polymer. These piezoelectric properties have proved useful as actuators
and sensors. Current manufacturing processes limit PVDF to thin films and
restricting their uses largely to sensors. Further applications using the diversity
in mechanical properties of piezoelectric polymers. Evaluating to what extent
the mechanical properties will change with applied electric field and finding
new ways to manufacture PVDF will lead to new applications of piezoelectric
polymers.
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There are different polymer categories that can be considered piezoelectric.
The first category of piezoelectric polymers is the bulk polymer. These are solid
polymer films that have the piezoelectric mechanism because of their molecular
structure and its arrangement. The second category is the piezoelectric composite
polymer. These are polymer structures with integrated piezoelectric ceramics
from which the piezoelectric effect is generated. These composites make use of
the mechanical flexibility of polymers and the high electromechanical coupling
of the piezoelectric ceramics. The third type is the voided charged polymer, a
radically different type of piezoelectric polymer than the first two categories. This
is a polymer film in which gas voids are introduced and surfaces are charged so
as to form internal dipoles [28].

The use of polymer materials in different MEMS and microfluidics applications
has had increasing interest due to the advantages the polymer materials have.
These advantages include the mechanical flexibility that is necessary in certain
applications as compared to silicon. In addition, polymer-based devices are
commonly less expensive in terms of material cost and processing technology,
which includes soft lithographic techniques that do not commonly require
advanced microfabrication facilities. The commonly used polymers in many
microfabricated devices are generally electrically insulating and mechanically
flexible compared to inorganic materials. Piezoelectric tactile sensors, a device
that can measure a physical phenomenon through contact and touch, find
application in robotics and medicine. Piezoelectric polymers are relevant for
such applications in measuring force or pressure. BaTiO3 NP/MW-CNT/PDMS
composite is used for power generation from human motion [29].

5.8
Dielectric Elastomers

Dielectric elastomers (DEs) are smart electroactive polymers that can generate
large strains. Dielectric elastomers consist of a sheet of stretched rubber, or elas-
tomer, coated on both sides with compliant electrode materials; application of
a voltage generates an electrostatic pressure that deforms the elastomer. When
a voltage is applied across the compliant electrodes, the elastomer film shrinks
in thickness and expands in area, that is, in the film plane directions as shown
in Figure 5.6. The elastomer comes back to its original position when the volt-
age is removed. The electrodes must be compliant to allow the film to strain in
area as well as in thickness. They are essentially soft parallel plate capacitors. They
can function as soft generators, sensors, or actuators. Dielectric elastomers, also
known as artificial muscles find a large number of potential applications, ranging
from entertainment to medicine and space exploration. Intensive research is con-
ducted worldwide to develop these materials due to large strain (up to 380%) and
very high energy density (3.4 J g−1), which is unmatched by any other smart mate-
rials such as ferroelectrics and piezoelectrics [30]. They also posses large stresses
(3.2 MPa), high speed of response (10−3 s) and high peak strain rate (34 000% s−1).
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Figure 5.6 Principle of dielectric elastomer actuators.

They transform electrical energy directly into mechanical work and produce large
strains.

Dielectric polymers having a low elastic modulus and subjected to a high elec-
tric field exhibit large deformations, mainly due to a Coulombian effect, that is
by means of the electrostatic interactions among the free charges on the elec-
trodes [31]. Acrylic and silicone rubbers are the most representative materials
of the dielectric elastomer class for actuation purposes. Such kinds of polymers
are very compliant and show the highest actuating deformations among all EAP
materials [32]. The performance of elastomer actuators can be tailored by choos-
ing different types of elastomers, changing the cross-linking chemistry of polymer
chains, adding functional entities, and improving fabrication techniques with ease
and versatility in most cases. Elastomers are lightly cross-linked polymers. With-
out cross-linking, the polymer chains have no chemical bonds between chains and,
therefore, the polymer may flow upon heating over the glass transition tempera-
ture. If the polymer is densely cross-linked, the chains cannot flow upon heating,
and a large deformation cannot be expected upon stretching. The mechanical
behavior of an elastomer depends strongly on its cross-link density. When an
uncross-linked elastomer is stressed, chains may readily slide past one another
and disentangle. As cross-linking is increased further, the gel point is eventually
reached, where a complete three-dimensional network is formed. The elastomer
properties, especially the modulus, are significantly changed by the cross-link den-
sity in most elastomer systems, and thus the actuator performance can be adjusted
by controlling the degree of elastomer vulcanization (degree of cross-link density).
The cross-link density can be adjusted by the kinetic variables of vulcanization
reactions such as sulfur (or peroxide) content, reaction time, reaction tempera-
ture, and catalyst.

DEs function as electromechanical transducers, operating through several
regimes. As energy harvesters, dielectric elastomer generators (DEGs) convert
mechanical work into electrical energy. In this mode, energy can be generated
either through a constant charge or a constant voltage process. The performance
of elastomer actuators can be tailored by choosing different types of elastomers,
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changing the cross-linking chemistry of polymer chains, adding functional
entities, and improving fabrication techniques with ease and versatility in most
cases.

The important biomedical applications of dielectric elastomers are active
microfluidic devices [33–35], cell bioreactors [36], anti-biofouling surfaces [37],
diaphragm blood pumps [38], refreshable haptic displays [39], surgical robotics
training [40], rehabilitation orthotics [41], artificial limbs [42, 43], and soft robots
that can walk, crawl, hop, and fly [44, 45].

The dielectric elastomer is a highly versatile biomimetic smart material with an
impressively wide area of engineering applications due to its high strain, variable
stiffness, and noiseless operation devoid of moving parts. Because it shares many
of the same intrinsic mechanical properties of living muscle, it finds quite a
natural niche in biomedical engineering technologies. Smart DE surfaces can
help the blind to read, improve your touch screen sensory experience, or even cast
barnacles off boats. Dielectric elastomer sensors can gently sense how tight neural
prostheses clamp nerves; or help physical therapists, prosthetists, and researchers
analyze gait and posture. DE generators can even harvest the bioenergy of the
pedestrian masses. DEAs can also manipulate surgical equipment and provide
a surgeon remote tactile feedback, find use in compliant rehabilitation robotics
and orthotics, and potentially give rise to the next generation of prosthetic limbs
and artificial organs. DEA-driven hyper-redundant binary robotic manipulator
prototype has been developed by Wingert and colleagues at MIT [46].

5.9
Summary

Biomedical applications of EAPs are one of the most promising fields that take
advantage of the inherent characteristics of these smart polymers. Various elec-
troactive smart polymers such as polymer gels, conductive polymers, ionic metal
polymer composites, conjugated polymer, dielectric elastomers, piezoelectric, and
electrostrictive polymers have been developed and they are used for varieties of
biomedical applications. Significant advances have taken place in understanding
the gel responses to electrical fields and in the design of polymer gels with superior
properties. Conducting polymers have attracted much interest in the development
of biosensors. Piezocomposites are more advantageous when it comes to choosing
a piezoelectric polymer material for an energy harvesting application due to their
highest coupling coefficients.
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6
Synthetic Polymer Hydrogels

Anitha C. Kumar and Harikrishna Erothu

6.1
Introduction

Polymer hydrogels are a rapidly developing group of materials, gaining wide
application in different fields, such as pharmaceuticals, medicine, and agriculture.
Since the 1950s, many reports have been published in scientific literature about
new chemical and physical structures, properties, and applications of polymer
hydrogels [1]. This chapter provides information and a clear classification of syn-
thetic polymer hydrogels in accordance with their chemical structure, properties,
and applications.

6.2
Polymer Hydrogels

The term gel, originating from gelatin refers to a jelly-like material that can have
properties ranging from soft and weak to hard and tough [2]. A polymeric hydro-
gel is a three-dimensionally cross-linked network of flexible polymer chains that
contain water. They are water-insoluble due to chemical or physical cross-linking
and are often found as colloids in the dispersion of aqueous medium. Water plays
an important role in determining the physico-chemical properties of the hydro-
gels. Due to high hydrophilicity, the hydrogels can imbibe large quantities of water
or aqueous solutions. The three-dimensional network is able to retain the liq-
uids forming a swollen gel phase and the liquid prevents the polymer network
from collapsing into a compact mass. A gel forms when the homogeneous dis-
persion present in the initial sol rigidifies. This process of gelation prevents the
development of inhomogeneities within the material. A sol, or a solution, can be
transformed into a polymeric (or colloidal) gel at the gel-point. Practically, it is at
this point that the sol abruptly changes from a viscous liquid state to a solid phase
called the gel.

Biomedical Applications of Polymeric Materials and Composites, First Edition.
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Figure 6.1 Classification of hydrogels.

Gels can be differentiated by the nature of cross-linking into:

a) Physical gels
b) Chemical gels

A number of polymers and polyampholytes can form gels without chemical
cross-linking. These are called physical gels; almost all biopolymeric gels are phys-
ical gels [3]. Physical gels are formed and stabilized in the solvent through sec-
ondary forces such as hydrogen bonding, van der Waal’s forces, hydrophobic inter-
actions, and so on. These are fragile compared to chemical gels that are formed as a
result of covalent bonding [4]. In chemical gels, the implantation of cross-links in
a system of chains tends to induce segregation between the chains and the solvent.
Each cross-link forces the two chains to come into proximity.

Hydrogels may display reversible sol–gel transitions, which is induced by
changes in the environmental conditions such as temperature, pH, ionic strength,
phase separation, wavelength of light, crystallinity, and so on; these are known
as stimuli responsive, smart, or intelligent hydrogels [5]. These reversible gels are
physical gels.

Depending on the preparation methods, ionic charges, sources, nature of
swelling with changes in the environment, rate of biodegradation, and the nature
of cross-linking, hydrogels can be classified in several ways. Figure 6.1 shows the
chart for hydrogel classification [6].

6.3
Synthetic Polymer Hydrogels

Synthetic polymer hydrogels differ in their characteristics due to various chemical
structures, synthesis technique, and water content or cross-linking. It is still pos-
sible to design new hydrogels that can fulfill specific functions for specific needs.
A change in chemical composition, or even a change in one of the synthesis fac-
tors (cross-linking method, cross-linking agent, synthesis method, conditions of
the synthesis) may lead to new intelligent biomaterials.
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Thus, any technique that can be used to create a cross-linked polymer can be
used to produce a hydrogel. Copolymerization/cross-linking free-radical poly-
merizations are commonly used to produce hydrogels by reacting hydrophilic
monomers with multifunctional cross-linkers. Water-soluble linear polymers of
both natural and synthetic origin are cross-linked to form hydrogels in a number
of ways.

6.3.1
Methods to Synthesis Hydrogels

Cross-linked networks of synthetic polymers or natural biopolymers have
been reported. The general methods to produce physical and chemical gels are
described in the following text.

6.3.1.1 Physical Cross-Linking
Due to relative ease of production, there has been increased interest in physical or
reversible gels and the advantage of not using cross-linking agents. These agents
affect the integrity of substances to be entrapped as well as the need for their
removal before application. Careful selection of hydrocolloid type, concentration,
and pH can lead to the formation of a broad range of gel textures and is currently
an area receiving considerable attention, particularly in the food industry [7]. The
various methods reported in literature to obtain physically cross-linked hydrogels
are have been dealt with in the following sections.

Heating/Cooling a Polymer Solution Physically cross-linked gels are formed when
cooling hot solutions of gelatin or carrageenan. The gel formation is due to helix
formation, association of the helices, and forming junction zones [8]. Carrageenan
in hot solution above the melting transition temperature is present as random coil
conformation. Upon cooling, it transforms to rigid helical rods. In the presence of
salt (K+, Na+, etc.), due to screening of repulsion of sulfonic group (SO−3), double
helices further aggregate to form stable gels.

Hydrogel can also be obtained by simply warming the polymer solutions, which
causes the coil to globule transition (e.g., poly(N-isopropylacrylamide) (PNI-
PAM)) [9] or block copolymerization (e.g., polyethylene oxide-polypropylene
oxide [10], polyethylene glycol–polylactic acid hydrogel [11]).

Ionic Interaction Ionic polymers can be cross-linked by the addition of di- or
tri-valent counterions. This method underlies the principle of gelling a poly-
electrolyte solution (e.g., Na+ alginate−) with a multivalent ion of opposite
charges (e.g., Ca2+ + 2Cl−). Some other examples are chitosan-polylysine [12],
chitosan-glycerol phosphate salt [13], chitosan-dextran hydrogels [11].

Complex Coacervation Complex coacervate gels can be prepared by mixing a
polyanion with a polycation. This method is based on the principle that polymers
with opposite charges stick together and form soluble and insoluble complexes
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depending on the concentration and pH of the respective solutions. Coacervating
polyanionic xanthan with polycationic chitosan [14] is one such example. Below
its isoelectric point, proteins are positively charged and are likely to asso-
ciate with anionic hydrocolloids to form polyion complex hydrogels (complex
coacervate) [15].

Hydrogen Bonding Hydrogen bonding is a strong intermolecular force that
forms a special type of dipole–dipole attraction. Hydrogen bonds are stronger
than normal dipole–dipole interactions and dispersion forces but they remain
weaker than covalent and ionic bonds. In hydrogels, the structure and stability
of water molecules are highly affected by the bonds. The polar groups in the
polymer strongly bind water molecules and form hydrogen bonds that also
cause hydrophobic effects to occur [16]. The hydrophobic effects combined with
the hydrophilic effects within the hydrogel structure can be balanced through
dangling side chains that mediate the hydrogen bonding that occurs between
two separate hydrogel pieces or across a ruptured hydrogel. H-bonded hydrogel
can be obtained by lowering the pH of aqueous solution of polymers carrying
carboxyl groups. Poly acrylic acid (PAA) and poly methacrylic acid (PMA) form
complexes with poly ethylene glycol (PEG) from the hydrogen bonds between
the oxygen of the PEG and the carboxylic group of PMA [11]. This interaction
allows for the complex to absorb liquids and swell at low pH, which transforms
the system into a gel. Another example is carboxymethyl cellulose (CMC) [17].

Freeze–Thawing Cycle Physical cross-linking of a polymer to form its hydrogel can
also be achieved by using freeze–thaw cycles. The mechanism involves the forma-
tion of microcrystals in the structure due to freeze–thawing. Examples of this type
of gelation are freeze–thawed gels of polyvinylalcohol (PVA) and xanthan [10, 18].
The preparation of pure PVA hydrogels by freezing–thawing technique was first
reported by Peppas in 1975 [19].

6.3.1.2 Chemical Cross-Linking

The cross-linking of polymers can be achieved through the reaction of their func-
tional groups (such as OH, COOH, and NH2) with cross-linkers such as aldehyde
(e.g., glutaraldehyde, adipic acid dihydrazide). A number of methods to obtain
chemically cross-linked permanent hydrogels are reported in the literature [11].

6.3.1.3 Radiation Cross-Linking

Radiation cross-linking is a widely used technique since it does not involve the use
of chemical additives, thereby retaining the biocompatibility of the biopolymer.
In addition, modification and sterilization can be achieved in a single step and,
therefore, modification of biopolymers for their end use, specifically in biomedical
applications, is a cost-effective process [20]. The technique mainly relies on pro-
ducing free radicals in the polymer following exposure to the high-energy source
such as gamma ray, X-ray, or electron beam. The action of radiation (direct or



6.3 Synthetic Polymer Hydrogels 145

indirect) will depend on the polymer environment (i.e., dilute solution, concen-
trated solution, solid state).

6.3.2
Examples of Synthetic Polymer Hydrogels

Depending on the method of synthesis, hydrogels can be classified into:

a) Homopolymer hydrogels – cross-linked networks of one type of hydrophilic
monomer unit. For example: PAA, PVA, PNIPAM.

b) Copolymer hydrogels – produced by cross-linking of two co-monomer units, at
least one of which must be hydrophilic, to render them swellable. For example:
Poly(ethylene glycol methacrylate) (PEG-PEGMA) by free-radical photopoly-
merization using tetra (ethylene glycol) dimethacrylate as cross-linker.

c) Multipolymer hydrogels – produced from three or more co-monomers react-
ing together
For example: poly(ethylene glycol)–poly(𝜀-caprolactone)–poly(ethylene
glycol).

d) Interpenetrating polymeric hydrogels – produced by preparing a first
network that is then swollen in a monomer. The latter reacts to form a
second intermeshing network structure. For example: cross-linked chi-
tosan/PNIPAM, poly(ethyleneglycol diacrylate) (PEGDA) hydrogels modified
with
β-chitosan .

Poly(acrylic acid) and its derivatives, poly(ethylene oxide) and its copolymers,
poly(vinyl alcohol), poly(vinyl pyrrolidone) and polypeptides are the main class of
synthetic polymer hydrogels and are discussed in detail.

6.3.2.1 Poly(acrylic acid) and its Derivatives

Poly(acrylamide) (PAAm) Hydrogels PAAm hydrogel can be synthesized by using
acrylamide monomer (AAm) and N ,N ′-methylenebisacrylamide (MBAAm)
cross-linker mixed in deionized water. The monomer–cross-linker solution
gently swirls with a magnetic bar on a stirring plate until all reactants are
completely dissolved. The monomer solution deoxygenates for 15 min to prevent
the reaction between oxygen and the initiators. Following this, ammonium
persulfate (APS) solution and N ,N ,N ′,N ′-tetramethylethylenediamine (TEMED)
initiator are added and the solution is spun gently five or six times by hand
to mix all the reactants and is poured into a polypropylene petri dish under
nitrogen atmosphere. The solution polymerizes at room temperature for 2 h. The
synthesized gel is immersed in deionized water for 5 days, with water changed
three times a day to remove any unreacted monomers [21].
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Poly(N-isopropylacrylamide) (PNIPAM) Hydrogels PNIPAM is a chemical isomer of
poly-leucine, having a polar peptide group in the side chain rather than in the back
bone as shown in Figure 6.2.

Aqueous solutions of PNIPAM show a reversible temperature-induced phase
separation. When an aqueous solution of PNIPAM is heated to 32 ∘C (the cloud
point (CP) or LCST), the polymer precipitates from the solution leading to a
two-phase system. The macroscopic phase separation reflects the collapse of
individually solvated coils into dehydrated globules that aggregate to form a
polymer-rich phase, which is insoluble in water. The temperature-induced phase
transition of PNIPAM is an ideal tool to investigate the physical properties of
the formed thermoreversible hydrogels in the presence of H2O and in aqueous
solvent mixtures [22].

Figure 6.3 shows the photograph of PNIPAM solution before and after sol–gel
transition. Below the sol–gel transition temperature, it is a clear solution. This
solubility is due to the formation of a hydrogen bond between the amide group
of PNIPAM and water. Above the LCST, due to the coil-to-globule transition, a
phase separation occurs and, due to the hydrophobic interaction, all the globules
aggregate and form a macrogel.
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Figure 6.2 Structure of PNIPAM.
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Figure 6.3 PNIPAM solution (a) below and (b) above sol–gel transition temperature [23].
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Poly(acrylic acid) (PAA) Hydrogels Polyacrylic acid (PAA) is another homopoly-
meric hydrogel [24]. Commercial version of its hydrogel contains 2.5 % of PAA
and 97.5 % of water. It is stable and has optimal elasticity property. When used
as an endoprosthesis, it was designed to be nontoxic, noninflammatory and to
imitate the surrounding soft tissue (Figure 6.4).

Duran et al. [25] synthesized the acrylic acid-acrylamide hydrogels from
different compositions of AAm/AAcmole ratios (AAm/AAc mole ratios, 15/85,
20/30, 30/70). These solutions were placed in poly (vinylchloride) (PVC) straws
of 3 mm diameter and irradiated in air at ambient temperature in a Gammacell
220 type γ irradiator. Doses of 2.6, 3, 4, 8, 12, 16, 20 kGy were applied at a fixed
dose rate of 0.16 kGy h−1. Hydrogels obtained in long cylindrical shapes were
cut, washed with distilled water to remove unreacted monomers and dried in
air and in vacuum and stored for later evaluations. The percent conversion was
determined gravimetrically.

Poly(2-hydroxyethyl methacrylate) (HEMA) Poly(2-hydroxyethyl methacrylate)
(HEMA) is one of the most studied synthetic hydrogels. The permeability and
hydrophilicity of this gel is dependent on the cross-linking agents [26]. Macrop-
orous poly(HEMA) gels can be prepared by freeze/thaw, or particulate leaching
techniques for cartilage replacement [27]. Many different types of molecules
and cells have also been encapsulated into poly(HEMA)gels, and this approach
has been reported to be successful for delivery of insulin or other proteins into
the body [28]. Poly(HEMA) gels are not degradable in physiological conditions
(Figure 6.5), while dextran-modified poly(HEMA) gels have been synthesized,
and reported to be degradable by enzymes [29].

Poly(HEMA) gels can also be prepared by using 2-hydroxyethylmethacrylate
(HEMA) [30] as a monomer, polyethylene glycoldimethacrylate as the cross-
linking agent, and benzoinisobutyl ether (BIE) as the UV-sensitive initiator.
Deionized water appropriate for the desired concentration should then be added
to the system prepared from the listed components. The final products are
obtained in the form of films or membranes by treating them with UV radiation
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Figure 6.4 Structure of poly acrylic acid.
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Figure 6.5 Structure of poly(HEMA).
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(4 lamps, 20 W, 𝜆= 253.7 nm, 11 mm distance from the source, 20 min). Another
cross-linking agent used in poly(HEMA)manufacturing is a low molecular weight
1,1,1-trimethylolpropane trimethacrylate. The hydrogel obtained with this agent
is soft and contains 30–40% of water and is distinguished by its high oxygen
permeability [31].

6.3.2.2 Poly(ethylene oxide) (PEO) and its Copolymers

Poly(ethylene oxide) (PEO) otherwise known as poly(ethylene glycol) (PEG) is one
of the major classes of synthetic polymer hydrogels. It has been approved by the
Food and Drug Administration (FDA) for several medical applications due to its
biocompatibility and low toxicity [32]. PEO itself is very hydrophilic and can be
synthesized by anionic or cationic polymerization of ethylene oxide (Figure 6.6).
PEO gels can be prepared by UV photopolymerization of the precursor and
consist of PEO with acrylate termini at each end in the presence of R-hydroxy
acid [33].

Poly(ethyleneglycolmethacrylate) (PEGMA) and Poly(ethyleneglycol dimethacrylate)
(PEGDMA) Foulger et al. [34] prepared the hydrogel from PEGMA and PEGDMA
by using PEG-MA, Mn = 360 as monomer and PEG-DMA, Mn = 550 as cross-
linker. 2,2-Diethoxyacetophenone(DEAP) is used as a photoinitiator. This mixture
was injected between two quartz plates separated by a para film spacer and then
polymerized by exposure to a UV source for 4 min (Figure 6.7).

Poly(ethylene oxide) and Poly(propylene oxide) Triblock Copolymer (PEO-b-PPO-b-PEO)

This is known by the trade name pluronics or poloxamers, and is commercially
available in various lengths and compositions. These polymers form thermally
reversible gels without any permanent cross-links. In addition, it was reported
that PEO–PPO–PEO triblock copolymers could be designed to form gels at body
temperature by forming a liquid crystalline phase [35]. They form hydrogels in
aqueous solutions in response to temperature changes.

Poly(ethylene glycole)–Poly(ethylene glycol methacrylate) (PEG–PEGMA) Kim and
Peppas [36] prepared copolymers of methacrylic acid (MAA) with a mixture of
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Figure 6.6 Structure of PEG.
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Figure 6.7 Structure of (a) poly(ethylene glycol methacrylate) (PEGMA) and (b) poly(ethylene
glycol dimethacrylate) (PEGDMA).
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PEG-PEGMA in a free-radical photo polymerization using tetra(ethylene gly-
col)dimethacrylate as a cross-linker. The cross-linking occurred in the presence
of an initiator1-hydroxycyclohexyl phenyl ketone under a nitrogen atmosphere
during a 30-min exposure to UV light. The authors claim that the swelling
behavior and consequently the rate of release strongly depend on the molecular
weight of PEG (Figure 6.8). These hydrogels were successfully used in insulin
release systems [37].

Poly(ethylene glycol)–Poly(𝜺-caprolactone)–Poly(ethylene glycol) (PEG–PCL–PEG)
(PECE) Gong et al. [38] synthesized the biodegradable triblock PEG–PCL–PEG
(PECE), hydrogel copolymers for developing drug delivery systems by the ring-
opening copolymerization of 𝜀-caprolactone. mPEG was used as the initiator,
stannousoctoate as catalyst and hexamethylene diisocyanate (HMDI) as cou-
pling agent during triblock formation for the synthesis. Thermosensitive PECE
hydrogels formed in situ can be easily applied in controlled drug delivery, cell
encapsulation, and tissue repair. In a number of experiments, they demonstrated
its specific biodegradability ratio and biocompatibility. Both hydrophilic and
hydrophobic drugs, as well as protein drugs are released slowly from a PECE
hydrogel over a sustained time period. It is an alternative to the commercially
available Pluronic F-127 hydrogel.

Poly(oligoethylene glycol methacrylate) (POEGMA) POEGMA is synthesized via free
radical copolymerization [39, 40]. The hydrazide-functionalized POEGMA pre-
cursors (PO100Hy) were synthesized by copolymerizing OEGMA475 (EO repeat
units, n= 8–9) with acrylic acid (AA) and subsequent post-polymerization mod-
ification using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry
with a large excess of adipic acid dihydrazide. The aldehyde-functionalized
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Figure 6.8 Structure of PEGMA.
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POEGMA precursors (PO100Ay) were synthesized by copolymerizing
OEGMA475 with afunctional acetal monomer (N-(2,2-dimethoxyethyl)
methacrylamide, DMEMAm) and subsequently converting the acetal to the
corresponding aldehyde by acid-catalyzed hydrolysis. The PEG-analog hydrogels
are based on hydrazide and aldehyde functionalized POEGMA precursors
that rapidly form a hydrogel network via reversible hydrazone bond formation
upon coextrusion [41, 42]. POEGMA hydrogels were prepared by coextruding
PO100Hy andPO100Ay solutions in 10 mM PBS using a double-barrel syringe.
Gelation occurs over time frames ranging from several hours (∼8 h) to a few
minutes (<10 min) depending on the functional group content and polymer
concentration. The hydrogels swell in PBS following preparation, indicating high
water affinity. For POEGMA hydrogels prepared with precursors containing 25,
30, or 40 mol% functional groups (both hydrazide and aldehyde), the equilibrium
mass-based swelling ratio (Qm) is reached within 30 hand decreases with both the
degree of chain functionalization and the concentration of precursor polymers
systematically used to prepare the hydrogel. The injectable, in situ gelling nature
of this system is useful to circumvent many of the issues concerning surgical
implantation of bulk hydrogel-based materials [43].

PEG–Polyester Copolymer Hydrogels Aliphatic polyesters including poly(glycolic
acid) (PGA), poly(lactic acid) (PLA), and copolymers (PLGA) of these materials
are the most widely used synthetic polymers [44, 45] (Figure 6.9).

PLA or poly(lactide-co-glycolide)(PLGA)–PEG copolymer forms amphiphilic
micelles in aqueous solution, which transform into a hydrogel due to physical
cross-linking influenced by swelling, hydration, and self-assembly of polymers
responding to temperature [46]. In 2001, Fujiwara and Kimura introduced
the stereo complex mechanism to prepare specifically the “thermosensitive
hydrogels” from triblock copolymers, PLA–PEG–PLA [47]. Aqueous micelle
solutions from enantiomeric triblock copolymers with a particular molecu-
lar weight, PLLA–PEG–PLLA (1300−4600−1300) and PDLA–PEG–PDLA
(1100−4600–1100), exhibited sol-to-gel transition between 25 and 37 ∘C, which
was considered to be a promising injectable hydrogel.

6.3.2.3 Poly(vinyl pyrrolidone) (PVP)

PVP results from the polymerization of vinylpyrrolidone. Different chain lengths
yield in different viscosities. Traditionally, the degree of polymerization is charac-
terized by the K-value, which is essentially a function of the viscosity in aqueous
solution (PVP K-25, K-30, and PVP K-90). PVP is a very widely used excipient
for the preparation of solid dosage forms. The main application is related to its

O

O CH2 CH2C O

CH3

C

(a) (b)

O Figure 6.9 Chemical structure of (a)
poly(glycolic acid), (b) poly(lactic acid).
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function as a binder in wet granulation. It is also useful for the preparation of effer-
vescent tablets or in direct compression applications. Many other uses, including
nonparenteral applications, have been described in the very long history of this
polymer [48]. Benamer et al. irradiated PVP solutions using a 60Co source at a
dose rate of 3.2 Gy min−1 to produce hydrogels [49]. Lugao et al. [50] obtained
PVP hydrogels using different irradiation doses (5–15 KGy) and different addi-
tives: PEG (MW 600, 6000), PEO (400 000), and glycerol. Glycol and PEO used
as additives reduce the cross-linking density of the PVP network, whereas PEG is
nontoxic and increases the elasticity of the gels as a result of the plasticizing effect.
Moreover, PVP/PEG hydrogels are sterile and noncytotoxic, which makes PEG an
ideal addition to biomedical hydrogels designed as dressings. The additives such
as agar enhance the mechanical properties of PVP hydrogel [51] (Figure 6.10).

6.3.2.4 Poly(vinyl alcohol) (PVA) Hydrogel

PVA is chemically inert in many organic solvents and optically transparent in the
UV-Vis region. The alcohol units are proton donors and can interact by hydrogen
bonding with the amide carbonyl groups of the tertiary polyamide. The possibility
of hydrogen bond formation between hydroxyls and neighboring carbonyls in the
copolymer imply a short-scale competition of specific interactions.

PVA is not prepared by the polymerization of the corresponding monomer,
because of the unstable nature of vinyl alcohol becoming acetaldehyde and
because it does not exist in the free form. PVA is synthesized by various methods
but the most widely used method is from vinyl acetate [52].

PVA films can be prepared by pouring 4% (w/v) PVA solution into flat-bottomed
dishes in such a manner that a uniform thin layer of liquid covers the surface. These
dishes were kept in a vacuum desiccator and films were allowed to dry. The dry
polymer film could be easily detached from the dish [53].

PVA hydrogels can be obtained by alternating cycles of freezing and thawing.
This method first reported by Peppas in 1975 [19]. This was preparedby freezing
the aqueous solution of PVA between 2.5% and 15% w/v at −20 ∘C and thawing
it back to room temperature to its crystalline stage. The crystallinity can be char-
acterized by measuring the turbidity change in the PVA sample. The crystallinity
related to the concentration of PVA solution, freezing time and thawing time. The
PVA material prepared by this method has greater mechanical strength than that
obtained by UV radiation or by crosslinking agent. Functional groups of PVA are
more accessible which broadens its range of application.
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Figure 6.10 Structure of Polyvinyl pyrrolidone.
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Zhang et al. [54] prepared the series of PVA-PNIPAM semi-interpenetrating
polymeric network (semi-IPN) hydrogels by incorporating PVA into cross-linked
PNIPAM. These semi-IPN hydrogels showed faster responsive rates compared to
conventional PNIPAM hydrogels and undergo full deswelling in 1 min. They lose
about 95% water within 1 min, when the temperature is raised above their LCST.
These semi-IPN hydrogels have larger equilibrium swelling ratios at room temper-
ature because of the incorporation of PVA, which forms water-releasing channels
and results in increased hydrophilicity into the PNIPAM hydrogel networks.

PVA hydrogels can be prepared by simply mixing with borax hydrated sodium
tetraborate, (Na2B4O7⋅10H2O)) solution in a 10 : 1 ratio.

Borax is a known nontoxic food additive. Han et al. [55] incorporated cellulose
nanoparticle (CNP) into PVA-borax (PB) hydrogels.

6.3.2.5 Polypeptide Hydrogels
Peptides are naturally occurring biological molecules. They are short chains of
amino acid monomers linked by peptide (amide) bonds. Polymer-peptide conju-
gate (PPC) hydrogels are physically bonded networks capable of imbibing large
quantities of water. As with proteins, the physical bonding can lead to secondary
structure formation, for example, α-helices and β-sheets, which can lead to ter-
tiary structure formation. The advantage of using PPC hydrogels for biomaterials
is that the best properties of peptides and those of synthetic polymers can be
combined [55]. The peptide component provides increased functional control,
well-defined homogeneous hierarchical structures, consistent mechanical prop-
erties, and supportive folding/unfolding transitions [56, 57]. Stupp’s group [58,
59] have made pioneering steps in this field using peptide amphiphiles. A peptide
amphiphile is a hydrophilic peptide attached to a hydrophobic polymer chain.
These materials will supra-molecularly self-assemble (i.e., they reversibly bind
together so that they can be formed or destroyed depending on external condi-
tions) to form nanoscale fibers, which entangle to form a 3-D supramolecular
hydrogel [60–63].

Common methods of self-assembly to give PPC hydrogels include solvent
exchange, direct rehydration, temperature-switch, and salt-triggered processes.
Various structures can be obtained depending upon the conditions of assembly,
for example, temperature, solvent, or molar ratio of polymer to peptide.

Cui et al. [64] synthesized the biodegradable hydrogels from water-soluble
ABA triblock ionic polypeptides, by mixing poly(L-glutamic acid)-block-
poly(ethylene glycol)-block-poly(L-glutamic acid)(PGA–PEG–PGA) with poly
(L-lysine)–block-poly(ethylene glycol)–block-poly(L-lysine) (PLL–PEG–PLL).
PGA–PEG–PGA and PLL–PEG–PLL were synthesized through ring-
opening polymerization (ROP) of BLG-NCA and ZLL-NCA in DMF using
NH2–PEG–NH2 as initiator and followed by deprotection reaction, respectively.

Dave Adams and group synthesized low molecular weight dipeptide hydrogels
by using 2-thiophene diphenylalanine. They made a solution of 2-thiophene
diphenylalanine in deionized water at pH 11 using sodium hydroxide that
resulted in a transparent solution. Glucono-δ-lactone (GdL) was then used to
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lower the pH slowly and trigger gelation. After 1 h, the initially transparent
solution became turbid. After 6 h, an opaque self-supporting gel formed. This gel
turned to a completely transparent gel after 3 days [65].

6.3.3
Properties of Synthetic Polymer Hydrogels

The structural properties of gels make them useful for various kinds of applica-
tions. Hydrogel structure and, thus, the hydrogel properties are closely related to
the conditions under which the hydrogels are formed, that is, the cross-linker con-
centration, the initial degree of dilution of the monomers, and the chemistry of the
units building the network structure.

6.3.3.1 Smart Polymer Hydrogels
Certain hydrogels can undergo a volume change in response to a change in the sur-
rounding conditions, such as pH [66, 67], temperature [5a,b], and ionic strength
[68] and these are known as smart hydrogels or stimuli-responsive hydrogels or
intelligent hydrogels.

Thermoreversible Gels Among the various types of stimuli-responsive gels,
those sensitive to small temperature changes, known as thermoreversible gels,
have attracted much attention. Thermosensitive hydrogels can be divided
generally into two categories: those, which exhibit an increase in swelling with
temperature (upper critical solution temperature – UCST) and those, which
show a decrease in swelling capacity with temperature (lower critical solution
temperature – LCST). The solution is homogeneous at low temperature and a
macroscopic phase separation appears when the temperature exceeds a critical
value called the cloud point (CP) of the mixture. The LCST can be thus consid-
ered as the lowest CP of the system as it corresponds to the minimum in the
phase diagram [22]. LCST is principally an entropic process in contrast to the
conjugated phenomenon of UCST, which is principally enthalpic.

Prominent examples for water soluble polymers displaying inverse solubility
upon heating (LCST) are PNIPAM [9], methylhydroxypropyl cellulose (MHPC)
[68], poly(vinylcaprolactam) (PVCa) [69], poly(vinyl methyl ether) (PVME) [70]
and poly(propelene glycol) [71]. Among this, PNIPAM is the widely studied poly-
mer having an LCST of ∼32 ∘C [22].

pH Sensitive Gels When a hydrogel is composed of both weakly acidic and weakly
basic polymers, it may be highly swollen at high and low pH, while its lowest
swellability will be observed in the pH 4–5 region. For example, since pK a of
acrylic acid is between 4.5 and 5.0, PAA hydrogels swell significantly above pH
5, which is the pH of the small intestine. However, they do not swell significantly
below pH 4, which is the pH of the stomach. Therefore, one of the major appli-
cations of acrylic acid gels is in sustained gastro-intestinal drug delivery systems
[72, 73].
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Ion Responsive Hydrogels Cross-linked PNIPAM-co-benzo-18-crown-6-
acrylamide (PNIPAM-co-BCAm) smart hydrogels exhibiting both ion-
recognition and thermoresponsive characteristics were prepared via thermally
initiated free-radical cross-linking copolymerization by Ju et al. [74] Crown ethers
have remarkable properties of selectively recognizing specific ions and forming
stable “host-guest” complexes. If the crown ether groups are introduced into
the thermosensitive PNIPAM hydrogel, it is able to prepare an ion-recognition
hydrogel that responds to both temperature and specific ion stimuli.

Glucose-Responsive Hydrogels Glucose-sensitive holographic sensor was
synthesized by Lee et al. [75]. This sensor consisted of copolymers of
3-acrylamido-phenyl boronic acid (3APB) and of acrylamide, cross-linked
by N ,N ′-methylenebisacrylamide. The equilibrium complexation of glucose or of
other cis-diols with the boronic group of 3-APB depends on their concentration
in the investigated solution. It is quantitatevely reflected by the degree of swelling
of the hydrogel. Lapeyre et al. [76] investigated the microgels with the PNIPAM
core and the PNIPAM-co-p3APB shell, which were used for the determination
of glucose concentration at 25 ∘C. Swelling of the shell was coupled with the
swelling of the core. Maximal overall swelling, at pH 8.5 and at constant glucose
concentration, was observed when the molar concentration of the boron con-
taining polymer (p3APB) in the copolymer was in the vicinity of 5 mol. Kang and
Bae [77] prepared a glucose-responsive hydrogel by attaching glucose oxidase
and catalase to a pH-sensitive hydrogel based on the N ,N-diacrylsulfonamide,
which undergoes transition in the pH range 7.5–6.55. This transition is very
sharp when the pH of the solution decreases from 7.4 to 7.2 because of the
enzymatically catalyzed oxidation of glucose to gluconic acid. This gel exhibits
reversible glucose concentration-dependent swelling at this pH range, with no
hysteresis.

6.3.3.2 Swelling Property
Water plays an important role in determining the physico-chemical properties of
the hydrogels. Due to high hydrophilicity, the hydrogels can imbibe large quan-
tities of water or aqueous solutions. The swelling behavior of polymer hydrogels
has significant effect on their applications in different fields [4].

The total amount of water absorbed by a hydrogel depends on the temperature
and the specific interaction between water molecules and polymer chains; it can
be described by the Flory-Huggins solution theory. The free energy of the mixing
(ΔGm) of polymer chains and water molecules is expressed by equation.

ΔGm = kT [nw ln𝜙w + ln(1 − 𝜙w) + 𝜒nw(1 − 𝜙w)]

where 𝜒 is the apparent interaction (water molecules–polymer) parameter
dependent on chemical structure, which can be calculated from experimental
data of the equilibrium water uptake of the network in the presence of a vapor
phase containing water; nw is the number of molecules; and 𝜙w is the water
volume [78, 79].
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Depending on the degree of association between water and polymer, the behav-
ior of water can change. Three different states of water have been identified in
swollen hydrogels, that is, nonfreezable bound-water, freezable bound-water, and
free water. From the DSC study of partially swollen PVA hydrogels, Li et al. [80],
differentiated the relative content of these water states. Nagura et al. [81] sug-
gested the existence of three different ice forms in a frozen PVA hydrogel by DSC
measurements. The total weight of water present in a swollen hydrogel is the sum
of two main parts, the weight of freezable water and that of nonfreezable water.
It was suggested that the nonfreezable bound water molecule has two hydrogen
bonds directly fixed to a polymer network chain and could not freeze to ice upon
cooling. When more water is introduced to the gel, these two end fixed hydrated
water gradually change to one end fixed hydrated water and merged with the freez-
able hydrated water. The free hydrogen atom of the one end fixed hydrated water
may join with another free water molecule; the mobility of the molecule is partially
retained and could freeze upon cooling.

6.4
Applications of Synthetic Polymer Hydrogels

The structural properties of gels make them useful for various kinds of applications
such as sensors, contact lenses, artificial organs, and drug delivery systems [4].
It was found that, poly(methylmethacrylate) (PMMA) based gel electrolytes are
the most preferred potential candidates as electrolytes in electrochromic windows
due to their high transparency as well as good gelatinizing and solvent-retention
ability [82]. Electrophoresis through agarose or poly(acrylamide) gels is the stan-
dard method that is used to separate, identify, and purify DNA or RNA fragments
[83–85].

The first hydrogel with potential biomedical application was poly HEMA,
used – soon after its discovery – in contact lens production by Professors Lim
and Wichterle of Prague, Czech Republic in 1955 [10, 86]. They are also used in
many drug delivery applications [87].

The LCST of PNIPAM in water is approximately 32 ∘C and can be matched to
body temperature by copolymerization [22]. Therefore, the use of PNIPAM and
its copolymers in tissue engineering would be very beneficial as one can easily
prepare a mixed solution of cells and the polymer at room temperature or even at
a lower temperature and inject it into the desired site.

PEG is nontoxic, and is thus ideal for biological applications, and can be injected
into the body without adverse effects. It is also an FDA approved material for use
in humans. PEG and its “stealth” properties, that is once it is attached to certain
formulations, it allows slow release of the formulation, thus enabling controlled
release, as well as reduced uptake of harmful immunoglobulins. This allows longer
dosage and reduces immunogenicity of substances such as adenosine deaminase
(ADA) and asparaginase [88]. Table 6.1 shows the applications of different syn-
thetic polymer hydrogels.
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Table 6.1 Applications of synthetic polymer hydrogels.

Synthetic polymer hydrogel Applications

Poly(acrylic acid) and its
derivatives

Disposible diapers, ion exchange resins and adhesives, drug
delivery
Thickening, dispersing, suspending, and emulsifying agents in
pharmaceuticals, cosmetics, and paints [89]
Artificial organs

Poly HEMA films Contact lens, artificial skin manufacturing, burn dressings, drug
delivery systems, marrow and spinal cord cell regeneration
scaffolds for promoting cell adhesion, and in artificial cartilage
production [90–97]

Polyethylene oxide and
derivatives

Cell culture, biosensor materials, as drug carriers in the efficient
and controlled release systems of drugs, scaffolds for protein
recombination, and functional tissue production [36, 38, 98, 99]

Poly(vinylpyrrolidone) Preparation of synthetic plasma and as a carrier for drug delivery
[49, 100] binder in wet granulation [48]

Poly(vinyl alcohol) Tissue engineering, drug delivery, optical films [101]
Polypeptide Injectable polymeric systems, spinal cord treatment, cell culture

[58, 62]

6.5
Conclusion

This chapter discusses the synthesis, properties, and applications of synthetic
polymer hydrogels. It is still possible to use Synthetic polymer hydrogels to design
new hydrogels to fulfill the particular needs of specific functions. They differ in
their characteristics due to various chemical structures, synthesis technique, and
water content or cross-linking. A change in chemical composition, or even a
change in one of the synthesis factors (cross-linking method, cross-linking agent,
synthesis method, and conditions of the synthesis) may lead to new intelligent
biomaterials.

Abbreviations

3APB 3-acrylamido-phenylboronic acid
AAm acrylamide
ADA adenosine deaminase
APS ammonium persulfate
BIE benzoin isobutyl ether
CMC carboxymethyl cellulose
CNP cellulose nanoparticle
CP cloud point
DEAP 2,2-diethoxyacetophenone
DMEMAm N-(2,2-dimethoxyethyl)methacrylamide
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EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
FDA Food and Drug Administration
HEMA (2-hydroxyethyl methacrylate)
HMDI hexamethylenediisocyanate
LCST lower critical solution temperature
MBAAm N ,N ′-methylenebisacrylamide
MHPC methylhydroxypropyl cellulose
PAA poly acrylic acid
PAAm poly(acrylamide)
PEG poly(ethylene glycol)
PEGDA poly(ethylene glycol diacrylate)
PEGDMA poly(ethylene glycol dimethacrylate)
PEGMA poly(ethylene glycol methacrylate)
PEO poly(ethylene oxide)
PGA poly(glycolic acid)
PGA–PEG–PGA poly(L-glutamicacid)–block-poly(ethyleneglycol)–

block-poly(L-glutamic acid)
PLA poly(lactic acid)
PLGA poly(lactide-co-glycolide)
PLL–PEG–PLL poly(L-lysine)–block-poly(ethylene

glycol)–block-poly(L-lysine)
PMA poly(methacrylic acid)
PNIPAM poly(N-isopropylacrylamide)
PPC polymer-peptide conjugate
PPG poly(propelene glycol)
PVA poly(vinyl alcohol)
PVC poly(vinyl chloride)
PVCa poly(vinylcaprolactam)
PMMA poly(methyl methacrylate)
PVME poly(vinyl methyl ether)
PVP poly(vinyl pyrrolidone)
ROP ring-opening polymerization
TEMED N ,N ,N ′,N ′-tetramethylethylenediamine
UCST upper critical solution temperature
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7
Hydrophilic Polymers

Harikrishna Erothu and Anitha C. Kumar

7.1
Introduction

A polymer is a large molecule (macromolecules) composed of repeating struc-
tural units. These subunits are typically connected by covalent chemical bonds.
A hydrophilic (water loving) polymer has a tendency to interact with or be
dissolved by water and other polar substances [1]. Hydrophilic polymers contain
polar or charged functional groups, rendering them soluble in water. These
polymers with various architectures are of great interest in the field of poly-
mer science due to their wide range of possible applications. In this chapter,
the hydrophilic polymers have been divided into three categories (i) Natural
(i.e., isolated from plant, microbial, or animal sources), (ii) semisynthetic, and
(iii) synthetic.

Global consumption of synthetic hydrophilic polymer began in the year 2010,
and China is the world’s largest consumer of synthetic hydrophilic polymers,
accounting for 31% of the world market. Western Europe is the second-largest
market with 24% of consumption, followed by the United States with 18% [2].

7.2
Classification

Polymers can be classified based on any of the following categories: (i) source
(natural, semi synthetic, synthetic); (ii) structure of the polymer (linear,
branched chain, cross-linked, or network polymers); (iii) type of polymerization
(addition, condensation polymers); (iv) molecular forces (elastomers, fibers,
thermoplastic, thermosetting); (v) chain growth polymerization (free radical
governed); (vi) degradability (biodegradable, non-biodegradable), and so on
However, this chapter focuses mostly on the classification based on source [3]
(Figure 7.1).
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Natural Synthetic

Hydrophilic polymers

Semi synthetic

Figure 7.1 Classification of hydrophilic polymers
based on source.

7.2.1
Natural Hydrophilic Polymers

Natural hydrophilic polymers are again classified into (i) plant origin and (ii)
animal origin.

7.2.1.1 Natural Hydrophilic Polymers from Plant Origin
Guar gum [4–7], xanthan gum [8–12], starch [13], pectin [14–18], dextran
[19–27], carrageenan (CRG) [28–33], algin [34], agarose, inulin are the natural
hydrophilic polymers from plant origin. Most of these polymers are explained in
the chapter natural biopolymers.

Agarose is extracted from seaweed and it is a linear polysaccharide made up of
the repeating unit of a disaccharide, agarobiose (Figure 7.2). Agarose is one of the
two principal components of agar, and is purified from agar by removing agar’s
other component, agaropectin [35].

Agarose forms thermoreversible gels in water at a concentration as low as 0.1%
and at temperatures considerably below the temperature of gel melting (Tgelation
∼40 ∘C and Tmelting ∼90 ∘C) depending on the presence of substituents [36].

Agarose is frequently used in molecular biology for the separation of large
molecules, especially DNA, by electrophoresis. Slabs of agarose gels (usually
0.7–2%) for electrophoresis are readily prepared by pouring the warm, liquid
solution into a mold. A wide range of different agaroses, of varying molecular
weights and properties are commercially available for this purpose.

Inulin is a polysaccharide linked by β (2→ 1) linkages of D-fructose with the
end of glucose residue [37] and was discovered by German scientist Valentin Rose
in 1804 [38]. Because of this special β-linkage configuration between fructose
monomers, inulin-type fructans cannot be degraded by the human digestive
system and, therefore, blood sugar levels are not affected [39, 40]. Inulin has a
unique range of molecular weight with the degree of polymerization (DP) varying
from 2 to 100. The length, composition, and polydispersity of inulin depend on
plant species, harvesting time, and extraction and post-extraction processes [41].
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Figure 7.2 Structure of Agarose.
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Industrially, it is most commonly extracted from the plant chicory [42]. Inulin
is a natural storage carbohydrate present in more than 36 000 species of plants,
including wheat, onion, bananas, garlic, asparagus, sunchoke, and chicory [43,
44] (Figure 7.3).

7.2.1.2 Natural Hydrophilic Polymers from Animal Origin

Chitosan (CS) CS is a linear polysaccharide composed of randomly distributed
β-(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine. It is prepared by
treating shrimp and other crustacean shells with the alkali sodium hydroxide [45]
(Figure 7.4).

While chitin is insoluble in neutral water, CS is readily soluble in dilute acidic
solutions below pH 6.0. This is because CS can be considered a strong base as it
possesses primary amino groups with a pK a value of 6.3. The presence of the amino
groups indicates that pH substantially alters the charged state and properties of CS
[46]. At low pH, these amines get protonated and become positively charged and
that renders CS a water-soluble cationic polyelectrolyte. On the other hand, as the
pH increases above 6, CS’s amines become deprotonated and the polymer loses its
charge and becomes insoluble. The soluble–insoluble transition occurs at its pK a
value around pH between 6 and 6.5 [47] (Figure 7.5).

The dissolution constant K a of the amine group is obtained from the
equilibrium:

–NH2 + H2O ↔ –NH3
+ + OH−

Ka = [−NH2][H3O−]∕[NH3
+] and pKa = − log Ka [48].
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Figure 7.5 Schematic illustration of chitosan’s
versatility. At low pH (less than about 6), chi-
tosan’s amine groups are protonated con-
ferring polycationic behavior to chitosan. At
higher pH (above about 6.5), chitosan’s amines
are deprotonated and reactive.

Chitosan has a number of potential commercial and biomedical uses. It can be
used in agriculture as a seed treatment and biopesticide, helping plants to fight
off fungal infections. In wine making it can be used as a fining agent, and also
helps to prevent spoilage. In industry, it can be used in a self-healing polyurethane
paint coating. In medicine, it is used in bandages to reduce bleeding and as an
antibacterial agent; it can also be used to help deliver drugs through the skin [48].

Albumin The albumin family consists of globular proteins that are water-soluble,
the most common of which are serum albumins. Substances containing albumins,
such as egg white, are called albuminoids [49].

Serum albumins are the most abundant transport proteins in blood plasma.
They are the major constituents of the circulatory system. They perform multiple
physiological functions that include transportation and disposition of endoge-
nous and exogenous compounds [50, 51]. They are capable of regulating ligand
sequestration and transportation, which influence many biological functions,
such as membrane penetration, metabolism, half-life, as well as influence several
other pharmacokinetic properties. Bovine serum albumin (BSA) and human
serum albumin (HSA) are the two most abundant multifunctional serum proteins,
accounting for about 52–60% of the plasma [52].

7.2.2
Semisynthetic Hydrophilic Polymers

Semisynthetic water-soluble polymers are derived by either chemical modifica-
tion of natural polymers or from microbial sources. Most natural hydrophilic poly-
mers are polysaccharides, which vary substantially in their basic sugar units, link-
ages, and substituents. Derivatives are obtained by substitution, oxidation, cross-
linking or partial hydrolysis. The products from animal sources are proteinaceous
analogs of the more commonly used polysaccharide-based vegetable polymers.

7.2.2.1 Modified Cellulose
Cellulose is a natural polysaccharide found in all plants. It is composed of repeat-
ing D-glucopyranose units bound by β-1,4-glycosidic linkages [53]. Due to strong
intramolecular hydrogen bonding, pure cellulose is insoluble in water. If cellulose
is converted to cellulose esters or cellulose ethers, they become hydrophilic and
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are soluble in water. These water-soluble cellulose derivatives are used in a wide
range of applications (Figure 7.6).

Hydroxypropylmethyl Cellulose (HPMC) HPMC is a solid, and is a slightly off-white
to light brown powder in appearance and may be formed into granules. The addi-
tion of methyl and hydroxypropyl substituents to HPMC disrupts the crystalline
structure of native cellulose, making cellulose water-soluble [54]. For the synthe-
sis of HPMC, cellulose from wood pulp is extracted using an alkaline base at high
temperatures [55] followed by the addition of alkyl halides or oxiranes to supply
the methyl and hydroxypropyl substituents. Methyl oxide, methyl chloride, and
propylene oxide are generally used and the final proportions of substituents can
be altered by changing the molar ratio of these sources [56]. HPMC is used rou-
tinely as a coating for pharmaceutical tablets because of its ability to coat using
an aqueous system that improves environmental safety [57]. HPMC is approved
by the Food and Drug Administration (FDA) as both a direct and an indirect food
additive, and is approved for use as a food additive by the EU (Figure 7.7).

Hydroxyethyl Cellulose (HEC) HEC is commercially produced by reaction of alkali
cellulose with ethylene oxide (EO) in a heterogeneous process. It is one of the
most important types of cellulose because of its wonderful properties and chem-
ical composition. It has a large amount of easily accessible hydroxyl units that
can be bonded with a number of functional groups [58, 59]. Depending on the
etherification degrees, HEC shows different solubility and is generally classified
as water-soluble or alkali-soluble. Water-soluble HEC has been extensively used
as a stabilizer in food and cosmetic products, binder in tablets, thickener in latex
paints, water-binder in welding rods or glazes of ceramics, and in building mate-
rials applications in industry [60, 61] (Figure 7.8).

OH

OH
OH

OH

OH
OH

OH
OH

OH

OH

OH

OHOH

O

O
O

O
O

O
O

O
O

O
O

HO

HO HO

HO

HO

HO
HO

n
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Figure 7.8 Structure of HEC.

Sodium Carboxy Methyl Cellulose (Na-CMC) Na-CMC can be prepared from cellu-
lose by treatment with alkali and monochloro-acetic acid or its sodium salt under
rigidly controlled conditions. It was commercially introduced in 1946 by Hercules
in the United States [62] Structure of Na-CMC is illustrated in Figure 7.9.

It easily absorbs moisture and dissolves in cold or hot water to form a colloidal
solution. Their solution characteristics depend on the average chain length or
DP as well as the degree of substitution. As the molecular weight increases, the
viscosity of Na-CMC solutions increases rapidly. The degree of neutralization of
carboxymethyl groups also impacts viscosity. In solution, the degree of neutral-
ization is controlled by the pH [62].

7.2.2.2 Modified Chitosan

Chitosan is insoluble in water at neutral pH and dissolves only in acidic solutions.
Therefore, water-soluble derivatives of chitosan have been synthesized by various
researchers by chemical modification [63–66]. Chitosan become water soluble
through a chemical modification.

Chitosan-PEG hybrid Masatoshi et al. [63] synthesized the water-soluble
chitosan–PEG hybrid by the following method. Chitosan was dissolved in a
mixture of aqueous 2% acetic acid solution and methanol. An aqueous solution
of PEG-aldehyde was added to the above chitosan solution and stirred for
30 min at room temperature. Then the pH of chitosan/PEG-aldehyde solution
was adjusted to 6.5 with aqueous 1 M NaOH solution and stirred for 60 min at
room temperature. At this time, the solution was still pale yellow and did not
precipitate. Sodium cyanoborohydride (NaCNBH) in water was added to the
reaction mixture dropwise for 20 min and the solution was stirred for 18 h at
room temperature. The reaction mixture was dialyzed with dialysis membrane
against aqueous 0.05 M NaOH solution and water alternately. When the pH of
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Figure 7.9 Structure of Na-CMC [62].
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the outer solution reached 7.5, the inner solution was centrifuged for 20 min. The
supernatant was freeze-dried and washed twice with 100 ml acetone. Unreacted
PEG was removed by washing with acetone. After drying in vacua, a white
powder was obtained as water-soluble chitosan-PEG hybrid.

N-[(2-hydroxy-3-trimethylammonium)propyl]chitosan Chloride (HTCC) Lim et al. [64]
reported the synthesis of water-soluble chitosan derivative HTCC. It is synthe-
sized by reacting chitosan with glycidyltrimethylammonium chloride (GTMAC)
in a neutral aq. condition, in which the hydroxyl groups of chitosan are not
sufficiently nucleophilic to induce ring opening of GTMAC, whereas the
amino group of chitosan is nucleophilic enough to do that. The HTCC was
further modified by reacting with N-methylolacrylamide (NMA) to prepare a
fiber-reactive chitosan derivative, O-acrylamidomethyl-HTCC (NMA–HTCC).
The optimal reaction conditions for introducing higher amounts of the fiber-
reactive (acrylamidomethyl) groups on chitosan backbone are also reported
by this group. HTCC shows water solubility as well as excellent antimicrobial
activity [67, 68].

Half N-Acetylated Chitosan Kubota et al. [65] synthesized the water-soluble
half N-acetylated chitosan by degradation followed by N-acetylation of chi-
tosan. Chitosan is degraded by treatment with sodium perborate (NaBO3),
N-acetylated with acetic anhydride in aqueous acetic acid. They investi-
gated the relationship between the molecular weight and water solubility
of the obtained N-acetylated chitosan as well as the solubility of the half
N-acetylated chitosan in some organic solvents. They concluded that the half
N-acetylated chitosan thus obtained had a random distribution of the N-acetyl
groups, and that the lower the molecular weight, the higher the water solubility.
Furthermore, the solubility of the half N-acetylated chitosan in aqueous organic
solvents also increased with decreasing molecular weight.

Hydroxypropyl Chitosan (HPCTS) Water-soluble chitosan derivative HPCTS was
synthesized from chitosan and propylene epoxide under alkali conditions by Xie
et al. [66]. Purified chitosan was added to 50 wt% NaOH solution and placed at
−18 ∘C for alkalization. Alkali chitosan and isopropyl alcohol were mixed and
stirred for 1 h at 40 ∘C. Then propylene epoxide was added, and refluxed for 2 h
at 60 ∘C with continuous stirring. The reaction mixture was adjusted to pH 7.0 by
adding 1:1 (v/v) HCl, filtrated, and the obtained product was repeatedly washed
by acetone and 95% (v/v) alcohol and then dried under vacuum at 60 ∘C for 48 h
(Figure 7.10).

Chitosan with Phenolic Hydroxyl Groups (Chit-Ph) Sakai et al. conjugated chitosan
with 3-(p-hydroxyphenyl)propionic acid using aqueous-phase carbodiimide
activation chemistry to produce Chit-Ph[69]. Chi-Ph is soluble in water at neutral
pH and gelated via an enzymatic reaction by consuming H2O2 within seconds.
The time necessary for gelation decreased with increasing content of Ph groups,



170 7 Hydrophilic Polymers

OH OH OH

OHOH Me Me Me

Me

Me

HN
OH

Me

MeMe Me OH

NH NH

Me
Me

HO

HOOH OH

O
O

O

O O O

O
OO

n

OOO
O

Figure 7.10 Structure of HPCTS.

temperature, peroxidase concentration, and decreasing H2O2 concentration.
Chit-Ph has the potency for use as injectable hydrogels in applications such as
tissue engineering and drug delivery.

Carboxymethyl Chitosan Carboxymethylation is another method to improve the
water solubility of chitosan [70]. Chitosan has reactive amino, primary hydroxyl,
and secondary hydroxyl groups, which can be used for chemical modifications
under mild reaction conditions to alter its properties. carboxymethylchi-
tosan are of three types: (i) N-carboxymethyl chitosan (NCMC) [71], (ii)
O-carboxymethyl chitosan (OCMC), and (iii) N ,O-carboxymethyl chitosan
(NOCMC) [72–74].

One way to synthesize the N-carboxymethyl chitosan is to treat chi-
tosan with glyoxylic acid, and then hydrogenate by reacting it with NaBH4
or NaCNBH3(reductive alkylation).In this method partially di-substituted
N-carboxymethyl chitosan (N ,N-diCMC) [75] is unavoidably produced, even
under mild conditions; therefore, the term N-carboxymethyl chitosan should
imply that a substantial fraction is di-substituted. Muzzarelli et al. [71], who first
reported this method, found an alternative for this. They dissolved chitosan in 1%
acetic acid to get approximately 1–1.5 w/v solution, then treated with solution of
glyoxylic acid in molar ratio 1 : 1–1 : 3 of amine:acid followed by reduction with
portions of sodium borohydride to obtain pH of 4–5 without precipitation in
the reaction mixture. The viscous solution was then dialyzed against water and
lyophilized to get N-carboxymethyl chitosan.

An et al. [76] reacted chitosan 1% w/v swollen in water with monochloroacetic
acid in a 1 : 4 ratio of amine:acid (by weight) at pH 8–8.5 at a temperature of 90 ∘C
to get N,N-dicarboxymethylchitosan.

For synthesis of OCMC and NOCMC, the chitosan is soaked in alkaline solu-
tion at freezing or room temperature for 2–24 h. For this purpose, the concen-
tration of chitosan commonly reported is 4–20% w/v in 40–50% w/v solution of
NaOH. The activated chitosan is then reacted with monochloroacetic acid in solid
or solution form. The concentration of monochloroacetic acid used is 1 : 1–1 : 6
by weight in isopropanol/ethanol and the reaction is carried out at 0–60 ∘C for
2–24 h [72–74]. The product is precipitated by solvent as acetone, ethanol, and
desalted by pH adjustment or dialysis.



7.2 Classification 171

Carboxybutyl Chitosan Another chitosan derivative, N-carboxybutyl chitosan, is
an amphoteric polymer that is soluble under acidic, neutral, and basic conditions
[77] (Figure 7.11).

It is synthesized by the reaction of levulinic acid on chitosan [78]. Depending on
the chemical conditions, the reaction tends to form N-carboxybutyl chitosan or
5-methylpyrrolidinone chitosan [79, 80], a cyclic product.5-methylpyrrolidinone
chitosan dissolves only in acidic condition similarly to pure chitosan.
N-carboxybutyl chitosan is used for wound healing, cosmetic production,
and so on.

7.2.3
Synthetic Hydrophilic Polymers

Natural hydrophilic polymers were not always suitable because their properties
were not always reproducible for many applications. Therefore, a lot of interest has
been devoted to the design of polymeric materials for many applications. Synthetic
hydrophilic polymers have different applications in pharmacology, biotechnology,
and chemistry. In this chapter, some examples of synthetic hydrophilic polymers
have been provided.

7.2.3.1 Poly(acrylamide) (PAAM)

The acrylamide monomer used for the synthesis of polyacrylamide was first
reported in 1894 by Moureu [81]. It is mostly prepared by radical polymerization
using peroxide or persulfate as initiators [82]. PAAM is chemically inert, stable in
the pH range 3–11 and is used in a wide range of applications such as microanal-
ysis to macro-fractionation for proteins, nucleic acid, and other biomolecules,
and is nowadays the medium of choice in all electrophoretic techniques, cosmetic
products (moisturizers, lotions, creams, self-tanning products, etc.) drug delivery,
and so on [83–87]. PAAM with less than 0.2% acrylamide monomer is approved
by the FDA (Figure 7.12).
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Figure 7.11 N-Carboxybutyl chitosan and 5-methylpyrrolidinone chitosan.
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7.2.3.2 Poly(acrylic acid) (PAA)
PAA is the homopolymer of acrylic acid, cross-linked with an allyl ether pentaery-
thritol, allyl ether of sucrose or allyl ether of propylene. It has the ability to absorb
and retain water and swell to many times its original volume and, therefore, it is
used in disposable diapers [88]. For many applications, PAAs are used in the form
of alkali metal or ammonium salts, for example, sodium polyacrylate (Figure 7.13).

7.2.3.3 Poly(ethylene Oxide) (PEO) or Poly(ethylene Glycol) (PEG)
PEO is produced by the interaction of ethylene oxide with water, ethylene glycol,
or ethylene glycol oligomers [3, 89]. It has been approved by the FDA for several
medical applications due to its biocompatibility and low toxicity [90].

HOCH2CH2OH + n(CH2CH2O) → HO(CH2CH2O)n + 1H

Polymerization can be cationic or anionic depending on the catalyst type. The
process of both covalent and non-covalent attachment or amalgamation of PEG
polymer chains to molecules and macrostructures, such as a drug, therapeutic
protein, or vesicle is known as PEGylation (also often styled pegylation) and
was first introduced in the late 1970s [91–94]. PEG prolongs the circulation
half-life of therapeutic proteins, liposomes, or nanoparticles and reduces their
immunogenicity by providing a steric barrier against interactions with plasma
proteins, opsonins, and cells of the mononuclear phagocyte system (stealth
property) [95–97] (Figure 7.14).

7.2.3.4 Poly[(organo)phosphazenes]
Poly[(organo)phosphazenes] are inorganic/organic hybrid polymers. The polymer
backbone consists of alternating phosphorus and nitrogen atoms and organic sub-
stituents are linked to the phosphorus atoms as side groups [98] (Figure 7.15).

The major precursor, polydichlorophosphazene, is extremely hydrolytically
unstable but can be readily substituted with nucleophilic substituents to give
a wide range of stable poly[(organo)phosphazenes] [99]. Some of the most
important water-soluble polyphosphazenes are poly[di(carboxylatophenoxy)
phosphazene] (PCPP), poly[di(methoxyethoxyethoxy) phosphazene] (MEEP)
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have been studied by Allcock and his coworkers [100, 101]. Poly[(organo)
phosphazenes] are used for tissue engineering and drug delivery, as hydrogels,
shape memory polymers, and as stimuli-responsive materials [98].

7.2.3.5 Poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA)

This is a highly hydrophilic, nonimmunogenic and nontoxic polymer and resides
well in blood circulation. PHPMA can be synthesized by a variety of polymeriza-
tion techniques including conventional radical polymerization [102], atom trans-
fer radical polymerization (ATRP) [103], and reversible addition-fragmentation
chain transfer (RAFT) polymerization of N-(2-hydroxypropyl) methacrylamide
(HPMA) [104] (Figure 7.16).

The first HPMA copolymer–drug [N-(4-aminobenzensulfonyl)-N ′-butylurea]
conjugate was presented at the Prague Microsymposium on Polymers in Medicine
in 1977 by Obereigner et al. [105, 106]. This is an alternative hydrophilic poly-
mer that incorporates functionality via a secondary hydroxyl group, which has
been shown to be a viable alternative to PEG in many applications in the field of
nanomedicine [107].

7.2.3.6 Divinyl Ether-Maleic Anhydride (DIVEMA)

The copolymer DIVEMA, which is also known as pyran copolymer, is used
in drug delivery systems. It acts as an antitumor, antiviral, antifungal, and
antibacterial agent. Its biological activity depends on the molecular weight.
At a molecular weight of 10 000, DIVEMA exhibits antitumor activity, and a
higher molecular weight activitates antibacterial activity. The preparation of
1 : 2 divinyl ether-maleic anhydride copolymer was first reported by Butler. It is
synthesized by the radical polymerization of monomers and the low molecular
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weight impurities is removed by the extraction of ether [108]. It is readily soluble
in water by alkaline hydrolysis [109] (Figure 7.17).

7.2.3.7 Poly(oxazoline) (POZ)
Polyoxazoline polymers are nonionic, stable, and highly soluble in water and
organic solvents. They are prepared by the living cationic polymerization method.
Different methods have been reported in the literature. One is the stoichiometric
addition of an electrophile initiator like alkyl tosylate or alkytriflate to the oxazo
line monomer that is dissolved in a dry organic solvent and in an inert atmosphere
[110, 111]. The propagation phase is conducted at 80 ∘C for approximately 1 to
3 days. Another one is the polymerization that is carried out with microwave
energy to reduce the propagation time from days to hours [112, 113]. In both
cases, the living cation is terminated by the introduction of a nucleophile such as
OH, NH, COO, or S. Termination is conducted with aqueous sodium carbonate
to give a hydroxyl terminal group or by reacting with a secondary amine such as
morpholine or piperidine to give a terminal tertiary amine.

It was first developed as a food additive in the early 1980s [114]. POZ has
the same “stealth” properties as PEG and, therefore, can be used in multiple
pharmaceutical and medical applications1 [115, 116]. The generic chemical
structures of polymethy-loxazoline (PMOZ), polyethyloxazoline (PEOZ), and
polypropy-loxazoline (PPOZ) are shown in Figure 7.18.

7.2.3.8 Poly(vinyl pyrrolidone) (PVP)
PVP is synthesized by the polymerization of vinylpyrrolydone in water or
isopropanol and has a molecular weight ranging from 40 000 to 360 000. PVP is
FDA approved and the main use of PVP is as a binder in tablet formation and
it is available in different grades based on molecular weight. It was found that
acetaminophen (paracetamol) tablets formulated with 4% PVP 90 000 as a binder
released the drug more quickly than did tablets with gelatin or hydroxypropyl
cellulose [118–120] (Figure 7.19).
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7.2.3.9 Poly(N-isopropylacrylamide) (PNIPAM)
PNIPAM is a chemical isomer of poly-leucine, having a polar peptide group
in the side chain rather than in the back bone as shown in Figure 7.20. It is a
temperature-responsive polymer that shows lower critical solution temperature
(LCST) and was first synthesized in the 1950s [121] from N-isopropylacrylamide
by free-radical polymerization and is readily functionalized making it useful
in a variety of applications. PNIPAM is used in biochemical or biomedical
applications [122] (Figure 7.20).

7.2.3.10 Poly(vinyl alcohol) (PVA)
PVA is synthesized by the polymerization of vinyl acetate to polyvinyl acetate
(PVAc), which is then hydrolyzed to get PVA. Water is the most important solvent
for PVA. It is also soluble in highly polar and hydrophilic solvents, such as dimethyl
sulfoxide (DMSO), ethylene glycol (EG), and N-methyl pyrrolidone (NMP).They
form tough, clean films that have high tensile strength and abrasion resistance.
PVA is widely used in industry in the manufacture of pharmaceuticals, optical
films, and so on [123]. A number of investigators developed PVA hydrogels for
biomedical applications, in particular, transdermal drug delivery systems [124]. It
is a particularly interesting polymer system for such applications because of its
low toxicity, high biocompatibility, and high degree of swelling in water. PVA is
chemically inert in many organic solvents and optically transparent in the UV-
Visible region. The alcohol units are proton donors and can interact by hydrogen
bonding with the amide carbonyl groups of the tertiary polyamide. The possibility
of hydrogen bond formation between hydroxyls and neighboring carbonyls in the
copolymer imply a short-scale competition of specific interactions (Figure 7.21).

7.3
Applications of Hydrophilic Polymers

The interest evinced on hydrophilic polymers is because of its vast area of
applications such as food, pharmaceuticals, paint, textiles, paper, construc-
tions, adhesives, coatings, water treatment, dispersing and suspending agents,
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stabilizers, thickeners, gellants, flocculants and coagulants, film-formers, humec-
tants, binders and lubricants, personal care, building products, detergents, oil
field products, and mineral processing [3].

Many cellulose and chitosan derivatives are used in food materials as gelling
agents, thickening agents, and so on (Table 7.1).

Hydrophilic polymers are promising biomaterials intended to replace conven-
tional products. Soluble grades of PVP and polyvinyl pyrrolidone-vinyl acetate
(PVP-VA) copolymer have been used to improve the bioavailability of many
poor water-soluble drugs such as indomethacin, tolbutamide, and nifedipine
[126, 127]. The “stealth” properties of PEO and POZ make them very useful
in biomedical applications like drug carriers [128]. Studies show that radio-
labeled POZ suggests that the polymer is rapidly excreted by the kidney with no
significant accumulation in tissues [129, 130]. The super absorbent polymers,
polyacrylates and sodium polyacrylates, are used in disposable diapers [88]. The
use of hydrophilic polymers-starch-based soil additives for container-grown
plants helps reduce water consumption and irrigation frequency [131].

Hydrophilic polymers have many different roles in the field of tissue engineer-
ing. They are applied as delivery vehicles for bioactive molecules and as space
filling agents. As space filling scaffolds, hydrogels maintain the desired volume
and structural integrity for the required time [132]. Space filling agents are the
simplest group of scaffolds and are used in bulking, adhesion prevention, as a
biological “glue,” promotion of angiogenesis, and encapsulation of secretory cells.
Hydrogel scaffolds can engineer every tissue in the body, including cartilage, bone,
and smooth muscle. Scaffolds composed of alginate, chitosan, and collagen show
potential for use as general bulking agents. Synthetic hydrogels are often appropri-
ate materials for use as anti-adhesives because, if designed appropriately, proteins
cannot be readily absorbed by them. PEG has been used to prevent post-operative
adhesions and to protect arteries from intimal thickening after damage [133–135].

Different types of chitosan-based scaffolds are available such as chitosan-based
hydrogel scaffolds, chitosan-based nanofiber scaffolds, polymer-based composite
chitosan scaffolds for in vivo evaluation, chitosan–calcium phosphate compos-
ite scaffolds, and chitosan-based scaffolds with enhanced functionality for bone
tissue engineering applications [136]. Chitosan is especially attractive as a bone

Table 7.1 Use of cellulose and chitosan derivatives [125].

Material Function of material

Cellulose derivatives
CMC Thickener
HPC Thickener and emulsifier
HOMC Thickener
MC Thickener, emulsifier, and gelling agent
Chitosan Gelling agent

Antimicrobials
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scaffold material as it supports the attachment and proliferation of bone-forming
osteoblast cells in vitro [137]. In addition, modified chitosan scaffolds are bioac-
tive and biodegradable, and exhibit osteo conductivity in vivo in surgically created
bone defects [138, 139].

Alginate hydrogels in pharmaceutics serve as thickening, gel forming, and sta-
bilizing agents, as alginate can play a significant role in wound healing [140], drug
delivery [141], protein delivery [142], and tissue engineering applications to date,
as these gels exhibit structural similarity to the extracellular matrices in tissues
and can be manipulated to play several critical roles [143]. Oral dosage forms are
currently the most frequent use of alginate in pharmaceutical applications, but
the use of alginate hydrogels as depots for tissue-localized drug delivery is grow-
ing. Kong et al. reported that alginate gels release condensed plasmid DNA (size
∼100 nm) at the degradation time. Cells must migrate out of alginate hydrogels,
and/or be released as the gel degrades [144]. Alginate gels are also being actively
investigated for their ability to mediate the regeneration and engineering of a vari-
ety of other tissues and organs, including skeletal muscle, pancreas, and liver and
those in the central and peripheral nerve systems. Current strategies for skeletal
muscle regeneration using alginate gels include cell transplantation, growth fac-
tor delivery, or a combination of both approaches [145, 146]. A combined delivery
of VEGF and insulin-like growth factor-1 (IGF-1) from alginate gels was used to
modulate both angiogenesis and myogenesis [147].

7.4
Conclusions

Polymeric Sciences has a history spanning many years in hydrophilic materi-
als. Water-soluble polymers have a distinguished record of clinical relevance.
Hydrophilic polymers are important because of their use in a variety of appli-
cations. Scientists are still trying to synthesize new polymers and improve its
properties. This chapter discusses the synthesis, properties, and applications
of different hydrophilic polymers. The nature of thr polymer depends on its
molecular weight, crystallinity, chemical composition, and macromolecular
topology or architecture. By varying these parameters, hydrophilic polymers can
be useful for many more applications.

Abbreviations

Chit-Ph chitosan with phenolic hydroxyl groups
CRG carrageenan
CS chitosan
DIVEMA divinyl ether-maleic anhydride
DMSO dimethyl sulfoxide
DP degree of polymerization
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EG ethylene glycol
EO ethylene oxide
FDA Food and Drug Administration
GTMAC glycidyltrimethylammonium chloride
HEC hydroxyethyl cellulose
HPCTS hydroxypropyl chitosan
HPMA N-(2-hydroxypropyl) methacrylamide
HPMC hydroxypropylmethyl cellulose
HTCC N-[(2-hydroxy-3-trimethylammonium) propyl]chitosan

chloride
LCST lower critical solution temperature
MEEP poly[di(methoxyethoxyethoxy) phosphazene]
NaBO3 sodium perborate
Na-CMC sodium carboxy methyl cellulose
NaCNBH sodium cyanoborohydride
NCMC N-carboxymethyl chitosan
NMA N-methylolacrylamide
NMA–HTCC O-acrylamidomethyl-HTCC
NMP N-methyl pyrrolidone
NOCMC N ,O-carboxymethyl chitosan
OCMC O-carboxymethyl chitosan
PAA poly(acrylic acid)
PAAM poly(acrylamide)
PCPP poly[di(carboxylatophenoxy) phosphazene]
PEG poly(ethylene glycol)
PEO poly(ethylene oxide)
PHPMA poly[N-(2-hydroxypropyl) methacrylamide]
PNIPAM poly(N-isopropylacrylamide)
POZ poly(oxazoline)
PVA poly(vinyl alcohol)
PVAc poly(vinyl acetate)
PVP poly(vinyl pyrrolidone)
PVP-VA poly(vinyl pyrrolidone)-vinyl acetate
RAFT reversible addition-fragmentation chain transfer
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8
Properties of Stimuli-Responsive Polymers

Raju Francis, Geethy P. Gopalan, Anjaly Sivadas, and Nidhin Joy

8.1
Introduction

The most energizing and rising class of materials that can react to an external
stimulus is referred to as stimuli-responsive polymers. A lot of work has been
devoted to developing ecologically delicate macromolecules that can be created
into novel smart materials. They can be classified according to the stimuli they
respond to such as temperature, pH, ionic strength, light, electric, and magnetic
field. Some polymers respond to a combination of two or more stimuli. Another
basis of classifying these polymers is their physical form, that is, free chains in solu-
tions, chains grafted on a surface, covalently cross-linked gels, and reversible or
physical gels. Stimuli responsive changes in shape, surface qualities, dissolvability,
and arrangement of a perplexing molecular self-assembly and a sol–gel transition
have empowered a few novel applications in the conveyance of therapeutics, cell
culture, tissue engineering, sensor or actuator frameworks, bioseparations, immo-
bilized biocatalysts, drug conveyance, bioseparations, thermoresponsive surfaces,
biomimetic actuators, and bioconjugates [1, 2].

Stimuli are commonly classified into three categories – physical, chemical, and
biological [3, 4] – as shown in Figure 8.1 [5]. Physical stimuli, such as temperature,
ultrasound, magnetic, light, mechanical, electrical, and so on, generally transform
chain dynamics, but chemical stimuli, such as solvent, electrochemical, pH, ionic
strength, and so on, modulate the molecular interactions, whether between poly-
mer and dissolvable particles or between polymer chains. Biological stimuli such
as enzymes and receptors impact the actual functioning of molecules, that is,
enzymatic reactions and receptor recognition of molecules. Moreover, there are
dual-responsive polymers that concurrently respond to more than one stimulus.

Biomedical Applications of Polymeric Materials and Composites, First Edition.
Edited by Raju Francis and Sakthi Kumar.
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Figure 8.1 Classification of stimuli-responsive polymers. (Cabane 2012 [5]. Reproduced with
permission from American Institute of Physics.)

8.2
Physically Dependent Stimuli

Physically dependent stimuli mainly include temperature, electric field, light, mag-
netic field, and mechanical deformation.

8.2.1
Temperature

Temperature-responsive polymers have gained very much attention in the fields
of bioengineering and biotechnology applications since certain diseases are appar-
ent due to temperature changes [6]. In general these copolymers are characterized
by a critical solution temperature around which the hydrophilic and hydrophobic
interactions between the aqueous media and the polymeric chains rapidly
change within a little temperature change. This affects interruption of intra- and
intermolecular electrostatic and hydrophobic interactions and results in a volume
phase transition. Normally, the polymer solutions acquire an upper critical solu-
tion temperature. On the other hand, polymer solutions that appear as monopha-
sic below a specific temperature and biphasic above it generally possess this
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so-called lower critical solution temperature (LCST). A variety of temperature-
responsive polymers have been reported on the basis of the chemistry of the
groups and their mechanism: poly(N-alkyl-substituted acrylamides), such as
poly(N-isopropylacrylamide) (PNIPAM) [7]; poly(N-vinylalkylamides), such as
poly(N-vinylcaprolactam) (PNVC) [8]; and copolymers, for example, poly(L-lactic
acid)–poly(ethylene glycol)–poly(L-lactic acid) (PLLA–PEG–PLLA) triblock
copolymers [9] and poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide)(PEO–PPO–PEO) copolymers [10].

8.2.1.1 Poly(N-isopropylacrylamide)(PNIPAM)
PNIPAM is the most widely recognized and thermally responsive smart polymer
system that has been studied [11]. It is the most strongly examined polymer
with reference to biomedical applications because of its LCST being near to
body temperature and its quick on-off exchange. PNIPAM shows turbidity at
about 32 ∘C in pure water. On heating the solution above 32 ∘C, it becomes phase
separated which occurs at a temperature slightly lower than that of physiologic
saline. Above the LCST, a cross-linked PNIPAM hydrogel will suddenly contract
and excrete its aqueous swelling solution, and a very wettable PNIPAM-coated
surface will abruptly be hydrophobic. When the stimulus is reversed, so are the
above phenomena, even though reversal rates can vary depending on the compo-
sition and the geometry of the system. The kinetics of the phase transitions also
depends on the structure in the case of hydrogels. Yoshida et al. [12] demonstrated
that macromonomers of NIPAM could be utilized to shape a water-swollen,
cross-linked “comb-type” hydrogel. At the point when that gel was heated above
the LCST of PNIPAM, it shrank considerably more quickly than conventional
cross-connected hydrogels of PNIPAM, which are broken down gradually. Since
it naturally appears when the temperature is increased above the LCST, the free
energy drop must be driven by an entropy expansion. Additionally, if the solution
of polyacrylamide can be heated, no phase separation will happen. In this manner,
the temperature-induced phase partition of PNIPAM is because of an increase
in entropy with respect to the isopropyl groups of PNIPAM. As isopropyl groups
aggregate jointly at the LCST, it is best understood as being driven by the release
of the hydrophobically bound water molecules around the isopropyl groups.
Frequently, the rate of reversion back to the hydrated state might be slower than
the collapse, since in the reverse procedure the hydrophobic groups of the poly-
mer must be rehydrated one by one, and that procedure is thermodynamically
contradicted by the resultant decrease in the entropy of the water molecules. The
general reswelling process above the LCST is favored by the increase in entropy
as the polymer chain grows in addition to the (small but positive) exothermic
hydration of the hydrophobic groups. The rate of dehydration or rehydration of
such smart polymer systems can also depend on the dimensions of the system. For
smaller systems, the phase separation will be faster, that is, microscopic systems
were slower than nanosystems, which are in turn quicker than macroscopic
systems. In terms of “smart cell culture surfaces,” Okano, Yamato and associates
are the pioneers [13, 14]. Utilizing an electron accelerator, they radiation-grafted
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PNIPAM to polystyrene (PS) cell culture surfaces and cultured cells to confluent
sheets on the surfaces at 37 ∘C, which is above the LCST of the polymer. Above
LCST, the grafted PNIPAM chains collapsed due to its hydrophobic behaviour.
This lead to physical adsorption of cell adhesion proteins from the culture
medium. This improves the cell culture process at the polymer surface as the cells
grew to confluent cell sheets. Then, when the temperature was lowered below
LCST, the PNIPAM chains became rehydrated, and the confluent cell sheets were
released from the surface along with the cell adhesion proteins that remained
bound to the cell surfaces. They lately found that if the fixed NIPAM chains were
framed as brushes and ended with COOH groups, the cells developed to juncture
all the more quickly at 37 ∘C, and they likewise discharged all the more quickly
and all the more neatly from the surface at room temperature. These stimulating
[15] new applications of smart surface cell sheets are being connected for corneal
and myocardial tissue recreation by Okano and associates [3, 4]. Nanoparticle-
based diagnostic frameworks utilize PNIPAM coatings on microfluidic channels,
on gold nanoparticles, and on magnetic nanoparticles [16–24]. For clinical
immunoassay applications, these smart nanoscale systems were produced. At the
point when a smart polymer is crosslinked to form a gel, the gel will collapse and
reswell in water as a function of heat stimulus. If the drug is stacked into the gel,
the breakdown can discharge the medication in a burst. The potential of PNIPAM
hydrogels as biomaterials was initially recognized by Hoffman and coworkers
who found that smart gels could be used for entrapping drugs and delivering
them. Using smart gels can entrap the enzymes and cells, and by inducing cyclic
swelling and collapse of the gel, the enzymes or the enzymes within the cells could
be switched “on” and “off” [25–28]. In the late 1980s and 1990s, studies about
smart hydrogels were actively done by Kim, Okano, Bae, and coworkers. Smart
gels containing entrapped cells which are applicable for artificial organs were suc-
cessfully explored [29]. By controlling the polymer composition and topology, the
coil-to-globule transition could be kinetically and thermodynamically controlled.
Copolymerization of NIPAM with hydrophobic butyl methacrylate decreases
the LCST of aqueous copolymer solution and copolymerization with hydrophilic
comonomers, such as acrylic acid or hydroxyethyl methacrylate (HEMA), and
results in an increase in LCST [30]. Depending on the content of hydrophilic
moieties of poly(NIPAM–co–acrylic acid) and poly(NIPAM)-b-poly(ethylene
glycol) (PNIPAM-b-PEG) at 37 ∘C, polymers exhibit sol–gel transition rather
than precipitation [31, 32]. Aoyagi et al. described an interesting example of
molecular design of LCST polymers [33]. When 5 mol% of 2-carboxyisopropyl
acrylamide (CIPAAm) was copolymerized with NIPAM, the copolymer showed
little or no change in LCST, whereas 5 mol% of acrylic acid resulted in LCST
increases of ∼10 ∘C, as measured in Phosphate-Buffered Saline (PBS) at pH 7.4.
By increasing the ratio of the hydrophobic PPGMA to hydrophilic POEGMA,
the thermal transition temperature was decreased to below 37 ∘C in a phosphate
buffer solution at pH 7.4. Both carboxylic acid groups and thermosensitivity
are needed for this molecular design concept, and it is very useful. Polymer
systems with more than one transition can be obtained by controlling polymer
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architecture. For example, hydrogels containing different LCST oligomer grafts
showed dual swelling transitions with increasing temperature. The first transition
resulted from oligo-NIPAM at 32 ∘C, and the second transition occurred at 36 ∘C
owing to the presence of oligo(N-vinylcaprolactam) [34]. Control of deswelling
kinetics was also achieved by using graft copolymer structure. The comb-type
grafted hydrogels of cross-linked P(NIPAM) grafted with oligo-NIPAM [12]
and poly(NIPAM-g-PEG) [35] exhibited fast response to temperature. Changes
of NIPAM copolymers focused on biological applications such as separations,
enzyme immobilization, gene delivery, and cell culture [36–41]. Hoffman
et al. reviewed the progress in smart bioconjugates that use stimuli-responsive
properties of PNIPAM [2]. In a related application, the PNIPAM polymers were
investigated for on–off control of avidin–biotin binding. Below the transition
temperature of 32 ∘C, NIPAM copolymers are in a fully extended conformation
in water because of favorable polymer–water interactions. The PNIPAM with
fully extended conformation interferes with the biotin-binding site on the avidin,
whereas above the transition temperature, the polymers collapsed and cannot
interfere with the binding sites. In a related research aimed at the design of new
bioseparation methods, PNIPAMs were conjugated to trypsin and chymotrypsin
[36, 37], which demonstrated specific enzyme activity–temperature profiles. Cell
manipulation techniques using temperature-responsive culture surfaces grafted
with PNIPAM were also investigated [39]. A decrease in culture temperature
below the LCST resulted in the release of cardiac myocyte sheets from the
cell culture dishes without enzymatic treatment. In another cell culture-related
application, PNIPAM–acrylic acid copolymers were used as a three-dimensional
cell culture matrix for preservation of the phenotype of articular chondrocytes.
The chondrocytes cultured in a monolayer lost their phenotype, whereas those
cultured in the PNIPAM–acrylic acid gel kept the phenotype and rounded shape
of the cells. PNIPAM–acrylic acid copolymers were also used for entrapping
islets of Langerhans for a refillable biohybrid artificial pancreas [40]. Poly(N-
isopropylacrylamide)-grafted hyaluronan (PNIPAM-HA) and PNIPAM-grafted
gelatin (PNIPAM-gelatin) shown in Figure 8.2, which exhibited sol–gel transfor-
mation at physiological temperature, were applied as control of tissue adhesions:
tissue adhesion prevention material and hemostatic aid, respectively.

PNIPAM

Gelatin or

hyaluronan solution

>34 °C

Inter- and intramolecular

 aggregation

Hydrogel or precipitate

Figure 8.2 Thermoresponsive gelation mechanisms of PNIPAM-HA and PNIPAM-gelatin [7].
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Okuyama et al. wrote an initial paper on the swelling energy of NIPAM with
butyl methacrylate (BMA), P(NIPAM-co-BMA), remarking on the requirement
for zero-order drug discharge profiles and found that after a burst arrival of drug
from the external part of the hydrogel, a maintained discharge can be acquired
[42]. Coughlan and Corrigan demonstrated the significance of comprehending
the nature of a stacked drug in a polymer system with the cross-linker fixation
and drug interaction with the polymer having a huge effect on the rate of
arrival of medications from PNIPAM gels [43, 44]. Jones et al. and coworkers
synthesized various types of PNIPAM conetworks, which are applicable for the
delivery of microbial agents in combination with medicinal gadgets. PNIPAM
and HEMA conetworks showed LCST at 34 ∘C suitable for in vivo applications
[42] such as drug release and mechanical strength. A comparative study by Jones
et al. observed the incorporation of zinc tetraphenylporphyrin (Zn-TPP) into
PNIPAM-co-PHEMA. They demonstrated that above the LCST the Zn-TPP
discharge rate drastically diminished. Once discharged, the Zn-TPP was free for
photoinduced antimicrobial activity. After a careful observation, Jones demon-
strated that an on–off drug release can be accomplished for different applications
by controlling the concentration of polymer and therefore the LCST [45]. Xiao
et al. synthesized a biodegradable hydrogel, which includes thermoresponsive
PNIPAM with cleavable lactic acid and dextran units [46]. Zhao et al. and others
also done a similar work with grafting PNIPAM and PNVC-HEMA onto a
dextran chain producing injectable and biodegradable hydrogels. This gel was
equipped for delivering drugs more than a few days with insignificant cytotoxicity
[47]. Ma et al. synthesized conetworks of PNIPAM, lactic acid, and PHEMA,
and its LCSTs of 10–20 ∘C with PNIPAM contents of 80% or more were found
[48]. The gels exhibited good mechanical properties and degraded slowly with no
cytotoxic by-products when used in tissue engineering. Investigation by Ratner
et al. utilized templating strategies to create cross-linked PNIPAM hydrogels
with a characterized pore size [49]. Exchanging pore size with temperature took
into consideration the embodiment of cells inside the gel for consequent uses as
a part of tissue designing. A thermoresponsive star block copolymer based on
L-lactide and NIPAM was successfully synthesized by Wei et al. In water, these
star polymers self-assemble into large micelle structures, which demonstrated a
quick on–off drug switching with respect to temperature [50].

8.2.1.2 Polyethylene Glycol (PEG)
Polyethylene oxide (PEO), or more commonly known as poly(ethylene glycol)
(PEG), has an LCST of around 85 ∘C. Kim et al. develop a group of thermally
gelling, hydrolytically degradable triblock copolymers that were physically
blended with medications and infused subcutaneously or intramuscularly to pro-
duce stage-isolated, degradable, Q14 drug depot masses at body conditions [29,
51–53]. These triblock copolymers were made out of exchanging ABA or BAB
blocks, for example, PLGA–PEG–PLGA or PEG–PLGA–PEG blocks. The ther-
mally produced gelation of these block copolymer-drug mixtures is most probably
motivated by the mechanism which is comparable to that of PNIPAM. This is due
to the large entropy gain caused by the discharge of bound water molecules from
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the hydrophobic PLGA blocks at 37 ∘C. The PLGA blocks aggregate together and
the phase-separated region then slowly releases the drug by dissolution and dif-
fusion of the drug. This was accompanied and enhanced by the hydrolytic degra-
dation of the PLGA–PEG–PLGA triblock copolymer into PEG, lactic acid, and
glycolic acid. Kan et al. developed a zero-order drug release which was prepared
by integrating a smart polymer, such as PEG-b-PLGA-b-PEG, into an oil–water
emulsion. Above the LCST of the polymer, the water phase produced a hydrogel
over a 20–30 ∘C range, which entraps the oil droplets. Drug release using these
droplets demonstrated a controlled rate with no burst discharge [54]. A sequence
of degradable PEG–alt–thiol hydrogels with differing LCSTs which are applicable
for tissue engineering was developed by Wang and his collaborators. For the
degradation of the hydrogels in vivo, thiol groups gave suitable sites [55]. Conju-
gation of PluronicsⓇ to peptide moieties enhances cell interaction, adhesion and
growth within the tissue scaffold [56]. PoligoGelⓇ is like PluronicsⓇ which utilizes
PEG and poly(propylene glycol) (PPG) blocks and appears to be nontoxic to cells
with an LCST close to body temperature [57]. Cohn et al. used the formation of
micelles above the LCST of PEG-b-PPG-b-PEG triblock copolymers, where PPG
was the hydrophobic PPG block, also called poly(propylene oxide) (PPO), to form
functional nanoshells. As shown in the succeeding figure, a methacrylate group is
integrated onto every end of the block copolymers and cross-linking them, while
a collapsible and expandable shell structure was molded with large void spaces
capable of encapsulating various moieties in the case of micellar configuration
[58]. Cohn et al. reported that the thermoresponsive polymers with significant
PEG content are particularly interesting from a biomedical perspective, given their
low toxicity/immunogenicity and high biocompatibility. Once the temperature
is reduced below critical micellization temperature (CMT), the individual chains
tend to revert to their unimeric state, but since the triblocks are covalently cross-
linked, this process is prevented from nearing completion, generating remarkably
expanded nanostructures. Conversely, when heated up above the transition
temperature, they shrink dramatically, as the supramolecular constructs revert to
their micellar array, driven by the forces common to all micellization processes.
This reversible phenomenon is schematically shown in Figure 8.3.

15 °C 50 °C

Cross-linking

15 °C

Figure 8.3 Formation of nanocages from polymers of PEG (blue), PPG (red), and methacry-
late groups (green). (Cohn 2009 [58]. Reproduced with permission from Elsevier.)
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8.2.1.3 Elastin
Elastin-like peptides (ELPs) have been studied extensively for biomate-
rial/biomedical applications. This is because they phase-separate when heated,
similarly to PNIPAM. But since they are based on a natural protein, they may
be more “biocompatible” than a synthetic polymer, especially PNIPAM. These
polymers depend on the temperature-affected phase separation conduct of
a repeating peptide chain inside a hydrophobic domain of elastin. The most
widely recognized sequence in elastin is valine-proline-glycine-X-glycine, or
(VPGXG)m, where X can be any amino acid other than proline and m is the
number of units. There are numerous variations of ELPs that seem to show
elastin-like properties, yet the pentapeptide motif of VPGXG has generally been
examined. Side groups fit for adding usefulness to the ELP, for instance, cysteine,
can be added to take into consideration conjugation of bioactive atoms, while
lysine residues have been added to take into consideration cross-linking. Chilkoti
and colleagues have widely studied these brilliant polypeptides [59–62]. These
smart polypeptides later on may find rewarding applications as biomaterials.
Elastin-like polymers with polypeptide repeat units were developed by Bessa
et al. [63] and Rincon et al. [64]. It is a thermoresponsive polypeptide that has a
special thermoresponsive capacity. Above its LCST of 30 ∘C, chains itself fold to
form a nanoparticle, but below its LCST, it is solvated and extended in solution.
Specifically, it forms nanoparticles that entrap particles inside their structure,
permitting them to be utilized as a drug delivery vector. Bessa demonstrated
that bone morphogenetic proteins could be encapsulated along these lines
and conveyed sustainedly for 14 days to advance bone arrangement. Another
intriguing point is that these elastin particles are not identified by the immune
system giving a nontoxic vector without further alteration. Thermoresponsive
elastin-like polypeptide–doxorubicin (DOX) conjugate has also been employed
for temperature-mediated tumor suppression [65].

8.2.1.4 Poly(N-vinylisobutyramide)
Poly(N-vinylisobutyramide) (poly(NVIBA)), a thermoresponsive water-soluble
polymer, showed an LCST at 39 ∘C. This thermoresponsive synthetic polymer
exhibits both hydrogen-bonding and hydrophobic properties, which causes
changes in their molecular level states (coil to collapse) in an aqueous solution
[66]. Poly(NVIBA) has been considered to represent a simple but relevant protein
model.

8.2.1.5 Poly(diethyl vinylphosphonate) (PDEVP)
Poly(diethyl vinylphosphonate) (PDEVP) homopolymer was prepared by group
transfer polymerization using rare earth metal complexes. It is amphiphilic, and its
aqueous solutions exhibit a cloud point of 40−46 ∘C, depending on the molar mass
and concentration [67]. Biocompatibility makes PDEVP an interesting alternative
compared to established thermoresponsive polymers. Therefore, thermorespon-
sive PDEVPs are promising candidates in biomedical applications, for example,
for controlled cell growth and cell release.



8.2 Physically Dependent Stimuli 195

8.2.1.6 Poly(N-vinylcaprolactam)
PNVC [68–70] has an LCST between 25 and 35 ∘C. PNVC contains a seven-
membered lactam ring and has a repeat unit consisting of a hydrophilic hetero-
cyclic amide ring. Of potential interest for biomedical applications, PNVC offers
benefits of low toxicity, water and organic solubility, high complexing ability, and
good film-forming properties [71–74].

8.2.1.7 Poly(N,N-diethylacrylamide) (PDEAAm)
Poly(N ,N-diethylacrylamide) (PDEAAm) is a well-known thermoresponsive
polymer which shows an LCST over the range of 25–32 ∘C. A number of other
thermoresponsive monomers have been utilized for preparing hydrogel including
poly(dimethyl acrylamide) (PDMAAm), PEG [75–77]. Martellini et al. developed
a PDMAAm-co-poly(methoxyethyl acrylate) and demonstrated that at body
temperature this hydrogel releases drug after a Fickian diffusion process with a
linear relationship in respect to the square root of time. In another study, Bradley
et al. demonstrated the application of PDEAM in nanomechanical cantilever
sensors [78]. Lowe and coworkers have reported numerous examples of PDEAM-
thermoresponsive systems. Lowe and Ishihara et al. reported a doubly responsive
block copolymer of PDEAM and poly(2-(methacryloyloxy)ethyl phosphoryl-
choline) (PMPC), a biocompatible and zwitterionic polymer containing anionic
phosphate and quaternary amine functional groups in the same monomer unit
[79].

8.2.1.8 Poly(N-alkyl methacrylamides)
Tunable thermoresponsive polymers based on acid-labile poly(N-alkyl methacry-
lamides were reported by Li et al. using a similar approach to those based
on pendant cyclic orthoester groups [80]. Poly(N-(2-methoxy-1,3-dioxan-
5-yl) methacrylamide) (PNMM) (L10) and poly(N-(2-ethoxy-1,3-dioxan-5-yl)
methacrylamide) (PNEM) (L11) were determined to have transition temperatures
of 22 and 52 ∘C, respectively. Varying the composition of statistical (co)polymers
based on these two repeat units allowed the thermal transition to be tuned
between these two values. Moreover, the presence of labile orthoester groups
in the side chain allowed further tuning of the thermoresponsive nature by
controlled hydrolysis under mildly acidic conditions. Hydrolysis of the polymers
above the cloud point resulted in the hydrophobic polymer becoming more
hydrophilic and eventually water soluble, suggesting the potential for being
employed as site-specific drug delivery systems that target mildly acidic sites. The
same research group reported additional examples of acid-labile thermorespon-
sive (meth)acrylamide polymers that contained pendant six-membered cyclic
acetal moieties [81]. Bioerodible thermoresponsive copolymers were prepared
by copolymerization of N-isopropylmethacrylamide and a methacrylamide
monomer containing hydrophobic n-alkyl groups attached via a hydrolytically
labile hydrazone bond (L14) [82]. The cloud point of these copolymers could
be adjusted to between 13 and 44 ∘C by varying the copolymer composition.
However, upon hydrolytic cleavage of the hydrazone bonds, even the most
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hydrophobic of the copolymers exhibited transition temperatures greater
than 44 ∘C, leading to complete solubility at body temperature. These ther-
moresponsive polymers were targeted to serve as carriers in radiotherapeutic
applications.

8.2.1.9 Oligo(ethylene Glycol)-Based Polymers
Oligo(ethylene glycol)-based polymers with intermediate side chain lengths
generally exhibit cloud points in aqueous solution that are lower than high
molecular weight PEG due to the increase in hydrophobicity of the hydrocarbon
polymer backbone. For instance, poly(2-(2-methoxyethoxy)ethylmethacrylate)
(PMEO2MA) (2 ethylene oxide units) (L27) and PMEO3MA (3 ethylene oxide
units) (L28) have transition temperatures around 26 and 52 ∘C, respectively [83].
Poly(oligo(ethylene glycol) methacrylate)s (POEGMA) (L29) with longer side
chains (4–9 ethylene oxide units) exhibit transitions in the range 60–90 ∘C [83,
84]. A variety of thermoresponsive OEGMA-based polymers and their use in
diverse biologically relevant applications have recently been highlighted by Lutz as
shown in Figure 8.4 [85]. These copolymers combine the advantages of PEG (i.e.,
biocompatibility) and thermoresponsive polymers (i.e., LCST behavior in water)
in a single macromolecular structure. Moreover, these polymers have inherent
advantages such as (i) an excellent biorepellency below LCST (i.e., antifouling
behavior), (ii) reversible phase transitions (i.e., no marked hysteresis), and
(iii) bioinert properties (i.e., no specific interactions with biological materials).

A thermoresponsive biocompatible copolymer was prepared from POEGMA
and poly(propylene glycol) methacrylate (PPGMA) via atom transfer radical poly-
merization (ATRP) and conventional free-radical polymerization. The cloud point
of the copolymers was varied by changing the ratios of comonomers. By increasing
the ratio of the hydrophobic PPGMA to hydrophilic POEGMA, the thermal tran-
sition temperature was decreased to below 37 ∘C in a phosphate buffer solution
(PBS) at pH 7.4. These P(OEGMA-co-PGMA) copolymers were further entrapped
into poly(lactic acid-co-glycolic acid) (PLGA) particles to form thermoresponsive
biodegradable microparticles [86] that could be useful for specific cell delivery and
tissue engineering applications.

MEO2MA MEO3MA OEGMA 300 OEGMA 475

O
O

O

O

O
O

O

O
O

O

O
O

O

8/93 4/5

Figure 8.4 Molecular structures of oligo(ethylene glycol) methacrylates frequently used for
synthesizing thermoresponsive biocompatible polymers [85].
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8.2.1.10 Poly(N-substituted 𝛂/𝛃-asparagine)
Poly(N-substituted α/β-asparagine) exhibits a sol–gel–sol phase transition,
and by incorporating N ,N-dimethylaminopropyl side chains, the transition
temperatures could be tuned between room temperature and approximately the
boiling point of water. In addition, not only a physical gelation in a concentrated
aqueous solution but also a phase separation in a dilute aqueous solution was
observed in the polymers with the tertiary amine in the terminal moieties of
the hydrophilic side chains. These polymer aqueous solutions formed a hydrogel
without any additives, and these materials are expected to be applicable for
controlled release of drugs and tissue engineering [87]. L-Asparaginase inhibition
of glycoprotein synthesis in leukemic cells in vitro has been described [88]. The
structures of both L-asparagines and aspartic acid are shown in Figure 8.5 [89].
The mechanism of action of L-asparaginase is based on the fact that lymphocytic
leukemic cells are deficient in L-asparagine synthesis and hence are dependent on
an exogenous supply of L-asparagine. On treatment with L-asparaginase, which
catalyzes the conversion of L-asparagine to L-aspartate and ammonia, the growth
of these cells is critically affected with the rapid depletion of L-asparagine from
the blood supply and the surrounding tissue. Cells require a steady supply of the
amino acid L-asparagine to build proteins. Most cells use the enzyme asparagine
synthetase to make their own asparagine. The enzyme takes L-aspartate and adds
an amine, forming the characteristic amide group of asparagine. Thus, most cells
can make their own supplies of asparagine and do not need to obtain it in their
diet. L-Asparaginase performs the opposite reaction; it takes L-asparagine and
pulls off its amine, releasing L-aspartate and ammonia [90]. As a result of the
hydrolysis of L-asparagine, accumulation of large amount of L-aspartic acid and
ammonia has been reported.

8.2.2
Pressure

The concept that hydrogels may undergo pressure-induced volume phase transi-
tion came from thermodynamic calculations based on uncharged hydrogel the-
ory. According to the theory, hydrogels that are collapsed at low pressure would
expand at higher pressure.

Pressure-modulated adhesion between flat, stiff objects and an elastomeric
surface with sharp pyramidal features was presented [91]. Rogers and coworkers
fabricated elastomeric micropyramidal structures on a square surface, specifically

O

O O

O
OH

OH

OH

NH2NH2NH2

H2O

L-Asparagine

L-Asparaginase

Aspartic acid

NH3

Figure 8.5 L-Asparagines and aspartic acid [89].
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designed for transfer printing applications. To pick up some object, the pressure
was applied to deform and collapse the region between the pyramids and make
a big contact area with the object. After pickup the sample relaxes, and the
picked-up object exhibits a contact just with the pyramids. Therefore, the contact
area is quite small, which makes it possible to detach the object easily by gently
pressing it on a receiver surface. In such a way, the adhesion strength could be
switched by more than three orders of magnitude in a reversible fashion.

8.2.2.1 Poly(N-isopropylacrylamide) (PNIPAM)
Experiments with poly(N-isopropylacrylamide) hydrogels confirmed this
prediction [92]. The degree of swelling of poly(N-isopropylacrylamide) hydro-
gels increased under hydrostatic pressure when the temperature is close to
its LCST. Other hydrogels, such as poly(N-n-propylacrylamide), poly(N ,N-
diethylacrylamide), and poly(N-isopropylacrylamide), all showed the pressure
sensitivity near their LCSTs. The pressure sensitivity appeared to be a common
characteristic feature of temperature-sensitive gels. It was concluded that the
pressure sensitivity of the temperature-sensitive gels was due to an increase in
their LCST value with pressure [93].

8.2.3
Magnetic Field

Magnetic field-responsive polymers have been investigated as a form of hydrogels
to have swelling, shrinking, or bending behavior in response to an external field.
These properties of such polymers have been applied for biological applications
such as drug delivery systems, artificial muscle, or biomimetic actuators [94].

8.2.3.1 Poly(N-isopropylacrylamide) (PNIPAM)
Magnetic field-sensitive gels were obtained by incorporating colloidal magnetic
particles into cross-linked PNIPAM-co-poly(vinyl alcohol) hydrogels [95]. The gel
beads formed straight chain-like structures in uniform magnetic fields, while they
aggregated in nonhomogeneous fields. The rapid and controllable shape changes
of these gels are expected to mimic muscular contraction.

Micrometer- and submicrometer-sized thermoresponsive polymer magnetic
microspheres based on a copolymer of styrene and N-isopropylacrylamide have
been synthesized previously. The preparation of magnetic thermoresponsive
microspheres using a two-step method, in which iron oxide nanoparticles were
absorbed onto previously synthesized PNIPAM-co-styrene microspheres and
then the obtained microspheres were encapsulated by PNIPAM through a
soap-free polymerization process, was reported by Sauzedde and coworkers. The
process of preparation is not easily controllable, as this two-step method could
lead to thermoresponsive polymer magnetic composite microspheres. Ding and
his coworkers prepared thermoresponsive polymer magnetic microspheres based
on the dispersion copolymerization of styrene and PNIPAM in the presence of
iron oxide nanoparticles [96].
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8.2.3.2 Poly(ethylene glycol) methacylate (PEGMA)
Meenach and his colleagues developed the hydrogels of PEGMA-containing
iron oxide particles for the possible drug delivery applications. Upon increasing
the temperature these hydrogels showed thermoresponsive property with a
deswelling of the gels. Moreover, these gels exhibited magneto responsive
property. The application of an external alternating magnetic field lead to rapid
heating and deswelling of the gel [97]. Papaphilippou and collaborators combined
PEGMA hydrogels by the consolidation of magnetic nanoparticles with super-
paramagnetic properties during polymerization. These hydrogels demonstrated a
deswelling on elevating temperature and a tunable superparamagnetic character
reliant on the amount of magnetite fused [98].

8.2.4
Light

Light-responsive polymers have had considerable attention, compared to other
physical stimuli such as temperature. Light has specific physical characteristics
whereby it can be localized in time and space [99]. Light-responsive polymers
undergo a phase transition in response to exposure to light. The major advan-
tages of light-sensitive polymers are that they are water soluble, biocompatible,
and biodegradable. Another advantage is their capacity for instantaneous delivery
of the sol–gel stimulus, making light-responsive polymers important for vari-
ous engineering and biomedical applications. Light-responsive polymers are very
attractive for triggering drug release because of their ability to control the spa-
tial and temporal triggering of the release. This means that the encapsulated drug
can be released or activated after irradiation with a light source from outside the
body. Limitations of light-sensitive polymers include inconsistent response due
to the leaching of noncovalently bound chromophores during swelling or con-
traction of the system and the slow response of hydrogel toward the stimulus.
One of the drawbacks of light-responsive polymer is dark toxicity. On the basis of
the wavelength of light, these polymers are classified into UV sensitive and visi-
ble light sensitive, and that triggers their phase transition. Visible light-sensitive
polymers are comparatively preferred over UV-sensitive polymers because of their
availability, safety, and ease of use [100].

8.2.4.1 Poly(N-isopropylacrylamide) (PNIPAM)
Recently, the Winnik and Ikeda group showed that the reversible photo-controlled
phase separation of an azobenzene end-group-functionalized PNIPAM polymer
could be dramatically intensified through the addition of dioxane to water, which
enabled the reversible conversion from a turbid suspension into a clear solution
upon photo-irradiation [101].

Visible light-sensitive hydrogels were prepared by introducing a light-
sensitive chromophore (e.g., trisodium salt of copper chlorophyllin) to
poly(N-isopropylacrylamide) hydrogels [102]. When light (e.g., 488 nm) is
applied to the hydrogel, the chromophore absorbs light that is then dissipated
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locally as heat by radiationless transitions, increasing the “local” temperature of
the hydrogel. The temperature increase alters the swelling behavior of poly(N-
isopropylacrylamide) hydrogels, which are thermosensitive hydrogels. The
temperature increase is proportional to the light intensity and the chromophore
concentration. If an additional functional group, such as an ionizable group of
PAA, is added, the light-sensitive hydrogels become responsive to pH changes
as well [103]. This type of hydrogel can be activated (i.e., induced to shrink) by
visible light and can be deactivated (i.e., induced to swell) by increasing pH.

8.2.5
Solvent

The successful control of wettability of self-adapted polymer systems by exposing
them to different solvents was examined by Minko et al. [104]. The heterogeneous
binary polymer brushes were sensitive to toluene, ethanol, and water. The adap-
tive behavior of the polymer chains was amplified by the microscale roughness of
the material. As a result, the wettability of the mixed brushes could be switched
from complete superhydrophilic to superhydrophobic states. Biocompatible and
biodegradable polymer brushes of PEG and polydimethylsiloxane (PDMS) were
recently fabricated by the group of Minko as shown in Figures 8.6 and 8.7 [105].
These brushes are widely used in medicine and the food and cosmetic indus-
try. At room temperature, these polymers have very mobile chains because of
low glass transition temperature (Tg), and they are able to immediately adapt
their properties to changes in environmental conditions. It was demonstrated that
PDMS–PEG brushes exhibit low adhesion in both wet and dry states.

Müller et al. synthesized core–shell cylindrical polymer brushes with poly
(t-butyl acrylate)-b-poly(n-butyl acrylate), which were hydrolyzed later [106].
Due to the responsive nature of the PAA blocks toward different kinds of solvent,

(a) (b)

(c) (d)

PEO PDMS

100nm 100nm

Figure 8.6 (a, b) AFM topographical images and (c, d) schematics of PDMS–PEO brushes ((a,
c) 33% PDMS, (b, d) 56% PDMS) in air z scale – 10 nm. (Sheparovych 2008 [105]. Reproduced
with permission from American Chemical Society.)
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Figure 8.7 (a, b) AFM topographical images and (c, d) schematics of PDMS–PEO brushes ((a,
c) PDMS 33%, (b, d) PDMS 56%) in water z scale – 25 nm. (Sheparovych 2008 [105]. Repro-
duced with permission from American Chemical Society.)

conformational transitions were observed as a function of solvent quality.
Fischer and Schmidt made cylindrical brushes with PS side chains and studied
solvent-induced length variation of the molecular brushes [107]. They found that
the lengths of the backbone and side chains become shorter in a poor solvent
as compared to a good solvent. It is argued that the repulsion of the side chains
represents the extension force, which acts against the entropic contraction force
of the main chain. The adhesive properties of binary heterogeneous polymer
brushes made from end-functionalized PS and poly(2-vinylpyridine) (P2VP)
chains have been investigated by Creton et al. [108, 109]. The adhesion and
wetting properties can be reversibly switched by exposure of the system to
selective solvents for PS (toluene) and for P2VP (acidic water).

8.2.6
Mechanical Stress

Suh and coworkers have used a wrinkled PDMS sheet with a thickness of 1 mm
with built-in micropillars as shown in Figure 8.8. The wrinkles were generated
through oxygen plasma treatment of the extended PDMS sheet and subsequent
strain release. Active, dynamic control of normal and shear adhesion was
achieved: relatively strong normal and shear forces were obtained for a fully
extended (strained) PDMS sheet, whereas the forces could be rapidly reduced to
nearly zero once the strain was released. Durability tests showed the ability of
such systems to be switched in more than 100 attachment and detachment cycles.
Nadermann et al. showed structures with a fibrillar PDMS surface terminated by
a continuous film that can be switched between two metastable states. In the first
one, the film is stretched and held up by fibrils and demonstrates strong adhesion
compared to an unstructured flat PDMS. In the second state, the film collapses
and adheres to the substrate between fibrils. To switch the system, the terminal
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Figure 8.8 Schematic illustration for fabricating a stretchable dry adhesive with micropillars.
(Jeong 2010 [112]. Reproduced with permission from American Chemical Society.)

film was then sucked in using air pressure or mechanical pressure. As a result, the
surface gets rough due to periodic arrays of bumps. The contact area as well as
the adhesion force will decrease. The surface can be switched again by removal of
the pressure or through blowing up the film, and the properties will be recovered
[110]. Micropatterned PDMS surfaces in the work of Paretkar et al. [111] were
fabricated using photolithography and molding. The adhesion properties of the
surface of 30 μm length and 10 μm diameter fibrils can be switched reversibly with
a compressive preload as an external stimulus. Adhesion forces were measured
with a flat probe as a function of preload. At low or moderate compression, there
is good contact between the surfaces; the adhesion force is big, whereas at high
compressive preloads, adhesion dropped to very low values. It can be explained
by bending and buckling of the fibrils under high pressure and a subsequent
loss of contact with the probe surface. The elasticity of PDMS contributes to the
pillar recovery to regain the upright position upon removal of preload enabling
repeatability of the switch. The switch can be controlled by fibril aspect ratio, tip
shape, and alignment to the test surface. The folding of end flaps at the tip of the
fibrils facilitates larger difference in adhesion strength between the adhesive and
nonadhesive states. Jeong reported that regularly ordered surface wrinkles were
generated by a strain mismatch due to oxygen plasma treatment on a prestrained
(or extended) PDMS sheet and subsequent strain release. Although surface
wrinkling has been proposed as a tool for adhesion control using a nonpatterned
flat surface, a versatile use for the gecko-like hairy structures in active adhesion
control has not been demonstrated. By employing well-defined micro-pillars and
surface wrinkling, one can use real-time control of normal and shear adhesion
with strong attachment and rapid, easy detachment [112].
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8.3
Chemically Dependent Stimuli

Chemically dependent stimuli comprise pH, specific ions, redox, and so on.

8.3.1
pH

Polymers containing ionizable functional groups that respond to change in pH
are called pH-sensitive polymers. By generating the charge along the polymer
backbone, the electrostatic repulsion results in an increase in the hydrody-
namic volume of the polymer. Polyacrylic acid, polymethacrylic acid (PMAA),
poly(ethylene imine), poly(L-lysine), and poly(N ,N-dimethyl aminoethyl
methacrylamide) are typical examples of pH-sensitive polymers. When we
consider the pH variation in our body, the gastrointestinal tract (GI tract) is
an important site for the application of pH-sensitive polymers. The gastric pH
is ∼2, whereas intestinal pH is ∼7.4 or 7.8. pH-sensitive polymers have been
regaining attention for applications in gene delivery and gene therapy research. In
physiological conditions, as a result of negative charges and the huge size of DNA
molecules, the movement of the exposed DNA into a cell is difficult. Therefore,
positively charged polymers are used to balance out the charge and condense the
DNA to nanoparticles of ∼100 nm in size (Table 8.1) [113–118].

8.3.1.1 Methacrylic Acid (MAAc)

Enteric coatings on medication tablets have been accessible over the counter for
over 60 years. There are two main types of smart enteric polymer coatings used

Table 8.1 Various applications of pH-sensitive polymers for drug delivery systems.

Polymer Application References

Poly(ethylene
glycol)-block-poly(propylene
glycol)-poly(ethylene glycol)

Prolongation of survival time in
comparison with single drug therapy

[113]

Poly(n-isopropylacrylamide-co-
propylacrylic acid-co-butyl acrylate)

To improve angiogenesis in infracted
myocardium

[114]

Poly(acrylamide)-g-carrageenan and
sodium alginate

For colon-targeted delivery [115]

Poly(methoxyl ethylene
glycol-caprolactone-co-methacrylic
acid-co-poly(ethylene glycol)
methylethylenemethacrylate)

For oral drug delivery [116]

Alginate and chemically modified
carboxymethyl chitosan

For oral delivery [117]
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today. One type depends on copolymers of pH-sensitive methacrylic monomers
such as methacrylic acid (MAAc) and hydrophobic methacrylate monomers
such as methyl methacrylate (MMA). Another sort of enteric polymer depends
on a cellulosic polymer backbone, where a few –CH2OH groups are esterified
with phthalic anhydride. Both sorts of polymers are hydrophobic at stomach or
gastric pHs, since carboxyl groups are protonated and nonionized and become
hydrophilic at intestinal or enteric pHs where carboxyl groups are ionized. In
this way, the drug is not delivered in the stomach, where it could irritate or
inflame the stomach lining, yet is quickly released once it reaches the intestines
where the pH elevates to physiologic pH levels. The coatings are likewise valu-
able for shielding “delicate” drugs from stomach acid and gastric compounds.
A graft PMAA-g-PEG copolymer was assessed for calcitonin delivery to the
intestines.

8.3.1.2 Polyacrylic Acid
Poly(acrylic acid) polymers have been formulated into drug-loaded particles
for oral drug delivery where they retain their therapeutic cargo in the acidic
environment of the stomach but release the encapsulated drug in the alkaline
environment of the small intestine due to ionization of the carboxylic acid
groups and swelling of the polymer matrix [119]. Poly(acrylic acid) copolymers
incorporating hydrophobic MMA or butyl methacrylate (BMA) monomers were
synthesized where the chemical structure and percentage of the hydrophobic
monomer influenced the polymer’s pK a value. For example, Barba et al. [120]
synthesized a range of poly(MMA-co-AA) copolymers with an increasing
volumetric ratio of MMA monomer (0%, 25%, 30%, 40%, 50%, 60%, 70%, 75%,
100%) and examined their dissolution at different pH values. The results showed
that the increase in MMA content in a given polymer increased the pH necessary
to dissolve this polymer (pH 4.0–6.8; copolymers with 75% and higher MMA
content were not soluble), which indirectly indicates the increase in the polymer’s
pK a with the increase in MMA content. CarbopolⓇ is the most widely recognized
mucoadhesive polymer, which is an enrolled trademark of the Lubrizol Corpora-
tion for a group of polymers that are utilized as thickeners, suspending agents,
and stabilizers. They have been utilized in different vaginal drug delivery formula-
tions, especially to improve residence time of the medication in the vagina. Most
CarbopolⓇ polymers are high molecular weight polyacrylic acid chains that are
lightly cross-linked and are accessible as powders or fluids [121]. Another study by
Licea-Claverie et al. showed that the insertion of a variable number of methylene
groups in a poly(MMA) polymer increases the polymer’s pK a (1–10 CH2 spacers;
MW range: 43–90 KDa; pK a range: 3.8–7.3) due to the formation of hydrophobic
microdomains that act as a cross-linker that minimizes the polymer’s dissolution
and swelling [122]. One example that clearly indicates the effect of solution pH
on poly(acrylic acid) polymers is reported by Guan et al. who used poly(acrylic
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acid-9-aminoacridine-co-acrylamide) as a pH sensor in biological applications.
This application depends on the polymer’s (MW 3.5 KDa) ability to change its
fluorescence intensity as it transitions from double to single protonation to
amino and finally to imino forms as a function of environment pH (pH 0–13.71)
[123]. Ethyl acrylic acid (EAAc) and propyl acrylic acid (PAAc) form pH-sensitive
polymers and copolymers. They showed phase transition when pH is lowered
through their pKa, which is within the pH range of early endosomes. When these
polymers act as drug carriers and endocytosed into target cells, they can disrupt
the lipid bilayer of the endosome as pH drops within the endosome, facilitating
the “escape” of the polymer-drug carrier into the cytosol [124–130]. This intra-
cellular drug delivery technology is still under trial. It can be postulated that, if
such smart materials and methods could show significantly enhanced delivery of
drugs such as siRNA, they might be used in clinical testing. Bae and coworkers
have also developed interesting temperature and pH-sensitive polymers useful
for stimulating endosomal release of drug formulations [131, 132]. PPA and
poly(ethacrylic acid) (PEA) are also examples of pH-sensitive polymers applied
in gene delivery. Both polymers demonstrate an abrupt conformational change at
pH of∼5–6 [124]. Using red blood cells, membrane fusion efficacy was confirmed
for both polymers at endosomal pH. Hemolytic activity of PEA and PPA increases
rapidly as pH decreases from 6 to 5, whereas there is no hemolytic activity at
pH 7.4 [125].

8.3.1.3 Poly(L-lysine)
Poly(L-lysine)-g-poly(histidine) is a membrane fusion polymer designed
and investigated for DNA delivery [133]. The poly(L-lysine) parts are posi-
tively charged at physiological pH and used for DNA condensing, whereas
poly(histidine) parts are supposed to act as endosomal fusion polymers. The pK a
of poly(histidine) is 6.0, and therefore it undergoes conformational changes at
endosomal pH. Poly(L-lysine)-g-poly(histidine) graft copolymer demonstrated
enhanced transfection efficiency in comparison with poly(L-lysine) for 293 T
cells, supporting the concept of poly(histidine) function in this system.

8.3.1.4 Polysulfonic Acid
The second group of pH-sensitive polymers with acidic functional groups
includes poly(sulfonic acid) polymers and their derivatives. These polymers have
pendant sulfonate groups (–SO3H) with pK a values of 2–3 that become ionized
over a wide pH range [134]. Polysulfonates are often used as cross-linking agents
of other polymers such as styrene and vinyl-based polymers to tune the pK a
of the formulated particles for a specific application. For example, McCormick
et al. synthesized hydrogel-based particles using 3-[N-(2-methacroyloyethyl)-
N ,N-dimethylammonio]propanesulfonate (MW 49 KDa; polydispersity index
(PDI)= 1.04) via controlled polymerization techniques. These particles were
synthesized using an aqueous salt solvent system, which is an unconventional
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method for synthesis of acrylic-based polymers that typically require an organic
solvent. These particles are attractive for drug delivery applications due to their
biocompatibility, ease of production in aqueous salt solvent systems, and narrow
distribution of molecular weight [135].

8.3.2
Ionic Strength

The characteristic property of polymers containing ionized groups is their
responsiveness to ionic strength. These polymer frameworks show strange rheo-
logical behavior due to the attractive Coulombic interactions between oppositely
charged species, which may render the polymer insoluble in deionized water
yet soluble in critical concentration of added electrolytes where the attractive
charge/charge interactions are protected [136–138]. Therefore, changes in ionic
strength cause changes in the length of the polymer chains, the polymer solubility,
and the fluorescence quenching kinetics of chromophores bound to electrolytes
[139, 140].

8.3.2.1 Poly(N-isopropylacrylamide) (PNIPAM)
Ionic strength-responsive polymers undergo their phase transitions, resulting
from the different concentration of salts (e.g., ionic strength). Cu(II) metal ion was
immobilized on poly(NIPAM-co-vinylimidazole) for protein separation using
the affinity binding of specific proteins to Cu(II) [141]. When the ionic strength
was increased, the polymer chains binding the proteins becomes precipitated
while not interfering with protein–metal ion interactions and reducing the
nonspecific binding of foreign proteins to polymer chains. The proposed mech-
anism was that the high salt concentration reduced the repulsive electrostatic
strength of the copolymer, resulting in an increase of hydrophobic interactions,
leading to the precipitation.

8.3.3
Redox-Responsive Polymers

Redox-responsive biodegradable or bioerodible systems are prepared using
polymer with labile groups. Redox-responsive stimuli were induced by the acid
labile moieties inside anhydrides [142, 143], PLGA [144], and poly(b-amino
esters) (PbAEs)[145]. Disulfide groups have additionally been utilized to actuate
redox responsiveness, since they are unsteady in a reducing atmosphere, being
cleaved for thiol groups [146, 147]. Reductive amino acid-based molecules are
the polymers with disulfide cross-links which were degraded when exposed
to cysteine or glutathione [148]. Another average redox-responsive polymer is
poly(NIPAM-co-Ru(bpy)3), which can create a chemical wave by the intermittent
redox change of Ru(bpy)3 into an oxidized state of lighter color [149]. This redox
response modifies the hydrophobic and hydrophilic properties of the polymer
chains and results in deswelling and swelling of the polymer.
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8.4
Biologically Dependent Stimuli

Biologically responsive polymer systems are increasingly important in various
biomedical applications. The major advantage of bioresponsive polymers is
that they can respond to the stimuli that are inherently present in the natural
system. Bioresponsive polymeric systems mainly arise from common functional
groups that are known to interact with biologically relevant species, and in other
instances the synthetic polymer is conjugated to a biological component. Analytes
and biomacromolecules such as glucose, enzymes, and overproduced metabolites
in inflammation are major examples of biologically dependent stimuli.

8.4.1
Enzyme-Responsive Polymers

Enzyme-responsive polymers form the basis for hydrogels that are responsive
only to specific enzymes. These enzymes are used as signals for monitoring
several physiological changes and have very successfully been used as signals for
site-specific delivery of various drugs to specific organs. Enzymes play a central
role in cell regulation and, therefore, are important targets for drug development
and in therapeutics. When the enzymatic activity is associated to a particular
tissue or the enzyme is found at higher concentrations at the target site, the
nanomaterial can be programmed to deliver drugs via enzymatic conversion
of the carrier [150]. Moreover, the detection of enzyme activity can be an
extremely useful tool in diagnostics, since dysregulation of enzyme expression is
a characteristic feature of numerous diseases [151].

8.4.1.1 Polyethylene Glycol (PEG)

Amir and Hawker et al. [152] reported enzyme-triggered self-assembly from
an initially water-soluble diblock copolymer consisting of PEG and a phos-
phorylated poly(4-vinylphenol) (PVPh) block, which was synthesized by
nitroxide-mediated polymerization (NMP) using a PEG-based mediating agent.
The precursor diblock copolymer is molecularly dissolved in aqueous media
due to the presence of hydrophilic phosphate residues on the enzyme-reactive
block. In the presence of acid phosphatase (AP), enzyme-catalyzed cleav-
age of phosphate moieties at pH 5 leads to the formation of an amphiphilic
diblock copolymer due to which the PVPh block is insoluble under mildly
acidic pH.

A similar strategy was also employed to achieve enzyme-triggered sol–gel
transition from enzyme-responsive diblock copolymers, as reported by Zhao
and coworkers [153]. In that case, they synthesized an ABA triblock copolymer,
P(DEGEA-co-OPBA)-b-PEG-b-P(DEGEA-co-OPBA), consisting of a PEG mid-
dle block and two outer blocks of randomly copolymerized ethoxydi(ethylene
glycol) acrylate (DEGEA) and ((dihydroxyphosphoryl)oxy)butyl acrylate (OPBA),
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via ATRP by using a PEG-based difunctional macroinitiator. AP-assisted dephos-
phorylation reaction at 37 ∘C in the thermoresponsive P(DEGEA-co-OPBA)
block led to the decrease of the LCST or CMT for the ABA triblock copolymer.
At relatively high polymer concentration (7.9 wt% in aqueous media), enzyme-
triggered cleavage of phosphate residues led to sol–gel transition at 37 ∘C. Note
that both before and after enzymatic reactions, the transition between gel and
sol states can be tuned by temperatures, although differing in critical gelation
temperatures.

8.4.2
Glucose-Responsive Polymers

A glucose-responsive polymer system for insulin-controlled release has been
intensively investigated due to its huge potential in the biomedical market.
When the concentration of glucose in the blood becomes high due to improper
control of metabolism by the hormone insulin, a patient suffering from diabetes
mellitus usually needs a supply of insulin that has to be administrated via periodic
injection. However, blood glucose levels cannot be maintained in the normal
range by this treatment. The glucose-responsive hydrogel system can provide
self-regulating insulin release in response to the concentration of glucose in
the blood, which can control the concentration of insulin within a normal
range.

8.4.2.1 N,N-Dimethylaminoethyl Methacrylate (DMAEMA)

N ,N-Dimethylaminoethyl methacrylate (DMAEMA), a weak cationic moiety,
was introduced into copolymer hydrogels [154]. The hydrogels were obtained by
copolymerization of 2-hydroxyethyl methacrylate and DMAEMA and immo-
bilization of glucose oxidase and catalase. When excessive glucose diffuses into
the hydrogels, glucose oxidase catalyzes the glucose conversion to gluconic acid.
The gluconic acid lowers the pH within the hydrogel network and protonates the
tertiary amine groups of DMAEMA, resulting in the swelling of the hydrogels
due to increased electrostatic repulsion force. The swollen hydrogels result in
an increased network mesh size and consequent increased release of insulin
from the matrix. The incorporated catalase reconverts hydrogen peroxide to
oxygen, which is required for glucose oxidization, and reduces the hydrogen
peroxide inhibition of glucose oxidase. The effect of cross-links on the swelling
and release was investigated. In vivo experiments on rats confirmed that this
glucose-responsive insulin release system was effective in reducing blood glucose
levels.

Horbett et al. [155–157] entrapped glucose oxidase within HEMA-DMAEMA
copolymer hydrogel membranes to construct a glucose-sensitive delivery system.
To obtain high insulin permeability, the hydrogel membranes were made porous
under conditions that induced a phase separation during polymerization. The
addition of glucose resulted in swelling of the membranes and an enhanced
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permeation of insulin from a reservoir via diffusion through the swollen hydrogel
membranes.

8.4.2.2 Polyethylene Glycol (PEG)
Poly(ethylene oxide)-block-poly(2-glucosyl-oxyethyl acrylate) (PEO-b-PGEA)
was designed for a glucose-responsive micellar structure to disrupt the micellar
structure and release entrapped insulin when the glucose concentration in the
blood is high [158]. This diblock copolymer was synthesized by ATRP with a
methoxy-end-capped PEO macroinitiator. This diblock copolymer and its mech-
anism of glucose-responsive micellization. This water-soluble diblock copolymer
showed reversible micellar association/dissociation at dilute concentration in
response to glucose concentration. However, this study requires to further
determine conditions such as optimal concentration of concanavalin A (ConA)
and glucose for proper timing of insulin release after it is loaded.

8.5
Dual Stimuli

Smart polymers are characterized by their stimuli-responsive behavior, which
is essentially dictated by the functional groups present on or within a polymer
chain. In fact, a broad library of such functionalities have been studied and
are covered appropriately in the literature. Different functionalities respond to
different stimuli, and the most commonly used stimuli are temperature, pH, light,
ionic strength, electron transfer (redox), and host–guest interactions. In this
context, the combination of several functional moieties within one polymer that
can respond to different stimuli is a relatively new occurrence. As a result, dual-
or multistimuli-responsive polymers are obtained, which is the starting point to
more sophisticated applications, due to the variability that is introduced to the
responsiveness [159].

The dual- and multistimuli-responsive polymeric nanoparticles are par-
ticles that react to the combination of two or more signals, for example,
pH/redox, pH/magnetic field, temperature/reduction, pH/temperature, dou-
ble pH, pH and diols, temperature/enzyme, and temperature/magnetic field.
Temperature/pH/magnetic, temperature/pH/redox, pH/redox/magnetic, tem-
perature/redox/guest molecules, and temperature/pH/guest molecules are
multistimuli which are recently created. Strikingly, these consolidated reactions
occur either at the same time at the pathological site or in an orderly way from
nanoparticle preparation such as nanoparticle transporting pathways to cell
compartments. These dual- and multistimuli-responsive polymeric nanoparticles
have demonstrated extraordinary control over drug delivery and release, resulting
in a predominant in vitro and/or in vivo anticancer efficacy. With programmed
site-specific drug delivery features, dual- and multistimuli-responsive nanopar-
ticulate drug formulations have huge potential for focused tumor treatment
[160].
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8.5.1
Thermo- and pH-Responsive Polymers

The changes in pH have been established as an additional trigger within thermo
responsive polymers [161]. These materials attracted great attention in the field of
drug delivery because both variables are subject to changes within cancer tissue,
which can be used to trigger an autonomous response. In such dual-responsive
systems, functional groups that can either dissociate into ionic groups or form
ionic groups upon protonation are incorporated into the backbone of an LCST
polymer.

pH- and temperature-responsive nanoparticles are among the most studied
dual-sensitive nanosystems. Many pH- and temperature-responsive polymers
are designed and prepared by incorporating pH-sensitive components such as
weak acids into thermosensitive PNIPAM, which afford copolymers with pH-
dependent LCST. This fine-tuning of phase transition by subtle pH change has
enabled the development of tumor pH-sensitive drug release systems.

Yang et al. reported that pH- and temperature-sensitive core shell nanoparticles
self-assembled from poly(-NIPAM-co-N ,N-dimethylacrylamide-co-10-
undecenoic acid) (P(NIPAM-co-DMAAm-co-UA)) terpolymer were stable
in a normal physiological condition (pH 7.4, 37 ∘C) while they deformed and
precipitated in an acidic environment [162]. The in vitro release studies showed
that DOX was released much faster at mildly acidic pH of 6.6 (simulating
tumor microenvironment) than at pH 7.4. The conjugation of cholesterol to the
hydrophobic segment of P(NIPAM-co-DMAAm-co-UA) and folic acid to the
free amine group yielded stable and tumor-targeting nanoparticles that efficiently
delivered and released DOX into folate-receptor-overexpressing cancer cells
including 4T1 and KB cells, resulting in further improved antitumor activity
[163].

Jiang et al. constructed thermo and pH dual-responsive nanoparticles
based on poly(-NIPAM-co-acrylic acid)-b-PCL (P(NIPAM-co-AA)-b-PCL)
diblock copolymer [164]. Interestingly, these nanoparticles could encapsu-
late up to 30 wt% of paclitaxel (PTX) and aggregated at pH 6.9 and 37 ∘C.
Faster drug release was observed at higher temperature and lower pH. Hsiue
et al. reported that temperature and pH dual-responsive micelles based
on a mixture of methoxy-PEG-b-P(N-(2-hydroxypropyl) methacrylamide
dilactate)-co-(N-(2-hydroxy propyl) methacrylamide-co-histidine) (mPEG-
b-P(HPMA-Lac-co-His)), mPEG-b-PLA, and cy5.5–PEG–PLA copolymers
displayed a specific targeting efficiency and an improved in vivo antitumor
activity as compared to free DOX in Balb/c nude mice bearing human cervical
tumors [165].

Hsiue et al. reported that pH- and thermoresponsive nanoparticles based on
biodegradable poly(D,L-lactide)-g-poly(NIPAM-co-methacrylic acid) (PLA-g-
P(NIPAM-co-MAA)) graft copolymers had an LCST above 37 ∘C and a high
loading of 5-fluorouracil (5-FU) [166]. The release of 5-FU was significantly
enhanced at pH 5.0 than at pH 7.4 as a result of pH-triggered collapse of
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P(NIPAM-co-MAA) shells. Lu et al. developed pH and thermal dual-responsive
ionically assembled nanoparticles based on poly(ionic liquid-co-NIPAM) and
deoxycholic acid [167]. The in vitro release results showed that 80% of DOX was
released in 48 h at pH 5.2 and 43 ∘C due to structural collapse of nanoparticles.
In contrast, only 30% of DOX was released in 48 h at pH 7.4 and 37 ∘C. pH
and temperature dual stimuli-responsive hollow nanogels were prepared from
self-assembling of poly(AA-co-2-methacryloylethyl acrylate) (P(AA-co-MEA))
grafted with PNIPAM and mPEG at pH 3.0 and 25 ∘C followed by cross-linking
via radical polymerization [168].

8.5.2
pH- and Redox-Responsive Polymers

pH and redox are the two most appealing stimuli, as they both exist naturally in
certain pathological sites as well as in all cancer cells [169, 170]. A redox stimulus
is defined as an electrochemical addressing of the redox-sensitive group, which
causes a change in its oxidation state. Indeed, this kind of stimulus is more
common in inorganic chemistry, especially with respect to transition metals.
pH and redox dual-sensitive nanoparticles have been designed and developed
to facilitate nanoparticle formation in aqueous environments through change
of pH, to increase in vivo stability of nanoparticles via disulfide cross-linking, to
trigger drug release or enhance tumor cell uptake via reversal of surface charges
at tumor pH, to release the drug in the endo/lysosomal compartments, and/or
to achieve fast drug release in the cytoplasm and nucleus. For example, pH and
reduction dual-bioresponsive nanosized polymersomes were readily prepared
from PEG-SS-poly(2-(diethylamino)ethyl methacrylate) (PEG-SS-PDEAEMA)
double hydrophilic diblock copolymers by simply increasing their solution pH to
7.4 [171].

Wang et al. prepared pH and redox dual-responsive nanogels from MAA
and N ,N-bis(acryloyl)cystamine cross-linker via distillation–precipitation
polymerization [172]. These nanogels could efficiently load DOX (up to
42.3 wt%) at physiological pH due to the presence of strong electrostatic
interactions between nanogels and drug. The in vitro release studies showed
that over 80% of DOX was released in 24 h at pH 5.0 and/or in the presence
of 10 mM GSH, whereas drug release was less than 15% at pH 7.4 under
otherwise the same conditions. CCK-8 assays indicated that DOX-loaded dual-
sensitive nanogels had comparable antitumor activity to free DOX in U251MG
cells.

Zhang et al. prepared redox and pH dual-sensitive cross-linked polyelec-
trolyte nanocapsules from cysteamine-conjugated chitosan (CS-SH) and dextran
sulfate (DS) through layer-by-layer (LbL) assembly on b-cyclodextrin (b-CD)-
functionalized silica spheres followed by oxidative cross-linking and core removal
[173]. The in vitro release studies showed that protein release from gradient
cross-linked nanocapsules while insignificant at pH 1.4 (simulating the pH in the
stomach) and pH 6.8 (simulating the extracellular pH) was fast under pH 6.8 and
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10 mM GSH conditions. The cell uptake results displayed that these nanocapsules
could effectively deliver and release FITC-labeled BSA into the cytosol of Caco-2
cells.

The pH- and redox-responsive cross-linked micelles were developed based
on poly(2-(2-pyridyldisulfide)ethylmethacrylate)-b-PHPMA (PDSM-b-PHPMA)
block copolymer by conjugating maleimide-hydrazone-DOX derivative and
simultaneous core cross-linking using tris(2-carboxyethyl)phosphine as a catalyst
[174].

8.5.3
Thermo- and Redox-Responsive Polymers

Dual-responsive (thermo and redox) materials based on PNIPAM have been
presented by Phillips and Gibson [175]. These systems consist of PNIPAM
macromonomers, which were linked via disulfide units. Disulfide linkages were
introduced into poly(N-isopropylacrylamide) by the polycondensation of a
RAFT-derived, telechelic macromonomer to give degradable but vinyl-based
polymers. These polymers displayed a redox-sensitive LCST with the shorter,
degraded product displaying a higher LCST than its nondegraded counterpart.

Morimoto et al. prepared dual-responsive nanogels from pullulan lightly
grafted with thiol-terminated PNIPAM by increasing its solution temperature
from 25 to 50 ∘C followed by oxidative cross-linking of thiol ends [176]. The
resulting nanogels could be destructed either upon cooling to room temperature
or upon treatment with a reducing agent. In a similar way, temperature and
redox dual-responsive nanogels have been prepared from dextran grafted with
thiol-terminated PNIPAM [177] and thiolated hydroxypropyl cellulose (HPC-SH)
[178].

8.5.4
pH- and Magnetic-Responsive Polymers

Magnetic nanoparticles have received enormous interests due to their several
potential biomedical applications including targeted drug delivery, magnetic ther-
motherapy (hyperthermia), magnetic resonance imaging (MRI), and separation
of proteins and cells [179–181].

Yan et al. prepared pH-responsive Fe3O4-cored nanoparticles using PEG-b-
PMAA-b-poly(glycerol monomethacrylate) (PEG-b-PMAA-b-PGMA) triblock
copolymers as coatings [174]. These nanoparticles efficiently loaded DOX
at pH 7.4 likely due to the presence of ionic and hydrophobic interactions
with PMAA. Under acidic conditions (<pH 5.5), however, DOX was rapidly
released due to diminishing ionic interactions between DOX and PMAA
(pK a = 5.6). The following studies showed that folate-decorated DOX-loaded
pH-responsive magnetic nanoparticles were efficiently taken up by HeLa cells via
receptor-mediated endocytosis process, resulting in markedly enhanced
antitumor activity [182].
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8.5.5
Thermo- and Light-Responsive Polymers

The majority of examples describing a serial impact of multiple stimuli deal
with the combination of thermoresponsive polymers with light-responsive
molecules, which are attached onto the polymer chain to photo-control the
LCST [183]. A prime example was reported by Kungwatchakun and Irie in 1988
[184]. They synthesized thermoresponsive copolymers by polymerization of
N-isopropylacrylamide (NIPAM) with an N-(4-phenylazophenyl) acrylamide
monomer. The intention of this work was to photo-control the phase separation
temperature of aqueous solutions of PNIPAM by introducing photochromic
azobenzene moieties. Consequently, a shift in the phase separation temperature
from initial 21 to 27 ∘C after UV-light irradiation was observed, and this reversible
LCST change was explained by the change of the dipole moment from 0 to 3 debye
due to the trans-to-cis isomerization of the chromophoric azobenzene moieties.
The initial phase transition temperature of 21 ∘C was reobtained after exposure
to visible light, demonstrating the reversibility of the system [101, 185, 186].

8.6
Multistimuli-Responsive Materials

Multiresponsive materials are not only important in life sciences but also equally
essential for new developments in information technology. These types of mate-
rials, bearing more than two responsive groups, combined in one polymer; the
combinatorial impact of two or more stimuli-responsive groups can be parallel,
serial, or causal. Over the years, examples for all cases have been presented. Using
these terms, parallel means that the response of one group does not affect the
response of the other and vice versa.

The selected examples of polymers responsive to two stimuli demonstrate
impressively the strength of combining several stimuli within one polymer. In
addition to dual-responsive nanoparticles, several multiresponsive nanoparticles
have recently been developed. However, recent research activities aimed at
adding one more stimulus, that is, triple-stimuli-responsive polymers, have
gained momentum. The addition of one more stimulus is particularly advan-
tageous because it can improve the degree of precision, enlarge the switching
window, or even change the switching conditions due to the higher level of
complexity of the polymer.

8.6.1
Light-, pH-, and Temperature-Responsive Polymers

As already mentioned previously, one way to obtain triple-stimuli-responsive
polymers with a serial interplay is the combination of building blocks that are both
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Figure 8.9 PDMAEMA polymer end functionalized with azobenzene, which can be stimu-
lated by light, temperature, and change of the pH value [187].

pH and thermo sensitive, for example, PDMAEMA, with another responsive
moiety (Figure 8.9) [187].

As designed, the polymer exhibited responsiveness toward pH, temperature,
and light and was considered to be triple stimuli responsive. Indeed, changing
the pH value could alter the LCST characteristic. At pH= 4 the dimethylamino
functionality was fully protonated, resulting in an increased polarity, and thus no
LCST was observed. By decreasing the proton concentration, that is, increasing
the pH, the LCST was lowered to 68 ∘C at pH= 7 and to 30 ∘C at pH= 11, which
was attributed to the consecutive deprotonation of the dimethylamino group. The
additional effect of the azobenzene end group due to its photoisomerization at
different pH values led to a slightly higher LCST after irradiation with UV light in
comparison with the LCST before irradiation at the corresponding pH value. The
process was fully reversible. The less pronounced impact of the light-responsive
moiety is not the consequence of the azobenzene group per se, but is rather
attributed to the small fraction of azobenzene per polymer.

Zhang et al. demonstrated a very interesting approach recently. They used a
thermo-, pH-, and light-responsive hyperbranched polymer on the basis of hyper-
branched polyethylenimine (HPEI) [188]. Termination of HPEI with isobutyra-
mide groups, followed by supramolecular complexation of 4-(phenylazo)benzoic
acid (PABA), led to a structure that was serial responsive to all three stimuli, sim-
ilar to the linear copolymer.

It is significant that, as a single functional group, PDMAEMA is responsive to
two stimuli, namely, pH and temperature. This might be advantageous, because
the density of responsive groups within one polymer can be increased. However,
it has to be mentioned that the two stimuli cannot be applied independently,
which might be unfavorable in some applications. It is therefore possible that
the subsequently applied second stimulus is suppressed by the state that was
generated by the impact of the first applied stimulus. In the case of the poly
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(NIPAM-co-NHMA-co-DNQ) polymer, each responsive moiety can be stimu-
lated independently, even after the application of one orthogonal stimulus. In
other words, the LCST can still be shifted by increasing or decreasing the pH value,
even after UV irradiation. Clearly, one drawback in this system is the irreversibil-
ity of the photo induced rearrangement, which led to an increase of the LCST,
but this change has permanently no chance to recover the initial LCST values.

8.6.2
Light-, Redox-, and Temperature-Responsive Polymers

Depending on the redox-active moiety employed, different classes of triple
light-, redox- and temperature-responsive polymers can be defined. At first,
the redox-active group 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is
discussed. Theato et al. prepared PNIPAM copolymers, containing 4-amino-
2,2,6,6-tetramethylpiperidine-1-oxyl (amino-TEMPO) and amino-functionalized
azobenzene moieties linked via an amide bond of the polymer backbone, which
can be considered as a system with serial interplay [189]. The TEMPO moiety is
redox sensitive and can be reduced and reoxidized in a reversible fashion, either
chemically using ascorbic acid as a mild reducing agent and red prussiate as an
oxidizing agent or electrochemically. The reduction of the TEMPO moiety to the
corresponding hydroxylamine resulted in a shift of the hydrophilic/hydrophobic
balance to an increased hydrophilicity and thus led to an increase in LCST.
It is noteworthy that the LCST could be fine-tuned simply by the degree of
reduction of the TEMPO moieties. Additional irradiation with UV light in order
to stimulate the azobenzene chromophore led to a further increase of LCST.
The independent addressing of the two responsive groups was investigated by
the sequence of the applied stimuli. Although there was no difference in terms
of the final LCST, a huge difference in the “intermediate” LCST was observed
depending on the stimulation sequence.

8.6.3
Environmental-, pH-, and Temperature-Responsive Polymers

The group of Uchiyama prepared a random copolymer composed of PNIPAM,
poly(dimethylaminopropyl acrylamide) (PDMAPAM) and N-{2-[(7-N ,N-
dimethylaminosulfonyl)-2,1,3-benzoxadiazol-4-yl-](methyl)amino}ethyl-N-
methylacrylamide (DBD-AA) (Figure 8.10) [190].

Besides the already well-known PNIPAM, the PDMAPAM moiety belongs to
the class of pH-responsive groups, while the benzofurazan derivative is consid-
ered as a polarity-sensitive fluorophore. Keeping the temperature fixed at 50 ∘C
(i.e., above LCST of PNIPAM), the copolymer existed in the hydrated open form
under acidic conditions, due to the high hydrophilicity induced by the protonated
dimethylamino group. As soon as the pH was increased, the copolymer chains
collapsed. The improved hydrophobic interaction between PNIPAM and DMA-
PAM units led to an increase of the DBD-AA fluorescence, because the water
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Figure 8.10 Stimuli-responsive polymer system with causal interaction [190].

molecules were repelled from the collapsed polymer chain. For the hydrophobic
collapsed polymer chain, the fluorescence intensity was 6.6-fold stronger com-
pared to the hydrophilic regime and exhibited a very sharp and distinct transition
(within almost one unit), which suggests that these materials are advanced pH
sensors. They found that the pH range can be fine-tuned by varying the ionic moi-
ety: incorporation of a weaker proton receptor resulted in a transition under more
acidic conditions, while a stronger proton receptor led to a shift of the fluorescence
response at more basic pH values.

8.6.4
Redox-, pH-, and Temperature-Responsive Polymers

Thayumanavan et al. designed a triple-stimuli-sensitive nanoparticle based on
a block copolymer comprising an acid-sensitive tetrahydropyran-protected 2-
hydroxyethyl methacrylate (THP-protected HEMA) hydrophobic block, thermo
sensitive PNIPAM hydrophilic block, and an intervening redox-sensitive disulfide
linker [191].

These micellar nanoparticles were sensitive to redox, acid, and temperature: (i)
increasing temperature to above its LCST led to precipitation of nanoparticles as
the hydrophilic shell turned water insoluble, (ii) lowering pH resulted in disso-
lution of nanoparticles due to the transformation of the hydrophobic core into a
hydrophilic core, and (iii) a reducing environment disrupted the assembly owing
to scission of block copolymer into individual homopolymers.

Li et al. prepared temperature-, pH-, and redox-responsive nanogels by
miniemulsion copolymerization of monomethyl oligo(ethylene glycol) acrylate
(OEGA), 2-(5,5-dimethyl-1,3-dioxan-2-yloxy) ethyl acrylate (DMDEA) which
contains an acid-labile orthoester bond, and bis(2-acryloyloxyethyl) disulfide
(BADS) (Figure 8.5) [192]. These nanogels displayed a fast thermoresponsive
property and were shrunk to 17–35 nm upon increasing the temperature to
37 ∘C. Notably, nanogels swelled quickly and significantly upon incubation in
weakly acidic media (pH 4–6) due to acid-triggered hydrolysis of the orthoester
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groups or in response to 20 mM DTT at pH 7.4 owing to cleavage of disulfide
cross-linkers. The in vitro release profiles of PTX, Nile red, and DOX pointed
out that drug release was low at pH 7.4 but was greatly accelerated by decreasing
media pH to 5.0 or 6.0. The drug release rate increased in response to 20 mM DTT,
though to a less extent. MTT assays showed that PTX-loaded multiresponsive
nanogels displayed a concentration-dependent cytotoxicity to MCF-7 cells.

8.6.5
Magnetic-, pH-, and Redox-Responsive Polymers

The magnetic-, pH-, and redox-sensitive particles using a sacrificial
template-directed synthesis procedure followed by chemical deposition of
magnetic nanocrystals via coprecipitation were obtained by Kordas et al. [193].
These multisensitive nanoparticles displayed a high encapsulation efficiency of
approximately 98% for daunorubicin hydrochloride (DNR). The release of DNR
was low (15% release in 24 h) at physiological pH but was enhanced at pH 5.0
(40% release in 24 h). The fastest drug release was observed in 20 mM GSH (94%
release in 24 h) due to a complete rupture of the shell. These particles with good
magnetic response could serve as multiresponsive drug carriers that also induce
local heating in a controllable manner via magnetic hyperthermia.

8.6.6
Temperature-, pH-, and Magnetic-Responsive Polymers

Yang et al. prepared the thermo and pH dual-sensitive polymer poly
(N-isopropylacrylamide-co-methacrylic acid), coated with magnetic MSN
via precipitation polymerization [194]. The volume phase transition temperature
were shown to be dependent on solution pH. The in vitro release studies showed
that 37.1% and 80.2% of DOX were released at 37 ∘C in 24 h at pH 6.5 and pH 5.0,
respectively, whereas only 7.2% of DOX was released at pH 7.4 under otherwise
the same conditions, indicating facile control of drug release. MTT assays
revealed that DOX-loaded multisensitive nanoparticles had a similar cytotoxicity
to HeLa cells to free DOX. These multisensitive nanoparticles have the potential
to overcome the lack of selectivity of anti cancer drugs and combining with
EPR/magnetic targeting to increase the therapeutic efficacy.

8.7
Conclusion

In summary, thermoresponsive polymers have found applications in diverse
biomedical uses: from tissue engineering to the delivery of therapeutic molecules,
for example, drugs or genes. Cellular toxicity of the smart polymers, especially
for applications involving intracellular delivery of biomolecular drugs such as
peptide, protein, and nucleic acid drugs, mainly act within cells. The use of
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stimuli-responsive polymers in modified-release pharmaceutical dosage forms
has many advantages, including the release and distribution of the drug in a
specific target, thus reducing the side effects or adverse systemic reactions.
The dual-stimuli responsiveness of new synthetic polymers such as elastin-like
systems and acrylic homopolymers and copolymers are discussed in terms of
characteristics and possible applications in the biomedical field.

Smart materials such as dual- or multiresponsive materials are not only impor-
tant in life science but also equally important for new developments in many fields.
These multifunctional materials are capable of addressing the challenging issues of
current nanoparticulate drug formulations including aspects of preparation and
drug loading, in vivo stability, tumor targetability, tumor cell uptake, and intracel-
lular drug release. These features have offered unprecedented control over drug
delivery and release profiles leading to superior in vitro and/or in vivo anticancer
effects. Even though these materials are attractive for their potentials, they have
to overcome several barriers – rapid response, mechanical strength, reproducibil-
ity, biocompatibility, biodegradability, nontoxicity, and so on – according to their
applications. In recent years, many trials to achieve these requirements have been
reported. Therefore, we expect that this chapter will assist to extend new stimuli-
responsive polymers or polymeric systems that could be reliably developed in
real-life applications.

Abbreviations

amino-TEMPO 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
AP acid phosphatase
BADS bis(2-acryloyloxyethyl) disulfide
b-CD b-cyclodextrin
BMA butyl methacrylate
CIPAAm 2-carboxyisopropylacrylamide
CMT critical micellization temperature
ConA concanavalin A
CS-SH cysteamine-conjugated chitosan
DEGEA ethoxydi(ethylene glycol) acrylate
DMAEMA N ,N-dimethylaminoethyl methacrylate
DMDEA 2-(5,5-dimethyl-1,3-dioxan-2-yloxy) ethyl acrylate
DNR daunorubicin hydrochloride
DOX doxorubicin
DS dextran sulfate
EAAc ethyl acrylic acid
ELPs elastin-like peptides
GI-tract gastrointestinal tract
HEMA hydroxyethyl methacrylate
HPEI hyperbranched polyethylenimine
LbL layer-by-layer
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LCST lower critical solution temperature
MAAc methacrylic acid
MMA methyl methacrylate
mNP magnetic nanoparticles
MRI magnetic resonance imaging
NMP nitroxide-mediated polymerization
OEGMA oligo(ethylene glycol) methacrylate
OPBA ((dihydroxyphosphoryl) oxy) butyl acrylate
P(AA-co-MEA) poly(AA-co-2-methacryloylethyl acrylate)
P2VP polystyrene (PS) and poly(2-vinylpyridine)
PAAc propylacrylic acid
PABA 4-(phenylazo)benzoic acid
PbAEs poly(b-amino esters)
PBS phosphate-buffered saline
PDEAAm poly(N ,N-diethylacrylamide)
PDEVP poly(diethyl vinylphosphonate)
PDMAPAM poly(dimethylaminopropyl acrylamide)
PDMS polydimethylsiloxane
PEG poly(ethylene glycol)
PEGMA poly(ethylene glycol) methacrylate
PEG-SS-PDEAEMA PEG-SS-poly(2-(diethylamino)ethyl methacrylate)
PEO poly(ethylene oxide)
PEO-b-PGEA poly(ethylene oxide)-block-poly(2-glucosyl-oxyethyl)

acrylate)
PEO–PPO–PEO poly(ethylene oxide)–poly(propylene

oxide)–poly(ethylene oxide)
PLGA poly(lactic acid-co-glycolic acid)
PLLA-PEG-PLLA (L-lactic acid)–poly(ethylene glycol)–poly(L-lactic acid)
PMAA polyacrylic acid, polymethacrylic acid
PMEO2MA poly(2-(2-methoxyethoxy)ethylmethacrylate)
PMPC poly(2-(methacryloyloxy)ethyl phosphorylcholine)
PNEM poly(N-(2-ethoxy-1,3-dioxan-5-yl) methacrylamide)
PNIPAM poly(N-isopropylacrylamide)
PNIPAM-b-PEG poly(NIPAM)-b-poly(ethylene glycol)
PNIPAM-HA poly(N-isopropylacrylamide)-grafted hyaluronan
PNMM poly(N-(2-methoxy-1,3-dioxan-5-yl) methacrylamide)
PNVC poly(N-vinylcaprolactam)
POEGMA poly(oligo(ethylene glycol) methacrylate)s
Poly(NVIBA) poly(N-vinylisobutyramide)
PPG poly(propylene glycol)
PPGMA poly(propylene glycol) methacrylate
PPO poly(propylene oxide)
PVPh phosphorylated poly(4-vinylphenol)
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
Tg glass transition temperature
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UCST upper critical solution temperature
VPGXG valine-proline-glycine-X-glycine
Zn-TPP zinc tetraphenylporphyrin
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9.1
Introduction

The requirement for exact and noninvasive diagnostic devices is urgent for
identifying particular and important analytes connected with disorders, of
envisioning the area and dissemination of influenced cells, and of reporting the
movement of a therapeutic agent. From nano- to supramolecular assemblies,
polymeric frameworks are accessible in an assortment of structures and have their
own applications in different fields. The intelligent, smart, and environmentally
sensitive polymeric complexes have far-reaching applications in biomedical
fields. These smart systems were valuable in image sensing (diagnosis), controlled
medication conveyance, and regenerative solution (treatment), furthermore
in gating valves, or transport, microfluidics, and bioseparation [1–6]. These
responsive frameworks containing polymers can be composed either with a
responsive polymer or by consolidating a polymer (templates/transporter) with
a responsive compound. In most of the works related to biomedical applications,
smart polymers are relevant to the first category.

Polymer sensors that react to pertinent biomolecules and anlaytes, and also to
pH and temperature, may be very useful in the detection of diseases that are nor-
mally either by a noteworthy awkwardness in chemicals or varieties of physical
variables in nature which is intended for diagnostic purposes. Since checking these
progressions and slopes is crucial to the analysis of specific maladies, awesome
endeavors have been made in the field of polymeric biosensors. With the use of
imaging techniques, delivery of drugs or other micro- or macromolecules is pos-
sible at the targeted location with the help of a smart polymeric complex. Delivery
systems include three main categories, namely, low molecular weight drugs, pro-
tein and enzyme delivery, and final gene delivery. This chapter focuses on smart
complex materials, which may be nano- or supramolecular built of SR polymers
that find use in numerous applications in the biomedical field (Figure 9.1).

One important feature of stimuli-responsive (SR) material is reversibility, that
is, the ability to return to its initial state. In nature, basic SR biopolymers such
as proteins and nucleic acids are stable over wide ranges of external variables

Biomedical Applications of Polymeric Materials and Composites, First Edition.
Edited by Raju Francis and Sakthi Kumar.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.1 Classification of biomedical application of smart polymer.

but undergo drastic structural changes at given critical points [7]. Studies related
to these natural polymers have led to the development of numerous synthetic
biopolymers. James et al. explain the advantages and limitations of various SR
polymers [8] (Table 9.1).

Table 9.1 Advantages and limitations of various stimuli-responsive polymers.

Stimulus Advantage Limitation

Temperature Ease of incorporation of active
moieties
Simple manufacturing and
formulation

Low mechanical strength,
biocompatibility issues, instability
of thermolabile drugs, injectability
issues under application
conditions

pH Suitable for thermolabile drugs Low mechanical strength,
Lack of toxicity data

Light Ease of controlling the trigger
mechanism
Accurate control over the stimulus

Chance of leaching out of
noncovalently attached
chromophores, Low mechanical
strength of gel,

Electric field Pulsative release with changes in
electric current

Surgical implantation required;
need of an additional equipment
for external application of
stimulus; difficulty in optimizing
the magnitude of electric current

Ultrasound Controllable protein release Specialized equipment for
controlling the release
Surgical implantation required for
nonbiodegradable delivery system

Mechanical stress Possibility to achieve the drug
release

Difficulty in controlling the release
profile
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9.2
Imaging

Imaging is indispensible for the diagnosis, treatment, and confirmation of therapy.
Fluorescent polymeric sensors, for example, SR dendrimers are utilized as a part of
imaging methods for the identification of sick tissues that show somewhat lifted
temperatures or acidic pH. The fluorescent dyes sensitive to near infrared have
superior depth penetration in tissue. These sensors allow for specific, rapid, and
sensitive detection. Electrosensitive and light-sensitive polymers have been inves-
tigated extensively in medical imaging. Tumor tissues have a different refractive
index from normal tissues; hence, this near-IR sensitive material can be used for
imaging tumors.

Polymers have emerged as new PR materials because of their high efficiency,
ease of synthesis, and low cost. A 100% diffraction efficiency was observed in
guest–host PR polymer composites with 105 μm thick samples [9–11]. The
composite consists of poly(N-vinylcarbazole) matrix, 2,4,7-trinitro-9-fluorenone
(TNF) as the sensitizer, and N-ethylcarbazole as a plasticizer and can be used for
imaging through scattering media, using a holographic time-gating technique at
a wavelength that is compatible with the transparency of biological tissues and
with the emission of low-cost semiconductor laser diodes [12]. This is because
their high orientational birefringences provide a large dynamic range, large dipole
moment, and high linear polarizability anisotropy.

Lee et al. prepared fluorescent pluronic triblock copolymers [13]. These
(PEO–PPO–PEO) endcaps with a cyanine dye (Cy5.5) fluorescent thermosensor
find application in biological and medical field because they are applicable in
tissue imaging in the NIR region at different resolutions and depth penetrations
with minimal tissue autofluorescence. Increases in temperature or concentra-
tion of pluronic can lead to a sol–gel transition by micelle packing. However,
the impact of temperature is dependent on the composition and molecular
weight of copolymers. Thus, it is possible to synthesize a thermosensor for
monitoring a specific temperature range by using proper block copolymers. The
sensitive quenching properties of polymeric sensors allow for the monitoring of
temperature changes by visualized fluorescent images.

Yamamoto et al. synthesized an electrically powerless thermal and light-
responsive poly(N-isopropylacrylamide) (PNIPAM) actuator in ambient air using
a packaging technique [14]. In particular, this actuator can be activated by human
body temperature as well as by sunlight without the need for another artificial
power source. These nature-powered actuators are promising candidates for
the development of a new class of ultimate low-power devices. This natural
power source actuator can be used for a wearable device that wraps around a
human body, a smart wall/curtain that opens and closes by sunlight, and so on
(Figure 9.2).

Fluorinated poly(amidoamine) (PAMAM) starburst dendrimer was prepared
by Criscione et al. [15]. The amphiphilic nature and easily modifiable surface of
the PAMAM dendrimer make it an attractive vehicle for targeted drug delivery
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tain design. Photos of (c) before sunlight

exposure (closed), (d) after exposure for
15 min (open), and (e) after terminating sun-
light exposure (closed). (Yamamoto 2015
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and molecular imaging. This system exhibits a stimulus-induced response to low
external pH that enables controlled release of encapsulated agents. In addition, it
offers a sufficiently high density of fluorine spins to enable detection of their site-
specific accumulation in vivo by 19F magnetic resonance imaging (19f MRI). Due
to changes in environmental pH, a shift in relaxation time was observed. Thus,
the system can also be used as a powerful imaging technique for the localization
of tumor, with acidic pH. Experiments with mice show that this dendrimer can be
tracked with noninvasive imaging.

The overproduction of hydrogen peroxide creates numerous diseases, and there
is currently great interest in developing contrast agents that can image hydro-
gen peroxide. In vivo imaging of hydrogen peroxide was done by Lee et al. using
chemiluminescent nanoparticles formulated from peroxalate esters and fluores-
cent dyes [16]. The peroxalate nanoparticles have several attractive properties for
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in vivo imaging, such as tunable wavelength emission (460–630 nm) and excellent
specificity for hydrogen peroxide over other reactive oxygen species. During a
lipopolysaccharide-induced inflammatory response, the peroxalates were able to
image hydrogen peroxide.

Various nanomaterials such as iron oxides and gold have been conjugated with
nucleic acids for combined applications of imaging and gene delivery [17, 18]. In
their study on gadolinium oxide core embedded in a polysiloxane shell, Bridot
et al. observed that the inner part is functionalized by organic dyes and the outer
part by poly(ethylene glycol) (PEG) [19]. This complex can be used in molecular
imaging, because of their bioavailability and high relaxivity per particle, which
provides a strong local contrast enhancement. 157Gd has natural abundance
around 20% and possesses a high neutron capture cross section. The interaction
between the internalized biocompatible nanoparticles and a thermal neutron
beam in neutron capture therapy destroys the hybrid Gd2O3 nanoparticles loaded
tumor with energetic particles (Figure 9.3).

The biodegradable polymers with fusogenic properties (DNA delivery), pH-
sensitive polymers with membrane permeation (oral biopharmaceutical delivery),
and programmable gel-(drug delivery) incorporated light-sensitive polymers with
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Figure 9.3 Fluorescence reflectance imaging
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stimuli-sensitive properties have promising biomedical applications in cancer
treatment and imaging of cancer [20].

9.3
Sensing

Nanoparticles or quantum dots (QDs) linked to responsive polymer were
designed or synthesized for the development of polymeric sensors [21]. Localized
surface plasmon resonance (LSPR) is generated around metal nanoparticles such
as gold, silver, and copper. Negatively charged gold nanoparticles were adsorbed
uniformly and selectively onto positively charged polymers [22]. Surface plasmon
resonance spectroscopy (SPR) monitors the conformational changes of the
polymer chains that induce a vertical motion to the nanoparticles. Mitsuishi et al.
affirm that the detection of nanoscale optical changes is possible by the fabrica-
tion of hybrid nanoassemblies with PNIPAM brushes and Au nanoparticles [23].
These hybrid nanoassemblies will be applicable for use in nanosensor applica-
tions. Combining stimulus-responsive surfaces and semiconductor nanoparticles
helps the formation of robust and cost-effective sensors for various applications.
A poly(2-vinylpyridine) brush reversibly collapsing due to a pH switch from 2 to
5 is an example of pH nanosensor.

PNIPAM microgel particles offer good platforms for biosensing because of their
large surface area, narrow size distribution and the versatility of functional groups
on the surface. As an example, Ali et al. [24] achieved DNA manipulation on a
PNIPAM microgel surface. 5′-Amine-modified DNA oligonucleotide (DNA1) was
first coupled onto the microgel using EDC chemistry. Then the coupled DNA1 was
ligated with a second DNA oligonucleotide (DNA2) in the presence of T4 DNA
ligase and a template oligonucleotide. Rolling circle amplification (RCA) was car-
ried out for signal amplification. Finally, hybridization with a fluorescent DNA
probe (DNA3) allowed for signal detection. Paper strips immobilized with DNA
oligonucleotide-modified microgels were further developed, which can be used
to perform ligation/RCA-mediated amplification procedures for sensitive detec-
tion of DNA [25]. These DNA sensors have great promise in the identification of
biological sources, such as specific pathogens.

We depict here a few illustrations utilizing the fluorescence resonance energy
exchange method. Blends of responsive polymer with FRET produce temperature
and pH sensors. Di-block copolymer of (PEG–PSDM) prepared with a FRET con-
tributor as a linker between the two chains and a FRET acceptor as an end bunch
on the PSDM chain is a case of this type [26]. At higher pH (more than 7.6), pH
sensor emits the blue color that corresponds to the emission of the FRET donor,
and at lower pH (less than 6.8), the pH sensor emits the green color that corre-
sponds to the emission of the FRET acceptor. This indicates that lowering the pH
from 7.6 to 6.8 induces the FRET due to the conformational change of polymeric
linker from coil to globule. The PEGylated FRET sensor responds to a relatively
small change in pH with well-defined on and off behavior and also has dispersion
stability in aqueous media (Figure 9.4).
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Figure 9.4 Fluorescence images of solutions con-
taining 7 at (a) pH 7.6 and (b) pH 6.8 when the
solutions are irradiated at 330 nm. (Hong 2006 [26].
Reproduced with permission from American Chemi-
cal Society.)

In the aforementioned examples, PNIPAM microgels only act as a platform.
The most prominent property of the PNIPAM microgel is its sensitivity to
external stimuli. Sensors can be designed if this property is coupled with a
suitable reporting method. Compared with sensors based on bulky hydrogels,
the microgel-based sensors have the benefit of responding much quicker.
Thermosensitive properties of poly(N-isopropylacrylamide-co-Nile red)-coated
magnetic nanostructures, upon passing through the lower critical solution
temperature (LCST) of the polymer brush, help in correlation resulting in the
formation of aggregates [27]. The nanoparticles displayed enhanced transverse
(T2) NMR relaxometric behavior as the temperature was increased through the
LCST. Moreover, incorporation of the environmentally sensitive Nile red dye
into the copolymer leads to significant changes in fluorescence emission intensity
upon aggregation, which present new possibilities for the remote fluorescence
detection of aggregated structures. Combining a thermosensitive polymeric shell
with a magnetic core paves the way for multistimuli-responsive nanoparticles,
such as “smart” T2 contrast agents for magnetic resonance imaging (MRI) or
materials that induce a biological response because of changes in brush structure
around the magnetic core. (Figure 9.5).

Based on the glucose sensitivity of PBA-functionalized microgel, Wu et al. [28]
designed an optical glucose sensor using fluorescent QDs as optical labels. The
fluorescent CdS QDs were synthesized in situ in the interior of the copolymer
microgels. The resultant hybrid microgel remains glucose sensitive, that is, it
swells to a larger degree in the presence of glucose. The swelling of the microgel
results in an increase in the number of emission quenching centers located on
the polymer–CdS QD interface, which in turn results in the quenching of the
fluorescence of the CdS QDs. Therefore, the optical detection of glucose can
be achieved from the glucose-induced fluorescence quenching. This sensor was
further improved by using a PBA with a low pK a [29]. As a result, the sensor can
detect glucose at physiological pH.

Peng et al. engineered a hydrogel using DNA duplexes as photoreversible
cross-links [30]. This photosensitive dynamic hydrogel was prepared by grafting
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2011 [27]. Reproduced with permission from American Chemical Society.)

azobenzene-tethered, single-stranded DNA and its cDNA to the hydrogel
network so that the degree of cross-linking could be regulated by light. The
macroscopic volume of the hydrogel can be manipulated through the photore-
versible DNA hybridization controlled by alternate irradiation of UV and visible
light (Figure 9.6).

Fluorescent polymeric sensors are another class of sensors that are obtained
by combining stimuli-sensitive monomers and polymerizable fluorescent dyes.
Changes in the fluorescence signal are the result of polymer chain hydrophilicity.
PNIPAM-combined benzofurazan dye is an example of this type [31, 32]. Tem-
perature is related to the fluorescence power varieties that are affected by neigh-
borhood fixation inclinations and connected with sign to commotion proportion.

In another work, Wu et al. [33] designed a composite PNIPAM microgel
that is both pH and H2O2 responsive. They used a copolymer microgel of
[P(NIPAM-AAc-AAm)] as the template to direct the assembly of Calcon dye.
It was found that the poly acrylamide segment in the microgels is crucial to
direct the long-range ordered assembly of Calcon dye molecules on the microgel
template, which acts as an optical identification code and an H2O2-sensitive
component. While pH has no effect on the PL intensity of the free Calcon dye
solution, the PL intensity of the P(NIPAM-AA-AAm)–Calcon composite micro-
gel dispersions was dramatically enhanced with decreasing pH. The enhanced
PL is due to the deswelling of the microgel, which may either cause a change in
the local optical electric field around the Calcon domains or make the Calcon
domains more closely packed. As H2O2 can break the azo bond in the Calcon dye,
the PL intensity of the composite microgel decreases with time in the presence
of H2O2. Compared with free Calcon dye solution, the H2O2 sensitivity of the
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composite microgels is much higher. Therefore, this novel composite microgel
can be developed as an optical pH and H2O2 sensor.

9.4
Delivery of Therapeutic Molecules

Delivery devices that allow remote, repeatable, and reliable switching of drug flux
could have a marked impact on the treatment of a variety of medical conditions.
An ideal device for on-demand drug delivery should safely contain a large quantity
of drug, release little or no drug in the “off” state, and be repeatedly switchable to
the “on” state without mechanically disrupting the device [34].
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9.4.1
Low Molecular Weight Drug

Controlled delivery of drugs is a particularly important application that is caused
by the reversible collapse and expansion of responsive polymers. Stimuli poly-
mer hydrogels have potential use in a variety of drug loading and release formats,
and their release characteristics can be tailored to suit a range of target envi-
ronments. Although the detailed kinetics of drug release from these systems are
complex [35–38] to a first approximation correlations between gel collapse point,
matrix structure and drug release can be obtained. Appropriate synthesis then
allows delivery systems to be prepared that will respond at a predesignated pH
and/or temperature to release a therapeutic. For drug delivery applications, the
polymer response should be nonlinear, that is, with distinct “on” and “off” states,
and there is a drive to develop materials that display very sharp transitions for a
small stimulus or change in environment. Natural therapeutics and pharmaceuti-
cals are regularly constrained by short half-lives, poor bioavailability, and chem-
ical and physical stability. Physical instability leads to denaturation, aggregation,
and precipitation. Chemical instability of drugs leads to oxidation, deamidation,
hydrolysis, and racemization. These types of polymers offer a medication con-
veyance stage that can be utilized to convey drugs at a controlled rate and in a
stable and organically dynamic structure. DOX, paclitaxel (PAX), camptothecin,
dexamethasone, cisplatin, indomethacin, and N-acetylcysteine are drugs in which
DOX is the most widely studied anticancer hydrophobic drug [39–43].

Poly(N-isopropylacrylamide) is the most wildly used polymer in the construc-
tion of drug delivery systems. PNIPAM exhibits a LCST of 30 ∘C in water that is
attributed to alterations in the hydrogen-bonding interactions of the amide group
[44–47]. Poly(N-isopropylacrylamide)-incorporated cross-linked polymer used
as a device for controlled delivery of drugs is a particularly important class because
they exploit the thermally reversible collapse or shrinkage above the LCST.

Tumor tissues are characterized by some specific features: high hydrostatic
pressure on the tumor, low oxygen concentration, high lactic acid concentration,
and a consequent pH decrease to values between 6.0 and 7.4. These features
help to separate the drug from the carrying polymer. Biodegradable pH-sensitive
poly(𝛽-amino ester) produces a PAX nanoparticles system, which is more
effective in reducing the tumor cells [48]. Other biodegradable pH-sensitive
polymeric systems used for anticancer drugs are PDMAEMA and 2-hydroxyethyl
(methacrylate) [49], poly(histidine)-𝛽-PEG and poly(L-lactic acid)-𝛽-PEG [50],
and PCL [51].

Hydrophilic and hydrophobic end group and changes in molecular weight
of polymeric chain also affect the LCST. The LCST transitions and aqueous
solution behavior of four-arm NIPAM star polymers and their hydrolyzed
linear arms were synthesized using a RAFT agent pentaerythritoltetrakis(3-(S-
benzyltrithiocarbonyl) propionate) (PTBTP) [52]. Star polymer LCST transitions
were found to be significantly lowered either due to the tethering of PNIPAM
chains to the RAFT agent star core or due to a combination of the core and benzyl
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end groups. The presence of a hydrophilic and hydrophobic end group on the
opposite ends of the polymer chain is suggested to cause this effect.

The classic micellar structure is limited for the encapsulation of hydrophobic
drugs in its core. Polymeric vesicles have an ability to encapsulate hydrophobic and
hydrophilic therapeutic agents. Varieties of polymeric nanocarriers are available
for delivering hydrophilic and hydrophobic drugs, proteins, genes, and enzymes.
Other polymeric nanostructures used in nanomedicines are dendrimers, smart
surfaces, and nanogels [53, 54]. The vast majority of the low atomic weight medica-
tions are hydrophobic that restricts their utilization because of solvency issues. For
solving this, their pharmacodynamics and pharmacokinetics are greatly enhanced.
Some of the examples are disused here for understanding the synthesis and appli-
cation of drug delivery systems.

Well-defined AB2, Y-shaped star copolymers of PNIPAM-b-(PZLL)2, and
PNIPAM-b-(PLL)2 were synthesized through the combination of ATRP, ring-
opening polymerization (ROP), and click chemistry [55]. Propargylamine was
employed as the ROP initiator for the preparation of alkynyl-terminated PZLL.
After the removal of the benzyloxycarbonyl group from PNIPAM-b-(PZLL)2,
water-soluble PNIPAM-b-(PLL)2 was obtained. Shell-cross-linked (SCL)
PNIPAM-b-(PLL)2 micelles are considered to be excellent drug nanocarriers due
to the following advantages. First, the structure of the nanocarrier is permanently
stable due to the introduction of shell cross-linking. Second, as the SCL micelles
possess temperature-responsive cores, the encapsulation and subsequent trig-
gered release of drugs are possible. Finally, the permeability of the shell can also
be controlled by the adjustment of the cross-linking degree (Figure 9.7).

The PNIPAM-based composite membrane consisted of ethyl cellulose (the
membrane support), superparamagnetic magnetite nanoparticles (the triggering
entity), and thermosensitive PNIPAM-based nanogels [56]. This membrane
enabled rapid, repeatable, and tunable drug delivery upon the application of an
external oscillating magnetic field. Membranes were prepared by coevaporation
so that the nanogel and magnetite nanoparticles were entrapped in ethyl cellulose
to form a disordered network. To assess the inducible drug-releasing properties
in vivo, a membrane was excised after 45 days of implantation, the thin tissue
capsule was removed, and the thermally triggered fluorescein flux was measured.
No significant difference was observed in the flux differential between the “on”
and “off” states suggesting that protein adsorption or biofilm formation in vivo
does not significantly impact the functionality of the membrane. It can undergo
a sharp, volume phase transition at ≥ 40 ∘C and so can be switched from the
“off” state at normal physiological temperature to the “on” state at a temperature
where it would not typically be triggered by fever, local inflammation, and so on.
The membrane could be switched on and off rapidly by the removal of an external
oscillating magnetic field. At the applied magnetic frequency, the water inside
the cell was heated from 37 to 42 ∘C over the course of 10 min. Heat generated
by magnetite induction heating was transferred to the adjacent thermosensitive
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nanogels, causing the nanogels to shrink and permit drug diffusion out of the
device (Figure 9.8).

Francis et al. synthesized a thermosensitive drug delivery hydrogel system
composed of temperature-sensitive NIPAM and biocompatible and pH-sensitive
maleic acid by sedimentation polymerization [57]. The morphological data of
hydrogel revealed that the surface structure of this rigid hard biodegradable
hydrogel was poriferous. Experiments on drug release from the cross-linked
NIPAM-co-maleic acid hydrogel loaded with ibuprofen showed that the release
rate depended on acidity or basicity (polarity) of the medium and the gel, and
swelling ratio of the gel network was a function of the environmental pH and
temperature. Here, the drug release study was extended to acidic and basic
conditions because of the fact that pH varies from acidic to basic with respect to
the stomach and intestine.

Li et al. observed that complex micelles with environmentally sensitive prop-
erties are useful in intelligent drug delivery [58]. pH-sensitive polyelectrolyte
complex micelles were assembled from two oppositely charged graft copolymers
(chitosan-(CS)-g-PNIPAM) and sodium alginate-g-poly(N-isopropylacrylamide-
co-N-vinyl-pyrrolidone) [ALG-g-P(NIPAM-co-NVP)]. Glutaraldehyde, as
a chemical cross-linking agent and the core, was formed by electrostatic
interactions between positively charged CS and negatively charged ALG.

The drug-loaded micelles were prepared by using effective chemotherapeutic
anticancer drugs 5-fluorouracil (5-FU) as a model drug [59, 60]. To improve the
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(Hoare 2009 [56]. Reproduced with permis-
sion from American Chemical Society.)

drug’s bioavailability, reduce side effects, improve selective action, and increase
therapeutic efficacy, polyelectrolyte complex micelles have been the preferred
choice as drug delivery carriers [61]. 5-FU containing negative O, N, and F atoms
may form hydrogen bondings with PEC micelles.

For PEC-GA micelles, the cumulative 5-FU release was 33.4%, 73.2%, and 98.8%
at 25, 37, and 45 ∘C. The increased drug release at high temperatures may be due
to micelles lost during hydrogen-bonding interactions with 5-FU [62, 63]. The
amount of 5-FU released from PEC micelles was faster at pH 2.0 and 7.2 but slower
at pH 5.6 at 37 ∘C. This could be explained by the observation that medium pH
had no effect on the electrostatic complex micelles as well as on the interactions
between drugs and micelles. Cytotoxicity assays showed that drug-loaded micelles
retained high cell inhibition efficiency in HeLa cells. These polyelectrolyte com-
plex micelles with environmentally sensitive properties can be used in the field of
intelligent drug delivery.

Dendritic polyesters have significant advantages in the liberation of DOX over
classic polymers, due to low polydispersity, specific morphology, and high den-
sity of functional groups [64]. This all around characterized engineering helps
them to entangle drugs through embodiment, covalent connection (conjugation),
and complexation (electrostatic cooperation) [65]. Drug polymer conjugates are
more appealing than drug–dendrimer complexes due to its expanded stability and
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higher payloads. The arrival of medications from polymersomes by means of pora-
tion in the film impelled by pH-activated corruption of the PLA blocks and that
their primary confinement is the somewhat moderate rate of poly(lactic corrosive)
hydrolysis which is reported by Ahmed et al. in another work [66].

Kurtoglu et al. reported that PAMAM dendrimer–drug conjugates with
disulfide linkages are used for intracellular drug delivery [67]. The PAMAM
dendrimer–drug conjugates can deliver 60 w% of drug within 1 hour, whereas
the conjugate did not release the drug at plasma glutathione (GSH) levels. This
study establishes that PAMAM dendrimers can release high drug payloads in a
short time intracellularly, through the use of a “small,” natural biomolecule GSH.

The methodologies for the controlled drug delivery of proteins are the utiliza-
tion of smart surfaces which is responsive to temperature, chemical stimuli, or
electrical stimuli. The great possibility for drug delivery process is the grafting
of polymer films on the surfaces, since they have high storage and high mainte-
nance ability and can uptake and discharge biomacromolecules on interest [68].
An example of an electrically response framework is nerve development variable
[69] or adenosine triphosphate [70] stacked on a polypyrrole conductive film and
discharged upon electrical initiation. Yavuz et al. synthesized that PNIPAM cova-
lently connected to gold nanocages by means of thiolate linkage can be utilized as
an on on-off gate process [71]. The controlled release of DOX and lysozyme was
also investigated. PNIPAM experienced reversible conformational changes bring-
ing about an on-off gating of the pores by utilizing the photothermal effect of the
gold nanocages.

Another class of SR polymeric material is in situ forming polymer gels
that have great potential in drug delivery. An example is biodegradable
pH/temperature-sensitive triblock copolymer hydrogels composed of PEG and
PAEU [72]. Interactions (hydrogen bond and ionic bond) between copolymers
and drug/protein molecules are enhanced by the presence of urethane and ter-
tiary amine groups in the synthesized copolymers. The presence of a copolymer
solution at low pH and temperature facilitates the formulation of a hydrogel
precursor with therapeutic agents, while the transition to the gel state at the
physiological conditions provides the potential application as a drug/protein
carrier. This hydrogel system controlled the release of human growth hormone
(HGH) for more than 5 days in vitro and 3 days in vivo without an initial burst.

Electrically controlled delivery systems are another type of drug delivery sys-
tems, in which hydrogels generally shrink or swell under the influence of an elec-
tric field. Sonophoresis, iontophoresis, and infusion pumps are the three main
technologies in electrically controlled delivery systems. We infer that medication
conveyance is the technique or procedure of managing a pharmaceutical com-
pound to accomplish a helpful impact on people or creatures. The basic factors
of this process are to deliver the drug to proper area, at the correct time and at
the right concentration. Low solvency, ecological or enzymatic debasement, quick
freedom rates from the body, nonspecific poisonous quality, and powerlessness
to cross the natural boundaries are a portion of the difficulties to accomplishing
fruitful medication conveyance [73–75].
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9.4.2
Gene Delivery

Faulty or disordered genes are in charge of hereditary illnesses. In quality treat-
ment, the very important thing is the conveyance of the proper remedial quality
(DNA) into the cells that will supplant, repair, or direct the defective gene that
causes the ailment. DNA is a contrarily charged hydrophilic particle, so its section
through adversely charged hydrophobic cell layer is not practical. For this purpose,
gene delivery carriers, also called vectors or vehicles, are used [76, 77]. Viruses are
first used as vehicles and their main limitation is immune response, so nonviral
carriers have been developed. Presently polymer-based nonviral bearers are uti-
lized in light of the fact that polymers are less expensive, more secure than viruses,
and furthermore simpler to tailor contrasted with other gene delivery transporters
like liposomes [78–82].

Ward and Georgiou explain the following main steps in gene delivery in his
review [83]:
• DNA and polymer complexation or DNA complexation.
• Addition of DNA/polymer complex (polyplex) onto cells for a period of time

(transfection time) or complex traversing the cell membrane to the cytoplasm.
• Removal of complex from the cells via DNA release into the cytoplasm.
• DNA transfer into nucleus done by the cells is left to incubate for a time period

(incubation time).
Lin et al. reported that liposome, micelle, and nanoparticles are used as

drug delivery systems for drug and gene delivery [84] (Figures 9.9 and 9.10).

I Passive targeting

II Active targeting

III Degradable release

IV Nuclei entry

Loaded gene

Nanoparticle

Target ligand

IV
III

II

I

Figure 9.9 Targeting mechanism of gene delivery in nanoparticle systems. (Lin 2015 [84].
Reproduced with permission from American Chemical Society.)
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Liposome Micelle

Target ligand Gene Drug Polymer

Nanoparticle

Figure 9.10 Various drug delivery systems for drug and gene delivery. (Lin 2015 [84]. Repro-
duced with permission from American Chemical Society.)

Thermoresponsive polymers, for example, PEI with joined PNIPAM [85], direct
and expanded NIPAM, DMAEMA, and PEI polymers [86], and CS united
with PNIPAM [87] have been utilized to upgrade the transfection proficiency
by changing the temperature through the complexation and/or during the
incubation or transfection period. In some cases, only the incubation or com-
plexation temperature was varied [88–90], while in others both complexation
and incubation temperature were varied [91].

Yang et al. synthesized thermoresponsive diblock copolymers, poly[2-(2-
methoxyethoxy) ethyl methacrylate]-b-poly(2-hydroxyethyl methacrylate)
(PMEO2MA-b-PHEMA) by ATRP [92]. PEI was then grafted to the copolymer to
fabricate PEIMH copolymer vectors. Variable temperature agarose retardation,
zeta potential, and time-resolved fluorescence assays were performed to elucidate
the temperature-sensitive DNA condensation. At a temperature above LCST,
the collapsed PMEO2MA polymer chains squeezed the loosely bound ethidium
bromide out of complex to become free species; thereby, DNA was more tightly
packaged by PEIMH. Temporary cooling was shown to improve the transfection
efficiency of PEIMH in COS-7 and HEK293 cell lines. The variable temperature
protocol is more efficient in improving gene expression level in HEK293 cells.
The transfection efficiency was superior, and cytotoxicity was lower at an optimal
weight ratio of vector/DNA.

Zhou et al. reported a nonviral gene transfection method in which DNA
complexes were kept in contact with a deposition surface [93]. They designed a
star-shaped thermoresponsive copolymer with four chains for DNA deposition.
Each chain has a cationic PDMAPAAm block that forms an inner domain for
DNA binding and a thermoresponsive PNIPAM block that forms an outer
domain for surface adsorption. A complex formed by simple mixing of luciferase-
encoding plasmid DNA and copolymer and the polyplexes could deposit on
the substrate by precipitation upon warming. COS-1 cells were cultured on the
polyplex-deposited substrate in a culture medium, and the luciferase activity
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was enhanced with an increase in the charge ratio (surfactant/pDNA) with
permissible cellular cytotoxicity.

9.4.3
Proteins and Enzymes Delivery

Biomacromolecules are often fragile and chargeable and, therefore, have to be
shielded from potentially harmful species in the body. Either by reversible associa-
tion with polyelectrolytes to frame PIC micelles or by means of exemplification in
the lumen of polymeric vesicles, we can overcome the challenges in proteins and
chemicals conveyance. Although there are many reports related to the encapsula-
tion and subsequent release of functional proteins into responsive polymersomes
[94–96], only few are available that are related to protein release with demon-
strated biomedical applications [97, 98]. SR polymers trigger the separation of PIC
micelles by means of the debasement of chemical bonds through pH or a dimin-
ishing condition, via temperature changes, or by means of charge transformation
incited by the expansion of counter ions or pH change [99].

pH-responsive polymers covalently bound to the enzyme glucose oxidase were
used for insulin delivery [100]. Glucuronic acid formed by the oxidation of glucose
by glucose oxidase causes changes in the pH environment. Polycationic polymers
are generally used for the synthesis of pH-sensitive hydrogel, which undergo phase
transition and release insulin. For example, insulin delivery is possible by the ion-
ization of poly(2-diethylaminoethyl methacrylate) (PDEAEMA) at lower pH in
an acid environment, which increases the membrane permeability [101]. Various
modified insulin delivery systems are now available; some of them are poly(acrylic
acid)-g-poly(ethylene glycol), poly(methacrylic acid-g-ethylene glycol) [102],
poly(N ,N-dimethylaminoethyl methacrylate-g-2-hydroxyethyl (methacrylate))
[103], and so on. Glucuronic acid decreases the pH within the polymeric net, and
that causes protonation of pH-responsive polymers. This causes the swelling of
the hydrogel, increasing the electrostatic repulsion and the pore size. The increase
in pore size causes the increase of insulin delivery from the polymeric matrix.

9.5
Other Applications

Tissue designing is an interdisciplinary field that uses the standards of both build-
ing and life sciences for enhancing the functions of tissues. It expects to recover
or supplant organically harmed organs in an extensive variety of medicinal
conditions, for example, spinal cord injury (SCI), heart diseases, osteoarthritis,
cirrhosis, disfiguration, and diabetes [104–109]. In tissue engineering, the cells
will be seeded in biocompatible scaffold/material and consequently tissue will
mature; this is currently a fast growing research area. The material/framework is
normally natural materials, for example, proteins or engineered polymers, with
suitable 3D structures that will give adequate mechanical backing at the harm site
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and can pass on both supplements and development variables to the exemplified
cells. Compared to natural products, synthetic polymers have numerous points
of interest: their mimic functionalities are like those of native neuronal tissue
such as extracellular framework (ECM), and their mechanical and compound
properties are simple to tailor; notwithstanding, they ought to be nontoxic,
enzymatically nondegradable, financially savvy, and promptly accessible [110,
111]. Cells in tissues develop in a fairly complex manner, encompassed by ECM,
which evokes an extensive variety of natural flags and discharges different organic
components, controlling both cell conduct and expansion (Figure 9.11) [112].

In tissue engineering, thermoresponsive polymers have two main applications:

1) As substrates that enable the cell growth and proliferation.
Thermoresponsive polymer is used to regulate cells’ attachment and detach-
ment from a surface. To overcome the problems associated with scaffolds,
Varghese et al. synthesized scaffold-free tissue multilayered constructs
[113]. Thermoresponsive surfaces were prepared by coating tissue culture

Figure 9.11 Cells (in red, with blue nuclei)
interact with the tissue-engineered scaffold
through chemical (green ovals) and mechan-
ical stimuli and with each other (yellow
circles). These interactions define the cell

microenvironment and guide cellular func-
tion and differentiation. (Shoichet 2010 [112].
Reproduced with permission from American
Chemical Society.)
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polystyrene with the copolymer of NIPAM and methyl methacrylate solution
in isopropanol. Its thermoresponsive nature with good cytocompatibility
makes it a promising substrate for cell culture and tissue engineering
applications associated with skin and cornea (Figure 9.12).

2) As injectable gels.
The second application includes the embodiment of cells in a 3D structure
in the body. The in situ development of cell/scaffold contrast permits the
conveyance of exemplified cells, supplements, and development variables
to imperfections of any shape utilizing insignificantly obtrusive strategies
as appeared in the figure. Thermoresponsive polymer is blended at room
temperature with the cells and afterward infused into the body. Upon
infusion, because of the temperature increment to 37 ∘C (over the polymer’s
LCST), the polymer frames a physical gel, and cells are embodied inside
the 3D structure of the gel. As an example, thermoresponsive triblock
copolymers synthesized with the highest content of the hydrophobic N-butyl
methacrylate and lower content of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) and PEGMA form a stable physical gel [114]. Study of this
gel architecture can facilitate the design and engineering of injectable
copolymers for tissue engineering that could enable the in situ formation of
physical gels at body temperature.
Comolli et al. propose to use PNIPAM–PEG as a minimally invasive,
injectable scaffold platform for the repair of SCI [115]. PNIPAM–PEG
injectable scaffold must maintain its mass and volume over time in physi-
ological conditions. The release of both brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) was sustained for up to 4 weeks, with
a minimal burst exhibited for both neurotrophins, and they are bioactivity
after 4 weeks. PNIPAM–PEG scaffold is similar to native neuronal tissue
and compatible with bone marrow stromal cells, allowing their survival and
attachment for up to 31 days. These results indicate that PNIPAM–PEG is a
promising candidate for the treatment of SCI.

(a) (b)

100μm 200μm

Figure 9.12 L929 cell culture on NIPAM–MMA copolymer. (a) Phase-contrast micrograph
after 72 h and (b) neutral red-stained cells indicating their viability on copolymer. (Varghese
2010 [113]. Reproduced with permission from Springer.)
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9.6
Conclusion

To conclude, SR polymers have discovered biomedical applications in numerous
structures, from diagnosis (e.g., detecting and imaging) to treatment (e.g.,
tissue designing) and the conveyance of therapeutic particles (e.g., medications
or genes). Tissue engineering and injectable implants are the other uses that
enhance their application in biomedical or pharmaceutical field. Structural
changes of polymer with respect to external environment like physical, chemical,
and biological stimuli will have a definite impact in the medical field.

As compared to natural smart polymers such as elastin, synthetic biodegradable
polymers have many applications due to their availability, low cost, ease of syn-
thesis, and ability of modification. SR polymers have a great potential in the fields
of chemistry, biology, pharmacy, and medicine, with an aim to fulfill the various
needs in the biomedical field.

Abbreviations

AAc acrylic acid
AAm acrylamide
ATRP atom transfer radical polymerization
CS chitosan
DOX doxorubicin
FU fluorouracil
FRET fluorescence resonance energy transfer
LCST lower critical solution temperature
PAMAM poly(amidoamine)
PAEU poly(b-amino ester urethane)
PAX paclitaxel
PCL poly(𝜀-caprolactone)
PDMAEMA poly(N ,N-dimethylaminoethyl methacrylate)
PDMAPAAm poly(N ,N-dimethylaminopropyl acrylamide)
PEI polyethylenimine
PR photorefractive
PEO poly(ethylene oxide)
PEG poly(ethylene glycol)
PEGMA poly(ethylene glycol)-methyl methacrylate
PLL poly(L-lysine)
PPO poly(propylene oxide)
PNIPAM poly(N-isopropylacrylamide)
PSDM poly(sulfadimethoxine)
PZLL poly(𝜀-benzyloxycarbonyl-L-lysine)
QDs quantum dots
SR stimuli-responsive
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10
Functionally Engineered Sol–Gel Derived Inorganic Gels and
Hybrid Nanoarchitectures for Biomedical Applications

Vazhayal Linsha, Kallyadan Veettil Mahesh, and Solaiappan Ananthakumar

10.1
Introduction

GELS!!! What is gel? … … ‘If it looks like a gel, feels like a gel and responds
like a gel, it must be a gel (???)’ … … … ‘It is a state to reorganize than to
define’ (Dorothy Jordan) … … ‘A gel is a gel, as long as one cannot prove
that it is not a gel’ (K. te Nijenhuis)… … … …

In our daily life, most of us encounter gels often without even realizing it. It is
found in a variety of materials including toothpastes, soap, hair gel, gel pens, food
products, medicines, electronic machinery, and so on. These gels are composed of
either organic or inorganic components. Many of these materials are produced as
a result of activities that are conducted in the research field. Thus, research in func-
tional gels is being a hot topic of interest to chemists, physicists, biologists, and
materials scientists who aim to fully exploit the prospect of creating new materials
to benefit from the best of the three domains: inorganic, organic, and biological.
This leads us to focus the present chapter on the illustration of functional gels,
specifically sol–gel derived gels and nanoarchitectures, and to elucidate some of
the recent advances of such materials in the biomedical field.

From a scientific point of view, gels have long been a topic of debate. Scientists
have defined gels in various ways since the time of their recognition. Long back
in the year 1861, Graham defined “gels” as [1]: while the rigidity of the crystalline
structure shuts out external expressions, the softness of the gelatinous colloid par-
takes of fluidity and enables the colloid to become a medium for liquid diffusion,
like water itself.

Later in the same year 1861, Jordan Lloyd defined “gel” as [2]: only one rule seems
to hold for all gels and that is that they must be built up from two components, one
which is a liquid at the temperature under consideration and the other which, the
gelling substance proper, often spoken of as the gelators, is a solid. The gel itself has
the mechanical properties of a solid, i.e. it can maintain its form under stress of its
own weight and under any mechanical stress it shows the phenomenon of strain.
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Gels are the intermediate state of matter containing both solid and liquid com-
ponents. The three-dimensional gel network composed of either organic macro-
molecules (primarily polymers) or inorganic particles are immobilized in liquid as
continuous phases. Gels can be classified based on the nature of the solvent immo-
bilized, their physical nature and the drying technique that is adopted to form the
solid gel mass. The classification of various gel forms is illustrated in Figure 10.1.

Gels are majorly classified as non-reversible gels and reversible gels [3, 4]. When
gels are made of covalently formed cross-links, they are called non-reversible
gels/chemical gels. If non-covalent interactions such as hydrogen bonds, ionic
bonds, or solvophobic interactions are involved in their formation, they are called
reversible gels/physical gels. Both polymeric and certain inorganic oxides can form
three-dimensional gel networks by chemical bonding. For example, polymeric
resins such as epoxy resin and a hardener are mixed to form a three-dimensional
network, which on curing forms a stiff chemical gel. Similarly, inorganic oxides,
especially certain metal-alkoxides such as silicon-alkoxide, undergo hydrolysis
and condensation in the presence of water or an organic solvent to form a
chemically cross-linked non-reversible chemical gel network of metal-oxo-metal
clusters.

Formation of physical/reversible gels is well known in biological and organic
systems, but has been less studied and reported in inorganic systems.
Organogels/low molecular weight organic gelators (LMWGs) [5–7], natu-
ral/biopolymeric gels (e.g., cellulose derivatives, gelatin, polysaccharides, gellan
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Figure 10.1 Classification of various types of gels.
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gum, proteins), synthetic polymeric gels (e.g., polystyrene and polyethylene oxide
and pluronic triblock copolymers such as poly-(ethylene glycol)-poly-(propylene
glycol)-poly(ethylene glycol) (PEG-PPG-PEG) etc.) have been widely investigated
as stimuli-responsive physical gels [8–10]. These networks are broken down
easily by an external stimulus, such as heat, mechanical stress, electric and
magnetic field, acid or base, and electrochemical reactions [9–12]. They undergo
formation and degradation when specific changes in the conditions (external
stimulus) are induced.

The gels can be dried and obtained in various solid forms. Depending upon the
method of drying, gels may be classified as xerogel (obtained by using the con-
ventional drying method), cryogel (obtained by the freeze drying process), and
aerogel (formed by replacing the liquid phase with air by the supercritical drying
method).

10.2
Some of the Useful Definitions of Various Gel Forms

10.2.1
Based on the Nature of the Solvent, Entrapped Gels are Classified as Hydrogels
and Organogels (Figure 10.2)

10.2.1.1 Hydrogels/Aquagels (Water-Based Gels)

These are gels that contain water as their continuous liquid phase (i.e., they can
contain over 99.9% of water). Inorganic gels (e.g., aluminum hydroxide and sili-
cone hydrogel) and polymeric gels (gelatin, cellulose, and poloxamer) are some of
the common hydrogels.

10.2.1.2 Organogels (Gels with a Non-Aqueous Solvent)

Gels of this type contain any kind of organic solvent or oil as their continuous liq-
uid phase. Polymeric gels (e.g., polyethylene glycol, polylactic acid, polycarbonate,
and polyalkylene) and LMWGs (e.g., fatty acids, amino acids, and n-alkanes) are
some of the common organogels.

Water
Organic

solvent

Hydrogels Organogels

Figure 10.2 Classification of gels based on
nature of solvent.
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10.2.2
Based on Physical Nature, Gels are Classified as Elastic and Rigid Gels (Figure 10.3)

10.2.2.1 Elastic Gels (Physical Gels)

These gels are formed by some physical aggregation or temporary cross-linking
interactions. Agar gel, cellulose, guar gum, and alginates exhibit an elastic
behavior. The fibrous polymeric network is cross-linked at the point of junction
by relatively weak bonds such as hydrogen bonds and by dipole attraction. On
dehydration it can be changed to a solid structure and can be reverted to its
original form by absorbing water; this phenomenon is called imbibition.

10.2.2.2 Rigid Gels (Chemical Gels)

These are formed by strong chemical cross-linking. In silica gel, molecules are
held by strong siloxane (Si–O–Si) linkage to give a polymer structure possess-
ing a network of pores. They neither change back to their original form nor do
they show imbibition. Some other examples are alumina, titania- and ferric oxide-
based metal-oxide gels, and so on.

10.2.3
Based on Drying Techniques, Gels are Classified as Xerogels, Aerogels, and Cryogels
(Figure 10.4)

10.2.3.1 Xerogels

Solid gels with no solvent concentration are known as xerogels, which are formed
after evaporation of the solvent in a hydrogel or an organogel by drying at ambi-
ent conditions. Xerogels usually retain less porosity (15–50%) and surface area
(100–900 m2 g−1), in addition to having very small pore size (1–10 nm).

Physical gels Chemical gels

Figure 10.3 Classification of gels based on physical interactions.
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Water
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Figure 10.4 Classification of gels based on drying techniques.

10.2.3.2 Cryogels
This is another solid gel mass obtained by the drying technique in which the liquid
in the gel is frozen into a solid and then sublimed. The vapor can be removed by
vacuum pumping, and the resultant gel is called cryogel since cryogenic conditions
are typically involved in drying.

10.2.3.3 Aerogel
These solid gels are formed when the solvent removal occurs under supercritical
conditions; the network does not shrink and a highly porous, low-density material
is produced. Aerogels are materials with exceptional properties including very low
density, enormous high specific surface areas, and excellent thermal insulation.
Silica aerogel (the first known inorganic aerogels), organic or carbon aerogels, and
graphene aerogels are some of the common aerogels known. Interestingly, as of
2013, graphene is recorded as the world’s lightest material.

10.2.4
Based on Rheological Properties, Gels are Classified as Plastic Gels, Pseudoplastic Gels,
and Thixotropic Gels (Figure 10.5)

Based on the flow and deformation, viscoelastic materials are categorized as
Newtonian or non-Newtonian material [13]. For a Newtonian material, a direct
proportionality exists between shear rate and shear stress; that is, the viscosity
remains constant with respect to the time of shearing. If no direct relationship
exists between shear stress and shear rate, such a material is called non-Newtonian
material. Non-Newtonian material shows both time-independent properties
(plasticity, pseudoplasticity, and dilatancy) and time-dependent properties
(thixotropy and rheopexy) [13–15]. In rheological studies, a flow curve repre-
sents the relationship between shear stress (𝜏) and shear rate (𝛾) and a viscosity
curve represents the relationship between viscosity (𝜂) and shear rate (𝛾) or shear
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Figure 10.5 (a) Flow curve representing various types of rheological behavior. (b) Viscosity
curve of a pseudoplastic and dilatant gel. (c) Viscosity–time curve of thixotropic gels.

stress (𝜏). Major types of rheological properties exhibited by gels are their plastic,
pseudoplastic, and thixotropic behavior.

10.2.4.1 Plastic Gels

These are gels that require a finite yield stress or yield point, to make them flow.
The gels are not deformed below the yield point, but get deformed above the yield
point. Bingham and Herschel–Bulkley models represent the viscoplasticity of the
material. Flocculated aluminum hydroxide gel and polymeric PVC gel exhibit a
plastic flow and the plot of the flow curve gives the yield stress of the gels above
which the gel deforms and begins to flow.

10.2.4.2 Pseudoplastic Gels

These gels exhibit a decrease in viscosity with increase in shear stress, with no
yield value; such gels are also called as shear thinning gels. Sodium alginate and
most of the cellulosic gels exhibit pseudoplastic flow.

10.2.4.3 Dilatant Gels

These gels exhibit an increase in viscosity with increase in shear stress. Dilatancy is
also known as shear thickening behavior. Suspensions of starch in water, aqueous
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glycerin, and concentration of inorganic pigments in water are all examples that
exhibit dilatancy.

10.2.4.4 Thixotropic Gels
These gels exhibit a property wherein they dissolve when stirred or shaken and
return to the gel state upon resting. The bonds between the particles in these gels
are very weak and can be broken down by mechanical stress. The resulting solution
will revert back to the gel state by subsequent rest phase due to the clustering of
the particles or by physical cross-linking. Agar gels, gelatin gels, iron oxide gels,
and certain clays such as kaolin and bentonite, exhibit thixotropic property.

Until now, we have very briefly elucidated the structural properties of various
kinds of gels, and key terminologies have been used to define such gels. Now, in
the coming section we will be discussing the various inorganic metal oxide gels
and hybrid inorganic–organic nanostructures derived from the sol–gel synthetic
route. Furthermore, we aim to illustrate the versatility of this material by focusing
on the recent applications in the biomedical field.

10.3
Inorganic Metal-Oxide Gels and Hybrid Nanoarchitectures

Inorganic metal-oxide gels have been known since the early developments in
sol–gel chemistry. The first inorganic gel reported in 1846 by Ebelmen was the
silica gel derived from silicon-alkoxide [16]. The first alumina gel was synthesized
in 1870 by Cossa [17]. Since then, sol–gel synthetic chemistry has experienced
tremendous advancement in the development of inorganic metal-oxide gels.
Many types of metal-oxide gels such as silicon dioxide (silica), aluminum oxide
(alumina), titanium dioxide (titania), zirconium dioxide (zirconia), and alumi-
nosilicate gels are derived from metal salt and metal-alkoxide precursors [17, 18].
Apart from this, sol–gel processing is a versatile technology for the synthesis of
hybrid materials with diverse properties, which has now turned out to be a fas-
cinating field of research in materials chemistry. Thus, in the coming section we
have first very briefly described the chemistry of sol–gel processing of inorganic
metal-oxide gels, and followed it by emphasizing on inorganic–organic hybrid
nanostructured material obtained by the sol–gel processing route. Since the
chapter focuses on biomedical applications, emphasis is given on sol–gel derived
inorganic gels and nanostructured materials that are exceedingly explored for
bio-application.

10.4
Sol–Gel Synthesis of Inorganic Metal-Oxide Gels

The sol–gel method is an important technique for processing metal-oxide gels at
low temperature, which has been practiced for the past two centuries. The detailed
physics and chemistry involved in the sol–gel processing has been reviewed in
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many books and journal publications [17–19]. Sol–gel process may be simply
described as: Formation of an oxide gel network through poly-condensation reac-
tions of a molecular precursor in a liquid at low temperature.

Generally, a sol–gel reaction involves two different systems of gelation routes:
one follows condensation of colloidal particles and cluster growth, and the other
follows cross-linking of polymeric molecules (Figure 10.6).

Colloidal gels are generally formed from metal salts such as chlorides, nitrates,
and sulfates. In a colloidal pathway, first the nanoparticles (NPs) with a size below
a micrometer are synthesized, which is found to be in a dispersed state in the
solvent, and the suspension is termed a colloidal sol. In the second step, discrete
colloidal particles cross-link with each other by hydrogen bonding or by electro-
static attraction so as to build a three-dimensional gel network. The transforma-
tion of a sol to a gel constitutes the gelation process, and the gels that are obtained
are termed colloidal gels [20]. Here, the electrolytic and steric effects of the parti-
cles of the colloidal sol induce the gel formation mechanism. On the other hand,
in polymeric gels, chemical reaction is the driving force for gelation. Here, lin-
ear polymeric chains are formed without the intermediate formation of individual
particles. When this occurs, suspensions of highly branched three-dimensional gel
structure are obtained, and they are termed polymeric gels [20]. Metal-alkoxides
are most widely used precursors for polymeric gel formation. In the case of sol–gel
synthesis of silica gels, depending upon the conditions, such as pH, water to alkox-
ide molar ratio and dilution, either colloidal or polymeric gels can be obtained
[20]. Silica sol derived from alkoxide solution, forms linear polymeric species at
low pH (i.e., pH >2.5) and lower water to alkoxide ratio and, hence, results in the
formation of polymeric gel whereas, at higher pH (pH >2.5), weakly cross-linked
silica clusters are formed regardless of water to alkoxide molar ratio, and thus form
colloidal silica gels.

At the advent of sol–gel technology, metallic salts were commonly used
as the precursors for the synthesis of inorganic metal-oxide gels. But now,
metal-alkoxides are largely used for the synthesis. The major steps involved in the
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Figure 10.6 The two main types inorganic gels
derived from sol–gel technique are colloidal and
polymeric gel.
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sol–gel process when metal-alkoxide is used as the precursor are:

M − OR + H2O → M − OH + HO − R → Hydrolysis
M − OR + HO − M → M − O − M + HO − R → Condensation (alcoxolation)
M − OH + HO − M → M − O − M + H2O → Condensation (oxolation)

where M stand for metal and R stands for alkyl groups. Basically, the transition
from a sol to a gel relies on the hydrolysis and condensation reactions. The alkoxy
group of metal-alkoxide reacts with the water to form a hydroxyl group, which
is called hydrolysis. After the alkoxide is partly hydrolyzed, condensation occurs.
Different metal atoms are bridged by an oxygen atom via an alcoxolation reaction
between a hydroxyl group and an alkoxy group or an oxolation reaction between
two separated hydroxyl groups. As a result, a stable dispersion of metal-oxide
sol covered with an active group such as the hydroxyl is formed in the solvent.
These are cross-linked via the condensations of surface active groups resulting in
the formation of metal-oxide gels. Process parameters such as pH, solvent, cat-
alyst, precursor’s concentrations, temperature, and so on, can significantly affect
the final gel properties. These fundamental investigations have been intensively
explored by different researchers [21–23]. However, in the final step, most of the
inorganic metal-oxide gels are dried using various techniques, which produce so-
called xerogels and aerogels. Other than silica, alumina, zirconia, titania, and so
on are some of the well-known and widely studied inorganic metal-oxide gels
[21–25].

Inorganic metal-oxide aerogels and xerogels are classic nanoporous materials
derived out of sol–gel metal-oxide gels. Given the importance of metal-oxide
aerogels, we will discuss it in detail. The basic research scheme involved in the
synthesis of metal-oxide aerogels is shown in Figure 10.7.
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Figure 10.7 Basic synthesis scheme for the metal-oxide aerogels.
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Metal-alkoxides are well-known precursors for the synthesis of metal-oxide
aerogels [26]. As per the sol–gel synthetic route metal-alkoxides are subjected to
hydrolysis and condensation reactions. The sols derived from the metal-alkoxide
are generally more stable and well dispersed in the solvent. It is composed of
nanoscale oxidic particles covered with active hydroxyl groups. When these
nanooxidic particles are cross-linked by condensation of surface active hydroxyl
groups, it results in gelation to form a metal-oxo-metal gel network. When
solvent molecules are removed, without disturbing the three-dimensional gel
frameworks by supercritical drying, metal-oxidic aerogels are formed. Drying
of the wet gels is one of the critical steps involved in aerogel synthesis [26, 27].
Shrinkage of the gel has to be minimized during the drying step. Hence, during
the supercritical drying process, the solvent in the wet gel is removed above the
critical temperature and critical pressure of the concerned solvent is locked in
the wet gel. Thus, there will be no liquid–vapor interface in the pores during
drying. As a consequence, aerogels with no shrinkage is obtained. Similarly, other
methods such as freeze drying can be adopted to obtain aerogels [26], wherein
pore liquid is frozen and sublimed under vacuum, to avoid liquid–vapor interface
during drying.

Remarkable properties of these materials showed great potential for a wide
range of applications. Particularly, metal-oxide aerogels gained more importance
because of their very low density, outstanding textural properties, large surface
area, low thermal conductivity, refractive index, and dielectric constant [26–28].
Silica was the first reported aerogel by Kistler in the early 1930s, which was pro-
duced by making use of the sol–gel reaction of silica-alkoxides [29]. Soon after
that, wide varieties of inorganic-oxide aerogels such as alumina [30], titania [31],
zirconia [32], iron oxide [33] and many others; non-oxides such as chalcogenides
[34]; and organic aerogels such as carbon and polymeric aerogels [35, 36] were
developed.

In addition to various single component aerogels, binary and ternary oxide aero-
gels were developed. In such multicomponent or mixed-oxide aerogels, because
of the large difference in reaction rate of mixed-oxide precursors, phase sepa-
ration and heterogeneous structure are largely formed. To control the sol–gel
reaction rate of mixed-oxide gels, bidentate ligands are often used [30]. Simi-
larly, to improve the existing properties of aerogels, such as high surface area,
hydrophobicity, flexibility, and transparency, organic modification were carried
out to obtain hybrid aerogels [36–40]. Because of their exceptional characteris-
tics and diverse chemical compositions, aerogels, especially metal-oxide aerogels,
have significant prospects in new fields of functional materials.

The sol–gel process is one of the fastest growing technologies in modern
chemistry and is expected to provide a versatile solution for processing advanced
functional materials. The main advantages of this process are ensuring better
homogeneity and purity of the obtained material, requiring low processing tem-
perature thereby saving energy, and resulting in special properties that improve
material quality. It offers the possibility of fabricating advanced materials in
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Figure 10.8 Various materials obtained by sol–gel technology and its processing route.

various structures: ultra-fine or spherical powders, fibers, dense monoliths, aero-
gels, thin films, and diverse nanostructured materials. Various sol–gel materials
obtained and their processing route are shown schematically in Figure 10.8. The
flexibility of sol–gel technology facilitates in controlling the characteristics of the
material required for functional applications. We will highlight the use of sol–gel
derived materials in biomedical applications in the later section of this chapter.

10.5
Physically Cross-Linked Inorganic and Hybrid Gel

So far, we have addressed the covalently linked inorganic gel system. Non-
covalently associated inorganic gels by weak supramolecular interactions or
stimuli-responsive behavior are very rarely studied and reported in a sol–gel
system. In this section, we will be discussing some of the rare reports on physically
cross-linked inorganic and hybrid inorganic–organic gels.

Physically cross-linked self-assembling gels are capable of delivering responsive
functions upon sensing any external stimuli (Figure 10.9). They have received
considerable attention in recent time in the designing of advanced functional
soft biomaterials [10, 41, 42]. Since physically cross-linked gels show stimuli-
responsive, smart function, plentiful interest has been triggered in designing soft
gels out of natural/synthetic polymers, biomolecules of amino acids and peptide
chains, low molecular weight organo gelators (LMOGs) and inorganic–organic
hybrids, via supramolecular association. So far, a comprehensive research effort
has been made to form three-dimensional (3D) gel assembly through different
physical and chemical cross-linking strategies. Such molecularly engineered
organo/hydro gels display fascinating reversible nature where the gels revert
to their original state after a physical or chemical disturbance. Switching of
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reversibility has been recorded in response to factors such as change in tem-
perature, pH, electric or magnetic fields, ionic strength, solvent polarity, and
mechanical stimulation (Figure 10.9) [5–7, 10, 11, 41–44].

Studies indicate that this kind of remarkable functioning of synthetic soft gels
finds applications in tissue engineering, cell culture, bio-adhesion mediators,
drug delivery systems, wound healing, injectable therapies, and so on. Usually,
in the inorganic system, the formation of covalent bonds allows an irreversible
sol–gel transition, or else such systems deliberately require chemical anchoring
from organo/polymeric molecules to aid stimuli-responsive gel assembly [7, 10,
11]. Reviewing the literature reports on various types of physically cross-linked
gels, major reports were based on stimuli-responsive organic and polymeric gels;
reports were scanty in self-association of inorganic nanoparticles as a main node
in forming transient 3D gel network.

Normally, colloidal metal-oxide gels formed in the intermediate stage of sol–gel
synthesis exhibit a solid-like linear viscoelastic rheological property. Due to its
rigid siloxane networking, silica forms a chemical gel, in which bond destruction
is irreversible, whereas, some of the investigations on alumina-based colloidal
system, especially aluminum oxy hydroxide (boehmite), reported the formation
of a physical gel [13–15, 45]. Both colloidal and polymeric alumina gels can form
weak gel assemblies. Gelation studies in boehmite gels also reported “thixotropic
gelation” in which destruction–reconstruction of a gel network is possible.
Thixotropy is a time-dependent rheological property showing shear-thinning
behavior, with reversible mechano-responsive property [13, 14]. Other than
boehmite, metal-oxides such as ferric-oxide and alumino-silicate gels also show
thixotropic properties [15, 46, 47]. In some of the studies, metal-oxides are made
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to cross-link with (bio) a polymeric organic network to induce stimuli-responsive
behavior with physically weak gel networking [7, 48]. Our group reported the
formation of physically weak assembly of inorganic alumino-siloxane gels at room
temperature without the addition of any external gelators or monomer molecules
as shown in Figure 10.10 [47]. The alumino-siloxane gels obtained by sol–gel
synthesis showed a unique thixotropic (mechano-responsive) property with an
impressive recovery rate (Figure 10.10b). It was identified to be a mechanically
stable, injectable, and non-cytotoxic medium for drug delivery applications.

10.6
Sol–Gel Derived Hybrid Metal-Oxides Nanostructures

Basically, the conventional division between inorganic and organic chemistry has
been such that, for a long time these two fields of science were addressed by quite
different groups of chemists, with practically no contact between them. More
recently, these two fields of chemistry have begun to amalgamate with the devel-
opment of hybrid inorganic–organic material. Synthesis of hybrid materials can
be achieved via a modification of inorganic structure with organic components.
Various synthetic strategies were adopted for the design of new hybrid materials.
Sol–gel chemistry is considered to be a significant tool for the incorporation of
organic (bio) components into the inorganic network, allowing the preparation
of a variety of hybrid architectures. In the coming section, we will briefly discuss
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hybrid metal-oxide nano structured materials derived from the sol–gel synthetic
route.

Sol–gel polymerization coupled with self-assembly of amphiphilic molecules
(surfactant templates), results in a supramolecular association of organic
molecules within inorganic matrices. The templating effect of supramolecular
systems in the inorganic matrix leads to the formation of a mesostructured hybrid
phase (Figure 10.11A). The synthesis can be performed in either acidic or basic
medium. The most well-known representatives of this class of materials are silica-
based mesoporous inorganic–organic hybrids. Synthesis of mesostructured silica
has proved to be a major breakthrough for materials science in the past decades
[49–53]. Here, we can have a very brief overview of inorganic–organic hybrid
mesostructured sol–gel material.

Mesoporous silica (MSN) comprises an amazing family of porous materials
that show ordered arrangements of pores as channels and cavities with different
geometries. The source of silica can be fumed silica, sodium silicate, or a tetra
alkyl ortho-silicate, and organosilane. The synthesis of MSN was first reported
in the early 1990s. Since then, a variety of highly ordered MSN materials such
as MCM-41[50], MCM-48 [51], SBA-15 [52], MSU [53], FDU [53], HMS [54],
KIT [55], and so on have been successfully synthesized using different synthesis

Organic

template

Inorganic

particle

Mesostructured

hybrid phase

Post synthetic

functionalization

One-pot

Co-condensation

Co-condensation of

bridged organosilica

Extraction/

calcination

(a)

(b)

(A)

(B)

(b) (c)
(c)

Si(OR')3

Si(OR')
3

(R'O)
3
Si

Si(OR')3

Calcination

Mesoporous

material

R

R

R

R

Figure 10.11 General synthetic pathway for (A) mesoporous silica (B) mesoporous
inorganic–organic hybrid silica.



10.7 Biomedical Applications of Sol–Gel Derived Inorganic and Hybrid Nanoarchitectures 275

conditions and types of templating agents. These materials showed exceptional
properties such as high surface area (ca. 1000 m2 g−1), large pore volume (ca.
1 cm3 g−1), and tunable pore diameters (ca. 2–10 nm) which are well organized in
the 3D- and 2D-mesostructures [48–54]. The textural and structural properties
of these sol–gel nanostructured materials were attained by properly tuning the
synthetic parameters such as surfactant/precursor ratio, pH, solvent, and so on.
A series of investigations were carried out and reported by many researches, for
designing new hybrid MSN nanostructures by the above-mentioned synthetic
route [56–58].

Modification of mesoporous walls of the silica framework with organic func-
tional groups lead to hybrid mesoporous materials [58]. The functionalization of
the MSN is necessary for different reasons, such as to improve surface properties,
to modify the textural and structural features, and so on . Extensive efforts have
been undertaken to incorporate organic components within an inorganic frame-
work to achieve synergetic properties of both organic and inorganic components.
Normally, organic functionalization can be achieved by: (i) grafting of organic
components on the surface of pure silica matrix (via. post-functionalization
method) (ii) one-pot co-condensation of silica with organo-silylating agents, and
(iii) use of bridged organic precursors to form periodic mesoporous materials
(Figure 10.11B).

When mesoporous structure is functionalized via the post-synthetic grafting
method, organic functional groups are found to be located on the exterior surface.
This method shows its own drawback, namely, blocking the interior mesochannels
of porous structure, and can also lead to a heterogeneous surface coverage. While,
in a co-condensation method, the organic molecules can be homogeneously dis-
tributed in the system, with a better control over the functionalization procedure.
Similarly, multifunctionality can also be induced in the system by introducing
bridged organic precursors.

In addition, key properties of the material can be well adjusted by incorporation
of molecular functionality in a controlled way, which are crucial for various appli-
cations. Thus, selective functionalization of sol–gel derived mesoporous material
becomes a point of interest when designing more sophisticated materials with
multifunctionality [59–61]. Thus, the emerging area of chemistry and life sciences
opens up great opportunities for researchers to exploit this material for designing
controllable drug delivery systems and targeted theranostics functions in biology
and medicine. This will be discussed in detail in the following section.

10.7
Biomedical Applications of Sol–Gel Derived Inorganic and Hybrid Nanoarchitectures
for Both Therapeutic and Diagnostic (Theranostics) Functions

In the past few decades “soft organic materials” such as lipid-based and (bio) poly-
meric materials dominated the field of biomedical applications for therapeutic
and diagnostic functions. With the burgeoning of nanotechnology, a great deal of
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interest in inorganic and inorganic–organic hybrid materials for theranostic func-
tions has been shown. Indeed, these materials have extraordinary properties that
can resolve many of the medical problems when compared to polymeric pulpits.
The new group of materials representing sol–gel derived inorganic gels and hybrid
nanoarchitectures, show good potential for fulfilling the current requirements
and challenges in the biomedical field. In this section we will focus on sol–gel
derived matrixes, especially inorganic metal-oxide gels and hybrid nanomaterial,
and explore their potential for theranostic functions.

10.8
Sol–Gel Matrices for Controlled Drug Delivery

10.8.1
Metal-Oxide Xerogels

The use of silica-based metal-oxides gels, as matrices for controlled drug release,
has been largely demonstrated in various research reports [62–69]. Silica xero-
gels were investigated as a potential biomaterial for the extended and controlled
release of different kinds of biologically active agents [62, 63]. Kortesuo and
coworkers reported that silica xerogel could be impregnated with tritium-labeled
toremifene citrate for controlled drug release [64]. The study established that
silica xerogel is a biocompatible, biodegradable, and controllably resorbable
material and hence it is a promising matrix for use in the sustained delivery of
drugs. Bottcher and coworkers [66] performed a detailed analysis of drug release
behavior from silica xerogels by incorporating nifedipine into a silica matrix using
the sol–gel technique. Similarly, Maver and collaborators [68] incorporated the
same nifedipine drug in a hybrid silica xerogels matrix. This study focused on the
importance of the physical state of nifedipine in a silica matrix and concluded
that the solid matrix may contain the drug in the amorphous form rather than
in the crystalline state. In general, the amorphous form of drugs shows a faster
dissolution and higher solubility when compared with the crystalline form. Roveri
et al. [69] investigated the effect of release kinetics of heparins from sol–gel
derived silica xerogel matrix. Here, the authors concluded that drug release
kinetics depends on the specific surface area of the xerogel matrix, which could
be modified by varying the catalyst/alkoxide molar ratio. The release kinetics of
heparin from xerogels matrix depended on the molecular mass of the heparin;
in this study, release kinetics mostly fitted with the Higuchi diffusion model,
but in the case of matrices with lower surface areas, zero-order kinetics was
observed. In many of the studies, various xerogel synthesis parameters (such as
pH, water/alkoxide ratio, temperature, type or concentration of the catalyst, and
drying and heating conditions) were evaluated for their effects on the embedded
drug release properties [66–69]. All these studies concluded that the drug release
pattern strongly depends on the physical, chemical, structural, and textural
features of the sol–gel matrix.
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10.8.2
Metal-Oxide Aerogels

Currently, research is being focused on improving the pharmacokinetics and
pharmacodynamics of the controlled drug delivery system. Because of high sur-
face area, porosities, and open porous framework, inorganic aerogels represent a
promising class of material for drug delivery [70–73]. Apart from such unique
properties, flexibility of sol–gel chemistry plays an important role in designing
an aerogel-based drug delivery system.

Drug molecules can be loaded in an aerogel matrix by various routes. Three
different methods that are generally adopted for drug loading in an aerogel
matrix, are well illustrated in Figure 10.12 [71]. Although loading of drug before
the gelation process (Figure 10.12a) can be considered to be a simplified process,
there is a chance of leaching out of drug molecules at the time of solvent exchange
and aging process. Drug can also be loaded, through solvent exchange and aging
process (Figure 10.12b). This method requires an extended time, and care has
to be taken to ensure that the solvent and the drug molecules are compatible.
In another approach, drugs are loaded directly into a pure aerogel matrix
(Figure 10.12c). In such cases, the structure of the aerogel matrix collapses when
immersed in the drug solution (especially in case of fragile silica aerogels). Hence,
recently, new techniques have been adopted for drug loading. One such method
is loading the drug from the supercritical phase. Here, drugs are necessary to
be soluble in supercritical fluids such as CO2, and offer various advantages such
as non-toxicity, easy removability, control over thermodynamics of adsorption
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process [72, 73]. Various studies showed that it was one of the effective methods
used in drug loading [72–75].

Among various inorganic metal-oxide aerogels that were investigated for
drug delivery, silica-based materials were shown to be chemically inert and
biocompatible with the human body [70]. Schwertfeger et al. [70] first reported
the use of both hydrophilic and hydrophobic aerogels (e.g., silica, alumina, titania,
zirconia, or mixtures) as a potential carrier material for several pharmaceutically
active compounds (PhACs). They have demonstrated that hydrophilic aero-
gels are suitable for the incorporation of hydrophobic drugs and hydrophobic
aerogels are suitable for hydrophilic drugs. Similarly, Smirnova and coworkers
[72–76] conducted numerous experiments using silica aerogels for drug delivery
applications. Instead of adsorption of drugs directly on the surface of pure
aerogel matrix, this group studied the adsorption of drugs by dissolving in
supercritical-CO2. This could improve the solubility of poorly soluble active
drugs such as furosemide-sodium [70], griseofulvin [72, 73], ketoprofen [72, 74],
penbutulol hemisulfate [70], methylprednisolone [70], miconazole [74], and so
on. The same group demonstrated that large amount of drugs can be loaded in an
aerogel matrix by adsorption from supercritical-CO2 [73]. They have concluded
that loading mainly depends on the molecular size of drug molecules, and their
release rate can be improved to four to five times higher than their crystalline
form. Similarly, in another study they have demonstrated the thermodynamic of
adsorption isotherm of various types of drugs such as ketoprofen, griseofulvin,
miconazole, flurbiprofen, and dithranol [72, 73] from supercritical-CO2. In
most of the cases, the adsorption isotherm fitted into Langmuir model, which
signifies that loading can be increased until it reaches the saturation point of
aerogel matrix. If the solubility of drugs in supercritical-CO2 is found to be lower,
it was observed that the drug adsorbed in the matrix remain low and do not
reach the saturation point. Similarly, solubility of the drug in supercritical-CO2
not only depends on the chemical nature of the drug but also on temperature,
pressure, and density of the supercritical phase. In addition to silica aerogels other
inorganic aerogels such as titania, alumina, dysprosia, and inorganic–organic
hybrid aerogels [77–81] were recently studied for their roles in drug delivery
applications.

10.8.3
Physically Cross-Linked Inorganic and Hybrid Gel

Stimuli-responsive physical gels find applications in tissue engineering, cell cul-
ture, bio-adhesion mediators, drug delivery systems, wound healing, injectable
therapies, and so on. Physically cross-linked and stimuli-responsive behavior are
generally reported in a polymeric gel system. Polymer-based physical gels are
explored widely for biomedical applications. Now, physically cross-linked sol–gel
derived metal-oxide gels and their hybrids obtained by cross-linking with organic
components are emerging as new materials for biomedical applications.
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Physically cross-linked gels are always preferred for injection therapies and
topical drug delivery applications. Sol–gel derived silica has proved to be an
excellent material for controlled drug delivery system; however, it has shown to
be incapable for use in injection therapies and topical drug delivery applications.
On the other hand, sol–gel alumina-based metal-oxides were considered to be
an excellent candidate for injection therapy and wound healing [47, 82–85] appli-
cations. This is because, sol–gel silica mostly forms chemical gels, while sol–gel
alumina can form physically cross-linked gel structures. Alumina gel is the only
sol–gel material approved by the FDA and EMA as a common immunologic adju-
vant [86, 87], although sol–gel alumina is much less developed when compared
to sol–gel silica for biomedical applications. Recently, Vinogradov and coworkers
[82] reported sol–gel alumina with encapsulated protein as injectable carriers
for bioactive molecules. Protein entrapped in sol–gel alumina was found to show
high thermal stability and chemical activity. The same group extended the work
with various other proteins, and demonstrated a remarkable stability with no loss
of activity of protein from the sol–gel matrix [88–90]. Similarly, in another work
they have studied the wound healing capability of a sol–gel alumina biocomposite
and evaluated the material for wound dressing applications [84]. Thus, they have
concluded that sol–gel alumina is an effective material for the treatment of infec-
tious and chronic wounds. Recently, our group reported alumino-siloxane-based
thixotropic gels for topical and injectable drug delivery applications [47]. In this
study, we have used alumino-siloxane-based hybrid gels for encapsulation and
sustained release of fluconazole, an antifungal drug. From rheological analysis we
could well demonstrate the mechano-responsive behavior (thixotropic property)
of alumino-siloxane gels (Figure 10.13a). The gel showed excellent structural
and mechanical stability, non-cytotoxicity, and biocompatibility. The thixotropic
property of the alumino-siloxane gel was successfully used for encapsulation,
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followed by controlled release of the drug fluconazole (Figure 10.13b). Thus, from
all these recent reports we can conclude that physically cross-linked inorganic
soft metal-oxide gels open a new platform for biomedical applications.

10.8.4
Silica-Based Hybrids and Ordered Mesoporous Materials

Of all the sol–gel derived materials one of the well-established category of
materials for biomedical applications is the silica-based ordered mesoporous
material [91–97]. When compared to metal-oxide xerogels and aerogels, ordered
mesoporous material posses more homogeneous structural features, which
are suitable for adsorption and release of therapeutic and diagnostic agents
in pharma applications. The unique features such as ordered pore network,
high pore volume, high surface area make MSN a special candidate for use in
controlled drug delivery systems. Silica-based ordered mesoporous material
(MCM 41) was first reported in 2001, by Regi, for drug delivery application [91].
Since then, intensive research has been carried out with silica-based mesoporous
materials such as MCM-41, SBA-15, FDU-5, and MCF for the design of controlled
drug delivery systems [91–95]. The controlled release of drugs molecules from
these materials were strongly dependent on their structural and textural features.
Regi and coworkers [94] studied the effect of pore size in loading and release of
drug from MCM 41 using ibuprofen as the model drug. When ibuprofen was
loaded in MCM-41 having a pore size in the range of 2.5 and 3.6 nm, a gradual
increase in release rate with pore size was observed. Similarly, Andersson et al.
[96] reported that drug release kinetics depends not only on pore size but also
on pore connectivity and pore geometry of the mesoporous structure. Apart
from the pore features, the surface area of the material also plays a key role in
both drug release and drug loading capacity. Regi et al. [97] studied the loading
of alendronate in mesoporous materials MCM 41 and SBA 15 having a surface
area of 1157 and 719 m2 g−1, respectively. Loading efficiency of MCM 41 was
139 m2 g−1 whereas, for SBA 15 it was 83 mg g−1. Hence, many of the studies in
this regard concluded that surface area and pore size of the mesoporous material
plays a crucial role in drug adsorption and release kinetics [94–99].

MSN garnered much more attention in the biomedical field when organically
functionalized hybrid mesoporous materials were explored for controlled drug
delivery properties [100–102]. Drug release could be very effectively controlled
by functionalization of mesopore walls with suitable organic groups. Further-
more, it could improve the penetration of certain hydrophobic drugs, which was
considered to be a great challenge until then [103]. Several research groups have
reported that organic modification could fine tune the surface properties such
as acid–base property, dissolution property, physiochemical activity [103–107].
Organosilanes, especially aminopropyl silane were identified to be one of the best
functionalizing agents for regulating the controlled drug release property of the
mesoporous matrix [105–107]. Consequently, organically functionalized MSN
can be loaded with a large number of anti-inflammatory, antibiotics, anti-tumor
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drugs etc. having different molecular size and shapes, which could release in
controlled manner form human body (Figure 10.14a). The ordered MSN surface
is not only useful for the local drug delivery system, but can also react with
physiological fluids, leading to the formation of nanoapatite-like layers that
are similar to natural bone [97] (Figure 10.14b). In vitro bio-activity studies of
various nanostructured mesoporous materials (MCM-41, SBA-15, and MCM-48)
carried out by soaking in simulated body fluid (SBF), revealed the formation of a
nanoapatite-like layer on the surface of the material within 30–60 days. It can also
act as cellular scaffolds with embedded proteins, peptides, or growth factors that
would be released to the medium promoting cell proliferation and differentiation.
Thus, the property of controlled release and the inherent bioactivity of these
materials both open new opportunities in biomedical application especially for
bone regeneration and tissue engineering.

Immense improvement in the research of sol–gel derived inorganic–organic
hybrids led to the discovery of “smart materials”, which provided remarkable
contribution to the biomedical field. Among them, stimuli-triggered materials for
drug delivery application received huge attention. This kind of hybrid matrix
for drug delivery is discussed in the following section.
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Figure 10.14 (a) Ordered mesoporous materials new perspective for controlled drug deliv-
ery systems and (b) bone regeneration for tissue engineering.
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10.9
Stimuli-Responsive Drug Delivery Systems

Various types of material, especially sol–gel silica, have been explored for stimuli-
responsive drug release systems. In stimuli-responsive systems, drugs are mostly
encapsulated in the matrix and released when desired in the presence of differ-
ent external and internal triggers (stimuli) [108–112]. There are several stimuli,
such as chemicals, temperature, pH, light irradiation, ultrasound, and even elec-
tric or magnet fields (Figure 10.15) that can activate encapsulated guest molecules
[110–114]. Hence, these stimuli-responsive systems are considered to be a “smart”
drug delivery system. Because of the variety of pH gradients in the human body,
one of the most investigated stimuli is pH-responsive drug delivery [108–111].

Our group demonstrated the stimuli-responsive behavior of sol–gel derived
alumino-siloxane aerogels for controlled drug release [81]. Meso-channeled
alumino-siloxane aerogels showed higher drug loading capacity and pH-
responsive drug releasing capability. Sol–gel derived MSN is one of the major
stimuli-responsive drug delivery material investigated by many researches
[111–122]. Yang and coworkers [115] modified the surface of SBA-15 with
ionized carboxylic acid group (COO–) and polycations by weak ionic interaction,
which sealed the mesopore channels, after loading with vancomycin drug. When
pH was altered to the acidic range, ionized carboxylic acid gets protonated and
polycations move away, leading to the opening of pores followed by releasing of
vancomycin. Similarly, Zink and coworkers [113, 116, 117] designed “nanovalves”
at the opening of mesoporous MCM-41, using supramolecules such as rotaxanes,

Internal

stimuli

External

stimuli

Drugs

Nanogates

pH, temperature

redox potential

biomolecules

Light, ultrasound

oscillating magnetic

field

Figure 10.15 Various external and internal stimuli suitable for a smart drug delivery system
from sol–gel mesoporous silica.
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alpha-cyclodextrine, and other analogues. These nanovalves “open” and “close”
in the presence of stimuli. Consequently, they could successfully demonstrate the
pH-responsive behavior of MSN.

Some of the studies also demonstrated the influence of the thermo-responsive
nature of sol–gel derived, organically functionalized MSN in controlled drug
release [118, 119]. Recently it was revealed that the local temperature of many
of the cancer cells is somewhat higher than normal body temperature. So,
designing various types of thermo-responsive drug delivery systems has attracted
huge research interest for cancer targeted therapy. Temperature-sensitive poly-
mers such as poly(N-isopropylacrylamide) (PNIPAM) were commonly used
to modify the mesoporous surface. The PNIPAM can change their molecular
conformation in response to temperature. In an aqueous environment, PNIPAM
are hydrated, below the lower critical solution temperature of 32 ∘C, resulting
in an extended polymeric conformation, thereby preventing the removal of
loaded guest molecules. When the surrounding temperature increases above the
critical solution temperature, dehydrated polymers are formed with disintegrated
conformation. This leads to the opening of the mesopore and the successive
release of loaded gusted molecules. Such polymer encapsulated MSN has the
capability to release the drug depending on the surrounding temperature.

Similarly, MSN responds to the external magnetic field, by encapsulating mag-
netic nanoparticles, especially, magnetically active iron-oxide nanoparticles [118,
120] within the mesoporous structure. Giri et al. [120] reported that, MSN when
synthesized by co-condensation with mercaptopropyl silanes and subsequent
modification with carboxyethyl-2-pyridyl disulfide, leads to the formation of
acid-functionalized mesoporous nanostructures. This acid-functionalized silica
is loaded with drug molecules that are smaller than 3 nm, such as fluorescein,
and capped with super-paramagnetic iron-oxide nanoparticles. It was observed
that in the presence of an adequate external magnetic field, capped magnetic
nanoparticles are removed to release entrapped drug molecules as shown in
Figure 10.16.

Apart from this, when mesoporous entrance is modified with certain organic or
inorganic functionalities, it responds to chemical signals. Lin and coworkers [121]
loaded vancomycin and adenosine triphosphate in MCM-41 and modified the
mesochannels with CdS nanoparticles. In the presence of disulfide bond-reducing
molecules (such as dithiothreitol or mercaptoethanol), capped CdS nanoparticles
are removed from the channel ends. This results in the controlled release of loaded
drug molecules, as shown in the schematic illustration of Figure 10.17.

Similarly, redox-triggered release studies were also conducted by capping
mesopores with pseudorotaxane [122–124]. Here, rotaxane molecules act as
nanovalves that open and close with selective redox process. Zink and coworkers
[124] fabricated redox-controlled nanovalves on MSN using two bistable [2]
rotaxanes as the gatekeepers. Such nanovalves have IN or OUT locations
based on the position of used rotaxanes with respect to the entrances of the
mesoporous channels. Therefore, such finely tuned nanovalves are essential to
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the future design of drug delivery systems that can release drugs with different
structural dimensions.

In addition to these stimulis light and sound can trigger the drug release mech-
anism from mesoporous channels. Light of suitable wavelength can act as stimuli
to trigger the release of drug from the mesochannels. Fujiwara and coworkers
reported photo-controlled drug delivery, by modifying the mesopore surface with
a coumarin group [102]. Coumarin can undergo reversible dimerization in the
presence of UV light above wavelength 310 nm and can return to monomer below
210 nm. These processes stimulate the release of drug from the pore channels.
Many of the groups [125, 126] demonstrated the release of drug by modifying with
photosensitive azo-benzene derivatives. When drug molecules are loaded within
azo-benzene-modified mesochannels, they could retain the drug in the pores in
the absence of light and release it in the presence of light. These types of modifica-
tions are also found to be much effective for cancer targeted drug delivery [126].
Similarly, ultrasounds can be used as stimuli for pulsed delivery of certain drug
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molecules. In such cases, mesopores were modified with organic moieties such as
poly (dimethylsiloxane) [127] for the release of drugs.

Design and development of various stimuli-responsive drug delivery systems
based on sol–gel derived MSN can be considered to be a good competitor
for polymer-based stimuli-responsive gels. As the research is exceptionally
well progressing in new aspects of “mesoporous materials for nanomedicine”.
Consequently, sol–gel derived MSN nanoparticles offer great possibilities for
targeted therapy or chemotherapeutics and imaging applications.

10.10
Sol–Gel Matrix Targeted Cancer Therapy

Currently, one of the big challenges in the biomedical field is the design of
novel materials for cancer targeted therapy or “chemotherapeutics” as, anti-
cancer drugs can generally cause serious side-effects to normal or healthy
cells. Cell targeting is one relevant criterion that needs to be satisfied by such
therapeutic agents. For more effective cellular targeting, it is necessary to have
in-depth knowledge about the receptors that can over-express on the tumor cells
[128–130]. The ability of these receptors to selectively bind the cancerous cells
with the aid of molecular recognition or receptor-mediated endocytosis makes
it promising for use in targeted treatment [129].Various targeting agents such
as peptides and antibodies, or simple molecules, such as folic acid or mannose
are used for cell targeting. All the above mentioned targeting agents have the
ability to over-express cellular receptors on the cancer cell and act according to
the metabolic and nutritional demands of cancer cells. Since folic acid receptors
can over-express on most of the cancer cells, such as endometrial, ovarian, renal
cell, breast, and brain cells, they have emerged as an attractive targeting ligand
for cancer therapy [129–131].

So far, many studies have been carried out by binding various receptors on MSN
to trigger receptor-mediated endocytosis. Guo et al. studied the functionaliza-
tion of MSN with folic acid receptors acting as both capping agents and target-
ing agents. They have established that folic acid on the meso-channels not only
improved the internalization efficiency but also effectively capped the mesoporous
channels for controlled drug release by selective targeting of human epithelial cells
[131]. Similarly, selective targeting of breast cancer cells was studied using mon-
oclonal antibody when functionalized on the surface of MSN [132]. A schematic
representation of the administrative route of functionalized mesoporous nanos-
tructured silica developed for cancer targeted therapy is shown in Figure 10.18
[128].

Linden and coworkers [133] studied the targeting efficiency of hybrid MSN
functionalized with hyperbranched polymer, poly(ethyleneimine). The hybrid sys-
tem was further modified with fluorescent molecule (fluorescein isothiocyanate)
and folic acid receptors. The internalization of this hybrid material was studied in
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Figure 10.18 Schematic representations of administrative route followed by mesoporous
nanostructured material developed for cancer targeted therapy. (Tang 2012 [128]. Repro-
duced with permission of Wiley.)

the cell line expressing folate receptors. A significantly higher internalization was
shown by cancer cells when compared to normal healthy cells.

Various other types of functionalization such as decoration with magnetic
nanoparticle, luminescent labeling with organic dyes, and multi-functionalization
using both magnetic and luminescent particles have been carried on the surface
of mesoporous material [134, 135] by aiming targeted cancer therapy. Iron
oxide-based magnetic nanoparticle, for example, Fe2O3 and Fe3O4 were com-
monly used for functionalization of MSN for cancer targeted therapy [134, 136].
Chen et al. [137] designed magnetic-responsive rattle-type hollow structure of
Fe2O3@SiO2@mSiO2 and Fe2O3@mSiO2 hollow nanocapsules. Higher loading
efficiency of the anti-cancer drug doxorubicin was observed in rattle-type hollow
structure. It was also proved to be a wonderful anticancer drug carrier by showing
good cytotoxicity against MCF-7 cell line.

Similarly, luminescent organic dyes such as fluorescein isothiocyanates, rho-
damine, and cyanine dyes were labeled within a sol–gel matrix of MSN to deliver
it to cancerous sites for stimulating apoptosis [135, 138]. Silica matrix prevents
photobleaching and quenching of organic dye when exposed to the harsh envi-
ronment. Multi-stimuli-responsive behavior was also studied to control the drug
release from MSN, by suitable functionalization [139, 140]. Chang et al. [140]
reported the pH and thermo-responsive MSN for drug release. Similarly, Liu and
coworkers [139] reported multi-stimuli-responsive polymer functionalized MSN
capped with β-cyclodextrin and a cross-linker of the diazo group over the meso
channels of the silica surface (Figure 10.19). In the presence of three different
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stimuli, the encapsulated drug molecules release: (i) UV light that causes isomeric
transformation of azo-benzene groups, (ii) α-cyclodextrin competitive binding to
displace β-cyclodextrin, (iii) addition of disulfide reducing agents (dithiothreitol)
to cleave the disulphide (S–S) bond between β-cyclodextrin and polymeric main
chain.

Varieties of active and passive release behavior were demonstrated for tumor
targeted drug delivery. Still serious efforts are required for in vivo studies, to over-
come the biological barriers, to reach these nanostructured carrier materials to
tumor cells and release therapeutic agents at targeted cells.

10.11
Sol–Gel Matrices for Imaging and Radiotherapy (Radiolabeling)

Cancer treatments involve surgery, radiotherapy, chemotherapy, immunotherapy,
hormone therapy, gene therapy, and so on, of which radiotherapy is one of the
crucial diagnostic techniques. Recently, research efforts were put forward to
use sol–gel materials for cancer theranostic applications [128]. Since sol–gel
synthesized material was found to possess a surface active group, which improves
the surface functionalization ability of the material. Various strategies were
adopted to synthesize sol–gel material with modified surface active groups, for
diagnostics applications in modern medicine. Such surface active groups not
only improve the dispersibility of the sol–gel particles but also provide a site of
attachment for drugs, organic luminescent moieties, radioisotopes, and so on
used in imaging and therapeutic applications [141–144]. Out of various types of



10.11 Sol–Gel Matrices for Imaging and Radiotherapy (Radiolabeling) 289

sol–gel derived materials, MSN nanostructures are investigated largely for cancer
diagnostic and imaging applications [144–150]. The major imaging techniques
for which sol–gel mesoporous nanoparticles have been more explored are,
magnetic resonance imaging (MRI), photodynamic therapy (PDT), positron
emission tomography imaging (PET), and single-photon emission computed
tomography (SPECT), and so on.

10.11.1
Magnetic Resonance Imaging (MRI)

MRI is one of the medical diagnostic techniques with high spatial resolution
(50 to 250 mm) and excellent tissue contrast. Studies were conducted by immo-
bilizing highly luminescent species (MRI contrast agents) such as fluorescent
NPs (organic dye, quantum dots) and metal NPs (europium Eu3+, gadolinium
Gd3+) into sol-gel nanostructures for specific targeting, imaging and detection
of cancer cells. Delville and coworkers [144] designed high-spin paramagnetic
Gd3+ chelates, that is, Gd3+-DTPA on metal oxide such as silica and alumina.
DTPA stands for diethyl-enetriamine pentaacetic acid and it is considered to be
the first FDA-approved contrast agent in clinical use [145]. The results indicated
that, Gd3+-DTPA based new contrast agents lead to a huge reconcentration of
Gd3+ paramagnetic species inside chemoattracted microglial, brain tumors cells.
This reconcentration phenomenon gives rise to high signal-to-noise ratios on
MRI images of cells after particle internalization, which gave a new insight into
MR cell tracking. Tagaya and coworkers [146] synthesized luminescent Eu3+

doped nanoporous silica (Eu:NPS) sphere by covalently functionalizing with
folic-acid (FA) by cross-linking with 3-aminopropyltriethoxysilane (APTES)
(Figure 10.20). In this study they have concluded that, the FA-functionalized
Eu:NPS nanospheres showed high cytocompatibility for HeLa cancer cells and
NIH3T3 fibroblasts, and proving to be a good material for specific targeting and
imaging of cancer cells.

Since MSN possesses large surface areas, high accessible pore volumes, ease of
chemical modification and excellent biocompatibility, it offers great possibility
of encapsulating and delivering large quantities of biogenic molecules and MIR
contrast agents. Many studies were reported by loading MIR contrast agents
such as paramagnetic complexes, super paramagnetic iron oxide nanoparticles
in mesoporous structure [147–149] for cell imaging. Kim and coworkers [149]
investigated the in vitro cytotoxicity of human mesenchymal cells, labeled with
silica-coated magnetic nanoparticles by incorporating rhodamine dye. The
optical and MRI images were successfully tracked in NOD-SCID mice, which
demonstrated the retention capacity of silica-coated support in mesenchymal
cells.
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10.11.2
Photodynamic Therapy (PDT)

PDT is another well-established technique for cancer treatment. In this tech-
nique, photosensitizers (PSs) are delivered to target cells or tissues either passively
or actively when irradiated with a laser light. Upon irradiation, the activated PSs
transfer the energy from their triplet state to ground state oxygen to generate
reactive oxygen species (ROS) that can destroy the surrounding cancer cells.
Sol–gel derived MSN has been demonstrated to be an effective vehicle for the
PSs and improved the efficacy of PDT, [143, 150]. The mesoporous structure of
silica not only permits the accommodation of a large amount of PSs, but also
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helps to enhance the permeability of oxygen and generate singlet oxygen, which is
essential for PDT [151, 152]. Efficiency of various types of PSs such as methylene
blue, 2-devinyl-2-(1 hexyloxyethyl) pyropheophorbide, hypocrellin A, fullerene
(C60), tetra-substituted carboxyl aluminum phthalocyanine, protoporphyrin IX,
and meta-tetra(hydroxyphenyl)chlorin [143, 150–154] were studied by encapsu-
lating in sol–gel silica matrix. Prasad and Kopelman have carried out some of the
pioneering work using sol–gel silica nanoparticles for PDT [152–154].

10.11.3
Positron Emission Tomography Imaging (PET)

PET is one of the radionuclide based imaging techniques that detects pairs of
gamma rays emitted indirectly by a positron emitting radionuclide (tracer) with
spatial resolution of 1 to 2 mm. Some of the radionuclides that are explored and
studied for wide varieties of applications in nuclear medicine, are 131I, 67Ga, 123I,
131In, 99mTc, 881Re, and so on, (gamma ray emitting tracers) and 18F and 64Cu
(positron emitting tracers). Interesting research was carried out using sol–gel
derived silica nanoparticles as a carrier for radionuclide for biomedical applica-
tions [155–157]. Prasad and coworkers [155] studied the efficiency of organically
modified MSN when conjugated with fluorophores and radiolabeled with 124I for
PET imaging. They have demonstrated good biodistribution and potentiality of
modified MSN for in vivo imaging.

Smith and coworkers [157] in 2013, reported amine functionalized silica, pre-
pared by sol–gel processing for radio-labeling applications. Amine functionalized
silica was initially conjugated with SarAr-isothiocyanate (SarAr-NCS) ligand,
with tracer 57Co2+ (t1/2 = 271.8 days) and its imaging efficacy was explored.
Followed by this in the same year, Chen et al. [158] successfully demonstrated
the effect of functionalized MSN for targeted PET imaging and image guided
drug delivery. The main strategy they have adopted for the synthesis is shown in
Figure 10.21A. The study involves the following steps: surface functionalization
of MSN with thiol groups, PEGylation and conjugation with TRC105 antibody,
and finally 64Cu labeling to obtain 64Cu-NOTA-mSiO2-PEG-TRC105. Various in
vitro, in vivo, and ex vivo experimental studies demonstrated that 64Cu-NOTA-
mSiO2-PEG-TRC105 has an excellent bio-stability and target specificity. Coronal
PET imaging of 4T1 tumor-bearing mice is shown in Figure 10.21B. The results
displayed that 64Cu-NOTA-mSiO2-PEG-TRC105, may well accumulate at the
4T1 tumor-bearing site via both the enhanced permeability and retention effect.
They could also successfully demonstrate the enhanced tumor targeted delivery
of doxorubicin (DOX) after intravenous injection in 4T1 tumor-bearing mice
using TRC105 as the targeting ligand and MSN as the drug carrier. Hence, they
have concluded that 64Cu-NOTA-mSiO2-PEG-TRC105 will be a competent
material for biomedical imaging/radiotherapy and cancer targeted drug delivery.

Similarly, Linden and coworkers in 2014 [159] studied the application of sol–gel
derived MSN coupled with p-isothiocyanatobenzyldesferrioxamine (DFO) by
labeling with 89Zr, i.e.; 89Zr-DFO-MSNs for PET imaging. Figure 10.22a,b shows
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Figure 10.22 (a) PET image co-registered
with the corresponding CT image of mice
taken 1 h after injection 89Zr-DFO-MSNs
(b) 89ZrCl4 solution into the tail vein.

(c) Biodistribution curve of 89Zr-DFO-MSNs
as compared to 89ZrCl4 in salt form. (Miller
2014 [159]. Reproduced with permission of
The Royal Society of Chemistry.)

PET-CT images obtained by injecting 89Zr-DFO-MSNs and free 89ZrCl4 free salt
solution into the tail vein of mice bearing a prostate cancer tumor (LNCaP C4-2).
It was observed that, 89Zr-DFO-MSNs accumulated in the heart, liver, and spleen
whereas, 89ZrCl4 was distributed throughout the body. Therefore, an excellent in
vivo biodistribution was observed for 89Zr-DFO-MSNs when compared to free
89ZrCl4. The quantified biodistribution pattern of 89Zr in both cases is shown in
Figure 10.22c.
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[161]. Reproduced with permission of The
Royal Society of Chemistry.)

Various other sol–gel derived metal-oxides such as aluminum oxide [160],
cerium oxide [161], and zirconium oxide [162] were also recently exploited for
radiolabeling applications. Recently, Yang et al. [161] demonstrated intrinsic
radiolabeling of cerium oxide nanoparticles, by incorporating radionuclides such
as 141Ce, 111In, and 65Zn into the cerium oxide matrix. Radiolabeled cerium oxide
was modified with biocompatible polymers dextran (DT10), which could improve
the bio-stability, bio-compatibility, and intracellular internalization of radiola-
beled cerium oxide (DT10-141Ce-rCONPs). SPECT/CT image (Figure 10.23) of
nude-mouse injected with (DT10 141Ce-rCONPs) expressed excellent in vivo
biodistribution and demonstrated the mechanisms of radio protective properties
of DT10 141Ce-rCONPs for biomedical imaging and theranostic applications.
Similarly, 99mTc labeled zirconia nanoparticles capped ursolic acid [162] also
showed better future for drug delivery and topical radiotherapy applications.

10.12
Concluding Remarks and Future Perspectives

Sol–gel chemistry was initially known for the processing of glass and ceramics.
However, over the past two decades tremendous advance in sol–gel technology
has opened new possibilities in material science. They have offered tremendous
potential in the synthesis of hybrid sol–gel materials for innovative applications.
Recently, functionally engineered sol–gel derived inorganic gels (including
hydrogels, xerogels, and aerogels) and hybrid nanoarchitectures have gained
immense attention of chemists, biologists, and material scientists, and are now
emerging as a new platform in interdisciplinary research scenarios. These mate-
rials are currently transferring their possibilities among materials science and
biomedical research fields. Thus, in this chapter, we have very briefly discussed
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the state of the art in the synthesis of functionally engineered sol–gel derived
materials as well as their application in the biomedical field.

Sol–gel derived inorganic gels, and hybrid nanomaterials are now receiving
significant attention in the biomedical field due to advantages such as good chem-
ical stability, high mechanical strength, and relatively high biocompatibility when
compared to conventional polymeric materials. It can also efficiently protect the
encapsulated guest molecules from microbial attack and enzymatic degradation
induced by pH, temperature, and so on and will not show any swelling and porosity
changes, which are often encountered in (bio) polymeric systems. Unique proper-
ties such as flexibility, transparency, hydrophobicity, hydrophilicity, and thermal
and chemical stability can be brought into sol–gel derived materials by suitable
functionalization and consequently tune the material for hi-tech bio-applications.

Sol–gel metal-oxide gels, especially silica aerogels and xerogels, are deeply
explored in drug delivery applications in the biomedical field. The major studies
carried out so far showed that these materials have high capacity for loading
drugs, excellent ability for controlled drug delivery, and the capacity to improve
the stability of low-soluble drugs. Still, there exist several issues related to
metal-oxide gels; rare reports are found to prove their biocompatibility/toxicity.
Similarly, systematic investigations have not been carried out to spot the
drug–matrix interactions. Another area that has hardly been investigated in
inorganic gels is the targeted therapy and imaging in the biomedical field.

Hybrid MSN is another sol–gel derived nanomaterial, which has created a
major breakthrough in the field of nanomedicine in the current era. This material
has attracted more and more attention to their potential for both therapeutic
and diagnostic applications. The main reason this material has shown such
progress in this field is because it can be finely tailored with reference to size,
surface chemistry, shape, and porous structure. As a drug delivery system it
has amazingly high drug loading capacity, sustained and stimuli-responsive
controlled drug releasing ability, and relatively high cyto/biocompatibility. The
functionalization ability of the sol–gel mesoporous nanomaterial allows to
incorporate the magnetic, photothermal, and luminescent properties to the
material for therapeutic functions.

In addition to this, mesoporous nanosilica has emerged as a versatile mate-
rial for cancer therapy. It has got various advantageous when compared to other
polymeric and organic nanocarriers. The over dosage of anti-cancer drugs is con-
sidered to induce toxicity in the cells and cause severe adverse side effects. For
this reason, chemotherapy deals with various unmanageable risk factors. Hence,
mesoporous nanomaterials are intelligently designed, as a targeting drug delivery
vehicle with stimuli-responsive release behavior. Different gatekeepers (stimuli-
responsive agents) are created at the entrance of meso-channels to uncap and
trigger the departure of drug molecules in the presence of various external stim-
uli. For the past few years, a wide range of in vitro studies has been carried out for
targeted drug delivery applications [102, 108–139]. Some of the in vivo studies
are also encouraging to move this material for use in clinical trials. But, still some
challenges exist which have to be resolved. Interaction of silica nanoparticle with
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targeting ligand and its binding efficiency specifically to tumor sites needs to be
further explored. Great effort has to be taken from biologists, toxicologists, and
pathologists to completely understand the toxicity profile of sol–gel MSN.

Sol–gel derived MSN nanoparticles are also emerging as promising material for
diagnostic and intracellular imaging applications. Recent studies regarding this
topic revealed that this material has immense potential in chemo- and radiother-
apy especially in the treatment of cancer. In 2011, by human clinical trials, US
Food and Drug Administration (FDA) approved ultra-small sol–gel derived sil-
ica nanoparticles for targeted molecular imaging of cancer [163]. Radiolabeling
of sol–gel derived inorganic nanoparticles in combination with photo-thermal
and optical properties probes new opportunities in imaging applications. In the
near future, more and more clinical trials have to be carried out with radiolabeled
nanosilica for making it a powerful tool in diagnostics and imaging applications.
It is also possible to improve the traditional concept of separate diagnosis and
treatment by designing novel radiolabeled inorganic materials by inducing multi-
functionality, which offers great possibilities for simultaneous detection, imaging,
and therapy, that is, “theranostic functions” in the biomedical field.
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FA folic-acid
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LMWGs low molecular weight organic gelators
MRI magnetic resonance imaging
MSNs mesoporous silica
NPs nanoparticles
PDT photodynamic therapy
DFO p-isothiocyanatobenzyl-desferrioxamine
PEG-PPG-PEG poly-(ethylene glycol)-poly-(propylene glycol)-poly(ethylene

glycol)
PNIPAM poly(N-isopropylacrylamide)
PET positron emission tomography imaging
ROS reactive oxygen species
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SPECT single-photon emission computed tomography
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11
Relevance of Natural Degradable Polymers
in the Biomedical Field

Raju Francis, Nidhin Joy, and Anjaly Sivadas

11.1
Introduction

Biodegradable polymers are recently emerged polymers. Biodegradable polymers
offer possible solutions to waste-disposal problems that are associated with
traditional petroleum-derived plastics. Biopolymers are also referred to as
natural polymers because they are formed in nature during the growth cycles
of all organisms. They are generally water-soluble gums [1] that have novel
and unique physical properties. Because of their wide diversity in structure
and physical characteristics, these polysaccharides have found a wide range of
applications in the food, pharmaceutical, and other industries. Biodegradation is
a natural process by which organic chemicals in the environment are converted
to simpler compounds, mineralized, and redistributed through elemental cycles
such as the carbon, nitrogen, and sulfur cycles. Biodegradation can only occur
within the biosphere as microorganisms play a central role in the biodegradation
process. Some microorganisms and enzymes capable of degrading a vast number
of synthetic biodegradable polymers have been recently identified. Polymers are
used in drug delivery applications because they offer unique properties, which
so far have not been attained by any other materials. Various natural gums and
mucilages have been examined for their role as potential polymers for use in
controlled and sustained drug release, in the past few decades. Natural polymers
remain attractive compared with synthetic polymers primarily because they are
commercial, readily available, capable of a multitude of chemical modifications,
potentially degradable, and compatible due to their origin. Biodegradable poly-
mers can degrade in biological fluids with progressive release of a dissolved or
dispersed drug. Biosafety and biocompatibility are two important characteristics
needed for the use of polymers in the field of pharmaceutical formulation and
in novel drug delivery approaches. Biodegradable polymers degrade within the
body due to natural biological processes, eliminating the need to remove a drug
delivery system after release of the active agent. Most biodegradable polymers
are designed to degrade because hydrolysis of the polymer chains result in
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biologically acceptable, and progressively smaller, compounds. Degradation may
take place through bulk hydrolysis, in which the polymer degrades in a fairly
uniform manner throughout the matrix [2].

11.2
Natural Biopolymers and Its Application

Polymers have been used to control the rate of drug release, prevent toxicity, pro-
tect drugs from degradation before delivery, target drugs to the site of action, as
well as improve absorption, bioavailability, and therapeutic efficacy. Although syn-
thetic polymers can be tailor-made, natural polymers exhibit the advantages of
excellent biodegradability, biocompatibility, cost-effectiveness, and environmen-
tal friendliness [3].

11.2.1
Chitosan

Chitosan derived from chitin is a natural biopolymer found in the marine envi-
ronment and originates from crustaceans and the cell wall of fungi. It is known as
linear polysaccharide and is composed of a glucosamine and N-acetylglucosamine
ratio referred to as the degree of deacetylation. Depending on the source and
the processing method, its molecular weight may range from 300 to 1000 kDa.
Chitosan is normally insoluble in water and aqueous solutions above pH 7,
but, in diluted acid with a pH less than 6, the protonated free amino group on
glucosamine facilitates the solubility of that molecule [4–6]. Chitosan is nontoxic
after oral administration in humans and is approved by the FDA. Chitosanase,
lysozyme, and papain enzymes degrade CHI in vitro. In vivo degradation results
from the lysozyme and occurs through the hydrolysis of the acetylated residues.
The rate of degradation of chitosan inversely affects the degree of acetylation
and crystallinity of the polymer. The highly deacetylated form demonstrates
the lowest degradation rates and may last for several months in vivo. Chemical
modification of chitosan can significantly affect its solubility and degradation rate
[7]. Chitosan is biocompatible and biodegradable, and can be molded into porous
structures (allows osteoconduction) [8]. Several studies have focused on the use
of chitosan/calcium phosphate composite for this purpose. Chitosan /nanocrys-
talline calcium phosphate scaffolds characterized by a relatively rough surface and
approximately 20 times greater area/unit mass than chitosan scaffolds indicate
increased adsorption and improved cell attachment for bone regeneration [9].
In the development of chitosan/nano-HA scaffold conducted by Thein-Han and
his coworkers [10], high molecular weight chitosan scaffolds were observed to
have superior mechanical properties compared with medium molecular weight
chitosan scaffolds. In addition, the significant increase in compression modulus
of the nano-HA/chitosan composite was attributed to the good dispersion of
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nano-HA and the strong interaction between chitosan and nano-HA to form
a composite. In the nanocomposite scaffold, the organic chitosan network
uniformly covered the HA nanoparticles; interactions may have occurred similar
to those occurring components of bone. Possible interactions involve Ca2+ and
PO43− charged species of HA with NH3+ of chitosan. However, the mechanical
properties of the composites obtained were inadequate for bone regeneration.
Chitosan with incorporation of collagen (CCS) composite microgranules were
fabricated as bone substitutes for the purpose of obtaining high bone-forming
efficacy. The microgranules have the flexibility to fill various types of defect
sites with closer packing. The interconnected pores form spaces between the
microgranules, which allow new bone ingrowth and vascularization [11]. Like
any other biodegradable polymers, the mechanical strength of CCS significantly
improved after adding HA or other calcium phosphate components [12]. Other
than composite scaffold, chitosan also appeared in the form of membrane, which
was fabricated with silica xerogel [13]. Their potential applications in guided bone
regeneration (GBR) were investigated with regard to bone regeneration ability.
The in vivo study in a rat calvarial model demonstrated significantly enhanced
bone regeneration when using the chitosan/xerogel membrane compared to
when using the pure chitosan one. Histomorphometric analysis performed
3 weeks after implantation revealed a fully closed defect in the hybrid mem-
brane, whereas there was only 57% defect closure in the chitosan membrane.
Another scientific study was conducted on modified chitosan structure with
varied sulfate groups (structure is shown in Figure 11.1) [14]; the molecular
weight and sulfur content were tailored to investigate the effects on the bioactivity
of BMP-2. Low dose of synthetic sulfated chitosan (structure shown in Figure 11.1)
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Figure 11.1 Chemical structures of chitosan modified with different sulfate groups. 2-N-
Sulfated chitosan, 2SCS;6-O-Sulfated chitosan, 6SCS; 2-N, 6-O-Sulfated chitosan, 26SCS [14].
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stimulated osteoblast differentiation induced by BMP-2 in vitro and ectopic bone
formation in vivo. Another requirement of chitosan modification is to allow water
solubility in a chitosan matrix, as observed by D’Ayala and coworkers [15].

11.2.2
Cellulose

Cellulose is the most abundant polysaccharide found in nature. Its value has
been recognized in numerous traditional industries, such as construction,
pulp and papermaking, and textile industries. Oxidation of cellulose is one of
the most important modification methods to prepare value-added cellulose
derivatives for further applications. Oxidized cellulose and regenerated cellulose
are widely used as excellent hemostatic materials in various surgical operations
and postsurgical adhesion prevention layers. Ascribed to its gelling properties,
biodegradability, biocompatibility, and bioactivity of TEMPO-oxidized NFC,
its structured hydrogel and aerogel materials have been used for biomedical
applications such as in scaffolds for wound healing and three-dimensional (3D)
cell culture, drug carrier and controlled release, cosmetic applications such as
thickeners and water-retaining agents, and other applications [16, 17].

11.2.3
Proteins and Poly(amino acids)

Proteins are the most important classes of biomolecules. They are the major struc-
tural units of many tissues in which amino acid polymers are arranged in a 3D
structure. It is an important biomaterial as it is a major component of natural tis-
sues and is applied in hemostatic agents, scaffolds for tissue engineering, drug
delivery vehicles, and sutures. Controlled degradation process happens in protein-
based biomaterials [18]. The human body is able to synthesize a wide range of
proteins in which the precursor molecules pass through four major stages prior
to becoming functional proteins. Formation of the primary structure where a lin-
ear sequence of various amino acids is held together by peptide bonds occurs in
the first stage. The constituent amino acids then participate in hydrogen bonding
to form the secondary structure of protein. The linear primary structure arranges
itself in the most stable structures as α-helices or -pleated ß sheets. These sec-
ondary structures then join together to form 3D tertiary structures, which in turn
interact with other protein chains to form the more refined 3D quaternary struc-
ture of a multiunit protein [19].

11.2.4
Collagen

Collagen is the most abundant protein in mammals accounting for 30% of the
protein content in the human body and forms a major component of skin and
bone [20, 21]. It is a road-type polymer with a length of 300 nm and a molecular
weight of 300,000. Its helical structure and its predictable mechanical properties
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are due to its repeating sequence [22]. It undergoes enzymatic degradation within
the body via enzymes. It has been extensively investigated for biomedical appli-
cations due to the enzymatic degradability and physicochemical, mechanical,
and biological properties. Collagen is mostly soluble in acidic aqueous solutions.
It can be processed into different forms such as sheets, tubes, sponges, foams,
nanofibrous matrices, powders, injectable viscous solutions, and dispersions. The
degradation rate of collagen can be significantly altered by enzymatic pretreat-
ment or cross-linking in biomedical applications. By increasing the cross-links,
one could (i) increase the biodegradation time, making collagen less susceptible
to enzymatic degradation; (ii) decrease the capacity of collagen to absorb water;
(iii) decrease its solubility; and (iv) increase the tensile strength of collagen.
As a biomaterial, collagen is biocompatible, biodegradable, and osteoconduc-
tive [23]. The composition of human bone is a well-known mineral/organic
hybrid consisting of HA and mainly organic collagen constituents. Calcium
phosphate/collagen composites are probably the most preferred for biomimetic
constructs for osseous replacement or bone regeneration [24]. When associated
with calcium phosphate particles or any other filler forming composite, collagen
prevents filler dispersion in implants, resulting in an easily molded biomaterial
[25]. In order to investigate the vicinity between collagen and calcium phosphate
in bone substitute biomaterial, composites constituted of collagen and calcium
phosphate doped by europium were synthesized by a precipitation method
[26]. Interaction checked by Förster resonance energy transfer (FRET) devices
showed a good yield from the composites, thereby promising to be a favorable
bone substitute. Collagen coatings are known to enhance early cell adhesion
and proliferation on calcium phosphate, increasing the in vivo osteointegration,
osteoconduction, and osteoregenerative capacity of these materials [27, 28]. For
these reasons, composite materials containing calcium phosphate and collagen
have been developed [29] using methods such as particle–gel mixing and powder
compression [30]. One scientific study regarding the effect of collagen/citric
acid on the setting reaction of brushite found out that collagen has the ability
to speed up the cement setting reaction and had compressive strength similar
to that of spongious bone (48.9 MPa) [31]. When combined with citric acid, it
helped to shorten the setting time, increase injectability, reduce viscosity, and
improve the mechanical strength of the composite [32]. Citric acid also enables
the mixing of a high collagen content gel (3 wt%) with the cement powder to
form a brushite–collagen composite that was easy to work with. The effect of
cross-linking on brushite–collagen composites was also studied by immersing
the composite into a 2% glutaraldehyde solution in wet condition; the addition of
neither collagen nor glutaraldehyde cross-linked collagen seemed to increase the
compressive strength of the composite after storage in wet condition [33].

11.2.5
Carrageenans

Carrageenans are water-soluble polymers extracted from red algae. They are
used in food and pharmaceutical industries as gelling and stabilizing agents, in
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microencapsulation, and in immobilization of drugs and enzymes. Carrageenans
consist of alternating copolymers of a-(133)-D-galactose and b-(134)-3,6-
anhydro-D- or L-galactose. Several isomers of carrageenan are known as k-,
𝜆-, and 𝜄-carrageenan, and they differ in the number and position of the ester
sulfate groups on the repeating galactose units. k-Carrageenan has only one
negative charge per disaccharide with a tendency to form a strong and rigid gel.
𝜄-Carrageenan has two and 𝜆-carrageenan bears on an average 2.7 charges per
disaccharide unit. The gelling power of 𝜆- and 𝜄-carrageenans imparts excellent
film-forming properties.

11.2.6
Elastin

Tropoelastin molecules are covalently bonded in elastin and are highly cross-
linked insoluble polymer. Elastin is a major protein component of vascular
and lung tissues. Unusual elastic properties of elastin make it reliable. Smooth
muscle cells (SMCs) and fibroblasts intracellularly produced the tropoelastin
molecules and are cross-linked extracellularly to form a secondary structure with
b-turns. The pentapeptide VPGVG, the hexapeptide APGVGV, the nonapeptide
VPGFGVGAG, and the tetrapeptide VPGG are the repeating sequences of tropoe-
lastin. In this the pentapeptide VPGVG recurs up to 50 times in a single molecule.
Results show from the in vivo biocompatibility studies that elastin elicits immune
response to the same extent as do collagen implants. But the insolubility of native
elastin limits its biomedical applications [34]. Elastin is used in biological coatings
for synthetic vascular grafts [35] due to its minimal interaction with platelets.
Synthetic elastin has been developed from recombinant human tropoelastin [36]
to overcome the insolubility of elastin. Good mechanical and biological properties
make them useful as elastic biomaterials for appropriate applications. When the
temperature is increased above 25 ∘C, tropoelastin will undergo folding due to its
transition from a disordered form to an ordered form at higher temperature called
inverse temperature transition (ITT). Tropoelastin and its synthetic analogs are
extensively investigated due to its unique thermal transition properties [37].

11.2.7
Elastin-Like Peptides

Artificial polypeptides composed of the pentapeptide repeats (VPGXG) n of
human tropoelastin except the fourth amino acid are referred to as elastin-like
polypeptides (ELPs) where X in ELP stands for a guest residue that can be any
amino acid except proline and “n” represents number of pentapeptide repeats in
the ELP. Elastin is the source of ELPs. ELPs have excellent biocompatibility and
nonimmunogenic property, and degradation products are composed of natural
amino acids that are nontoxic. They exhibit a reversible ITT.

ELPs will respond to stimuli such as pH, ionic strength, and light by the incor-
poration of appropriate guest residues in the molecule at the fourth position [38].
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With advanced molecular biology, these molecules can be bioproduced using
genetic engineering techniques. Monodisperse polymers of ELPs can be recom-
binantly synthesized with E. coli by the overexpression of a synthetic gene. Under
mild conditions where ELPs are injectable, they will undergo phase transition.
They can be used as a drug carrier vehicle and in cartilage tissue engineering [39].
Normal cartilage and cross-linked ELP show similar shear modulus. The dynamic
shear modulus of the gel increased from 0.28 to 1.7 kPa after seeding with chon-
drocyte for 4 weeks in culture. So this result shows the feasibility of remodeling
ELP matrices by the deposition of functional cartilage extracellular matrix (ECM)
components [40]. Specific substrates can be developed for engineering various
tissues by the incorporation of specific cell binding epitopes in ELPs due to its
synthetic versatility [41]. Consequently the incorporation of RGD peptide into
an ELP has significantly enhanced cell adhesion and spreading on ELP hydrogel
matrices.

11.2.8
Albumin

Human blood plasma contains almost 50% of albumin protein, a water-soluble
polymer with a molecular weight of 66 kDa. The function of albumin is to carry
hydrophobic fatty acid molecules around the bloodstream and maintain blood pH.
In the liver preproalbumins are synthesized, and they undergo further processing
before getting released into the circulatory system. High content of cystine and
charged amino acids such as aspartic and glutamic acids, lysine, and arginine and
low content of tryptophan and methionine are among the characteristics of the
composition of albumin. Albumin is a highly preferred degradable biopolymer
for medical applications [42] because almost all tissues in the human body have
the ability to degrade albumin. Due to the presence of functional groups along the
polymer chain and its solubility, albumin is very easily processed to various shapes
and forms such as membranes, microspheres, nanofibers, and nanospheres. Albu-
min is used as a carrier vehicle for intravenous drug/gene delivery [43] due to its
excellent blood compatibility. It has also been investigated for its use in cardio-
vascular devices [44]. Albumin-based surgical adhesives have also been approved
by the FDA for reapproximating the layers of large vessels, such as femoral, aorta,
and carotid arteries (CryoLife Inc.), and are composed of glutaraldehyde, gelatin,
and bovine serum albumin (BSA).

11.2.9
Fibrin

Fibrin is a biopolymer involved in the natural blood-clotting process. It is derived
from fibrinogen, which has a molecular weight of 360 kDa. It is composed of
three pairs of polypeptide chains. There are three major sections of the structure
which consist of a central domain composed of fibrinopeptide E with two pairs of
fibrinopeptides A and B molecules and two terminal domains of fibrinopeptide D.
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Due to the cleavage of fibrinopeptides A and B, a linear fibril forms upon sponta-
neous fibrillogenesis in the presence of thrombin. The lateral association of these
fibers leads to fibers with varying diameters ranging from 10 to 200 nm depend-
ing on the environmental conditions. Fibrinolysis occurs in the body due to the
degradation of fibrin clot. It is initiated by a complex cascade of enzymes present
in the human body [45]. With excellent biodegradability, injectability, and bio-
compatibility properties and the presence of several ECM proteins that favorably
affects cell adhesion and proliferation, fibrin has become one of the biopolymers
used as biomaterials: fibrin sealant was among the first products developed from
fibrin. In various surgical procedures hemostasis and tissue sealing applications
are done clinically worldwide with the help of different fibrin sealant products.
Fibrin has also been investigated as a carrier vehicle for bioactive molecules due to
its injectability and biodegradability. Certain growth factors (GFs) have a strong
interaction with fibrin matrices [46] demonstrating that proteins can interact
differently with fibrin clots. Various cross-linking techniques are currently under
investigation to control the release profile of bioactive molecules from the fibrin
matrix. It is found that fibrin matrices are excellent cell carrier vehicles. Bioseeds
are applied in chronic wounds, and they are prepared by mixing keratinocytes
with fibrin. Optimization of matrix properties is needed for each different
cell type [47].

11.2.10
Hyaluronic Acid

Hyaluronic acid (HA) is a linear polysaccharide consisting of alternating units of
N-acetyl-D-aglucosamine and glucuronic acid. It is a member of the glycosamino-
glycan family. It is found in virtually every tissue in vertebrates. Rooster combs
and bovine vitreous humor are the traditional sources for HA isolation. HA can
undergo degradation within the body by free radicals, such as nitric oxide and
MMPs found in the ECM. After degradation follows endocytosis. Lysosomal
digestion of HA forms mono- and disaccharides, which are again converted
into ammonia, carbon dioxide, and water via the Krebs cycle [48]. HA is very
actively involved in many biological processes such as modulating cell migration
and differentiation during embryogenesis, regulating ECM organization and
metabolism, as well as playing important roles in metastasis, wound healing, and
inflammation. HA polymer has been extensively investigated for wound dressing
applications. Other properties of HA include its ability to promote angiogenesis
and to be recognized by receptors on a variety of cells associated with tissue repair
[49]. HA also improves collagen deposition and angiogenesis through mesenchy-
mal and epithelial cell migration and differentiation, thus playing an important
role in tissue repair. This leads HA to be an ideal biomaterial for tissue engineering
and drug delivery applications. With HA’s aqueous solubility, it can be fabricated
into different types of porous and 3D structures. HA is used in clinical trials
with a viscous formulation containing fibroblast growth factor (OSSIGELs) and
is used as a synthetic bone graft to accelerate bone fracture healing. HYAFF11
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is currently being used as a carrier vehicle for a variety of GFs and morphogens
as well as bone marrow stromal cells. Studies show that better healing response
is obtained with Hyaffs11 carrier compared to collagen [50]. Collagen-based
materials as injectable soft tissue fillers [51] are being replaced with HA-based
materials. To protect the sensitive eye tissue during cataract extraction, corneal
transplantation, and glaucoma surgery, and to serve as vitreous humor substitute,
high molecular weight viscous HA solutions (AMVISCs and AMVISCs PLUS)
are being used. Viscous HA solutions (SYNVISCs, ORTHOVISCs) are clinically
used as a synovial fluid substitute to relieve pain and improve joint mobility in
osteoarthritis patients [52]. Recent studies show the advantages of exogenous HA
in treating vascular diseases [53].

11.2.11
Glycosaminoglycans

Glycosaminoglycans (GAGs) are polysaccharides which naturally cover the sur-
face of all eukaryotic cells. GAGs are negatively charged polysaccharides com-
posed of repeating disaccharides units. GAGs are often located on the surface of
cells or within the ECM. They are generally covalently linked to core proteins com-
prising larger glycoconjugates called proteoglycans (PGs) and participate in a wide
variety of biological events, which depend on their core structures, core proteins,
and sulfation patterns. Variable patterns of substitution of the disaccharide sub-
units with N-sulfate, O-sulfate, and N-acetyl groups give rise to a large number
of complex sequences. Heparin (HP) and heparan sulfate (HS) are structurally the
most complex members of the GAG family of polysaccharides, which also includes
chondroitin sulfate (CS), dermatan sulfate (DS), and keratin sulfate.

11.2.12
Heparin (HP)

HP is located in the mast cells and its exact biological function is not clear, but it is
considered to be involved in allergic and inflammatory responses. It is also is well
known for its anticoagulant activity; it has been used clinically as an anticoagulant
for over 60 years. The release of lipoprotein lipase and hepatic lipase, inhibition
of complement activation, and inhibition of angiogenesis and tumor growth, and
antiviral activity are other biological activities of HP. These activities originates
from its interaction with proteins, the most well studied and characterized being
its interaction with antithrombin, a serine protease inhibitor that mediates the
anticoagulant activity of HP. Its biological activities are advantageous in therapy,
such as in modulation of angiogenesis, tumor metastasis [54, 55], and viral inva-
sion, because HP–protein binding serves as a model for the interaction of proteins
with the highly sulfated regions (NS domains) of the HS chains of cell-surface HS
PGs [56].
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11.2.13
Heparan Sulfate

HP PGs are recognized as ubiquitous protein ligands. Binding of proteins to
HS chains may serve a variety of functional purposes, from simple immobi-
lization or protection against proteolytic degradation to distinct modulation of
biological activity. Because of such interactions HS PGs are critically involved
in a variety of biological phenomena at various levels of complexity, including
organogenesis in embryonic development, angiogenesis, regulation of blood
coagulation and GF/cytokine action, cell adhesion, and lipid metabolism [57,
58]. HS plays essential roles in many biological processes, including blood coag-
ulation, viral/bacterial infections, tumor growth, and embryonic development
[59]. These HS/HP oligosaccharides are used to probe the structural selectivity
in HS-mediated biological functions. Several works in the literature clearly show
that there is a specificity directing the interactions of HS and target proteins,
regarding both the fine structure of the polysaccharide chain and precise protein
motifs. Thus, they can interact with a diverse range of proteins leading to
biological activities as shown in Figure 11.2 [60].

Due to their vast structural diversity, HS chains are able to bind and interact with
a wide variety of proteins, such as GFs, chemokines, morphogens, ECM compo-
nents, and enzymes, among others. HS chains are located facing the extracellular
compartment, and thus their biological roles can be related to assemble the ECM
[61] to modulate the activity of enzymes and/or their inhibitors [62], to provide an
extracellular gradient of GFs and chemokines [63], as well as to prevent degrada-
tion of GFs. Nevertheless, HS PGs can trigger cell response through signal trans-
duction pathways, as well as by translocation to intracellular compartments, due
to interactions of the polysaccharide chains and/or the core protein with specific
ligands. HS play a role in cellular signaling as either receptors or coreceptors for
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Figure 11.2 Biological activities modulated by the interaction of proteins with heparan
sulfate [60].
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different ligands. The activation of downstream pathways is related to phospho-
rylation of different cytosolic proteins either directly or by involving cytoskeleton
interactions leading to gene regulation.

11.2.14
Chondroitin Sulfate

CS is a major component of aggrecan. It is found in abundance in the proteo-
glycans of articular cartilage. It can stimulate the metabolic response of cartilage
tissue and has anti-inflammatory properties [64]. It is involved in intracellular sig-
naling, cell recognition, and the connection of ECM components to cell-surface
glycoproteins. CS disaccharides in mammals are found to be monosulfated in the
4th or 6th position of the GalNAc residue or disulfated in the 2nd and 6th positions
of the GlcA and GalNAc or in the 4th and 6th positions of GalNAc residue [65].
Chondroitin sulfotransferases are responsible for these modifications. An impor-
tant phase of wound healing process involves the secretion of glycosaminoglycan
by fibroblast cells to form a hydrophilic matrix, which makes it suitable for remod-
eling. The significance of CS as natural polymer for use in biomedical applications
has been shown in a recent study using rat embryonic fibroblast cells where the
majority of the glycosaminoglycan chains were synthesized [66]. CS hydrogels
have been extensively investigated for their role in wound dressing applications
due to its biocompatibility, nonimmunogenicity, and pliability [67]. Numerous
physical and chemical cross-linking techniques have been developed to prepare
CS hydrogels in biomedical applications [68]. CS has been extensively investigated
as a scaffolding material for cartilage tissue engineering, since it helps regulate
the expression of the chondrocyte phenotype. Significance of this study includes
successful cartilage regeneration through the use of a tissue engineered implant,
only if the seeded cells undergo normal proliferation and phenotype development
within the biodegradable scaffold together with the production of a new cartilage-
specific ECM. The efficacy of using composite scaffolds composed of CS and other
biopolymers, such as collagen or synthetic biodegradable polymers, as scaffolds
for cartilage tissue engineering were investigated, and these studies have shown a
strong correlation between the use of CS and the bioactivity of the seeded chon-
drocyte [69].

11.2.15
Dermatan Sulfate

DS is a macromolecule belonging to a class of natural, structurally complex,
sulfated, linear polymers, namely, GAGs. DS, produced by extraction and
purification from different animal tissues, has several fundamental biological
activities, as well as pharmacological properties, making it an experimental
therapeutic agent to modulate a variety of these biological processes [70, 71].
Biological activities of DS chains possibly involve various GFs and chemokines,
and these functions are closely associated with the sulfation patterns and
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characteristics of the polysaccharide chains. DS may help in the development of
targeted therapeutics, in particular those used for parasitic and viral infections;
regenerative medicine based on the idea that minute amounts of functional
poly(oligo)saccharides can be used for tissue regeneration; and antitumor drugs,
in particular in tumor cell proliferation and metastasis. DS (and other GAGs)
functions and possible therapeutic applications are closely related to its specific
structure and properties as well as distinctive oligosaccharide sequences inside
the polymer chains. DS is particularly interesting for further studies and appli-
cations because it is expressed in many tissues and it is the predominant glycan
present in skin. GAG is an important cofactor in a variety of cell behaviors, in the
development of the CNS, and also acts as a receptor for various pathogens [72].

11.2.16
Keratin Sulfate

Keratins are a group of cysteine-rich structural proteins formed in the epithelial
cells of higher vertebrates that exhibit high mechanical strength due to a large
number of disulfide bonds. These proteins, along with others, are found in hard
or filamentous structures such as hair, nails, horns, hoofs, and feathers. Because of
its water insolubility and the limited number of methods available for extraction
and processing, keratin has attracted only minor interest in the past as a biomate-
rial in the field of regenerative medicine, in contrast to the attention garnered by
proteins such as collagen. However, in the past decade, and particularly over the
past 5 years, new methods have been described for the use of keratin or modified
keratin, mainly obtained from wool, as a substrate or scaffold in cell cultivation and
tissue engineering. Reichl et al. reported that keratin films could be a promising
replacement for amniotic membrane in ophthalmology [73]. Due to the nonim-
munogenic nature of keratin, proteins, and their evolutionary structural conser-
vation across species [74, 75], it is hypothesized that keratose implants will be
tolerated by the cell-mediated immune system and can incorporate with host tis-
sues during the wound healing process. Extracts of human hair fibers were found
to contain cortical keratins and, therefore, lack the ability to form disulfide cross-
links due to oxidation of free thiol groups. The absence of covalent disulfide bonds
enables the hydrogel material to degrade relatively fast. Implantation in the sub-
cutaneous layer of the mouse showed that keratose is compatible with the tissue
since it integrates as evidenced by minimal fibrous capsule formation and infiltra-
tion of host cells and new blood vessels. The material was resorbed and eventually
replaced with a natural collagen structure, suggesting that keratose implants can
be used as temporary matrices for delivery of bioactive molecules and cells for
tissue engineering and regenerative medicine applications. Highly water-stable
nanoparticles of around 70nm and capable of distributing with high uptake in
certain organs of mice were developed from feather keratin. Nanoparticles could
provide novel veterinary diagnostics and therapeutics to boost efficiency in the
identification and treatment of livestock diseases to improve protein supply and
ensure safety and quality of food. Nanoparticles could penetrate easily into cells
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250 nm

Figure 11.3 Morphologies of keratin nanoparticles in a TEM image. (Xu 2014 [76]. Repro-
duced with permission from American Chemical Society.)

and small capillaries, surpass detection of the immune system, and reach targeted
organs because of their nanoscale sizes, as shown in Figure 11.3 [76].

Fibrous capsule is formed around implants to wall off and isolate foreign mate-
rials that cannot be eliminated by the cellular immune system. Since the keratose
implant degrades relatively fast, minimal fibrous encapsulation was detected. The
capsule thickness in response to keratose is less than the typical 50–200 mm range
for biocompatible materials [77]. The PLGA scaffold induced a sharp increase in
capsule thickness due to the delayed degradation, but once the bulk material lost
its mechanical integrity (i.e., polymeric chain degradation to lactic acid and gly-
colic acid), the phagocytes were able to ingest the particles, leading to better host
integration and decreased fibrous capsule thickness. In contrast, keratose capsule
thickness plateaued directly to about 20 mm. The relatively fast resorption time,
successful integration into the host system, and complete resorption of formed
structures imply that the keratose extract can be used as a temporary tissue filler
for injured soft tissues with a short healing phase (lasting within a few weeks) [78].

11.2.17
Dextran

Dextran is a polysaccharide which consists of basically 1,6- linked D-glucopyranose
residues with a few percent of -1,2, -1,3, or -1,4-linked side chains (Figure 11.4)
[79]. Due to its biocompatibility, low toxicity, relatively low cost, and simple
modification, it has been widely used for biomedical applications. Clinically it
has been used for more than five decades as a plasma volume expander, periph-
eral flow enhancer, and antithrombolytic agent as well as for the rheological
improvement, for example, artificial tears [80].

Dextran shows stability under mild acidic and basic conditions and is highly
water soluble. The presence of large amount of hydroxylic groups makes it



316 11 Relevance of Natural Degradable Polymers in the Biomedical Field

HO
HO

HO
HO

HO HO

OH

OH

OH

O

O O

O O

O

Figure 11.4 Chemical structure of dextran [79].

suitable for derivatization and subsequent chemical and physical cross-linking
[81]. Compared with other polysaccharides (e.g., glycogen with −1,4 linkages) it
will slowly be degraded by human enzymes and cleaved by microbial dextranases
in the gastrointestinal tract. Hence it is chosen as good candidate for many
biomedical applications. To increase the longevity of therapeutic agents in
systemic circulation, it has been used as a macromolecular carrier for delivery
of drugs and proteins. In vivo immunogenicity of proteins and enzymes is
decreased by dextran. Molecules with Mw>40 kDa have larger half-lives and
would be isolated in the liver and spleen and then hydrolyzed by endo- and
exodextranases, whereas molecules with molecular weight of <40 kDa can be
eliminated through renal clearance and have a half-life of 8 h [82]. Dextran has
also been used in a large number of in vivo imaging techniques such as diagnostic
magnetic resonance (DMR), photodynamic therapy (PDT), positron emission
tomography (PET) imaging, and finally, magnetic resonance imaging (MRI),
which may lead to promising treatments in atherosclerosis and cancer [83]. Drug
delivery applications aim at delivering any drug with the correct timing in a safe
and reproducible manner to a specific target in a given concentration level. Due
to their significant physical properties, dextran hydrogels have been extensively
explored in drug delivery applications. The moieties present in the dextran-
based hydrogels are able to interact with biomolecules. Recently dextran-based
hydrogels used as instructive scaffolds to promote neovascularization and skin
regeneration in third-degree burn wounds. A schematic representation of the
preparation of amphogels (AmB) is shown in Figure 11.5 [84]. Dextran plays an
important role in reducing the intra-abdominal adhesions. Succinyl chitosan and
dextran aldehyde hydrogels significantly reduce the formation of intra-abdominal
adhesions without adversely affecting wound healing [85]. The antifungal agent
AmB is loaded in dextran-based hydrogel, and AmB killed fungi within 2 h of
contact and could be reused for at least 53 days without losing its effectiveness
against Candida albicans.

The antifungal material used here is biocompatible in vivo and did not cause
hemolysis in human blood. AmB inoculated with C. albicans and implanted in
mice prevented fungal infection and also reduce fungal biofilm formation. A
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Figure 11.5 Antifungal properties of
dextran-based hydrogels with or without
AmB. (a) Schematic representation of the
preparation of amphogels, (c) SEM images

of dextran-based gels without (c1) and with
(c2) AmB incubated with Candida albicans for
48 h. (Sun 2011 [84]. Reproduced with per-
mission from PNAS.)

variety of medical devices, for example, catheters, as well as industrial surfaces
[86] are coated with dextran and also used as an antifungal matrix. Dextran-based
hydrogels may be also used as injectable in situ cross-linking networks for
the delivery of amphotericin. Here AmB was first reacted with dexOx, and
the resulting conjugate was cross-linked with carboxymethylcellulose (CMC)
hydrazide. The gel provided in vitro antifungal activity for 11 days, and contact
with the gel killed Candida for three weeks [87]. The gel had acceptable in vivo
biocompatibility after implantation in the murine peritoneum.

11.2.18
Pectin

Pectin is a natural polymer constituting the cell walls of most plants, and it is
extensively employed in the food industry, as a thickener or stabilizing agent. It
is usually extracted from several types of fruits, by chemical or enzymatic meth-
ods. It is composed of at least three polysaccharide domains: homogalacturonan
(HGA), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) [88].
HGA is the major component of pectin polysaccharides and contains α-(1→ 4)-
D-linked galacturonic acids (1,4-α-D-GalpA) that are partially methyl-esterified
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and sometimes partially acetyl-esterified. The promising features of pectin gels
for biomedical applications are related to easily tunable physical properties, high
water content, and their ability to homogeneously immobilize cells, genes, pro-
teins, drugs, or GFs [89]. There are many different biomedical applications for
which gels are suitable, such as drug delivery, gene delivery, tissue engineering,
and wound healing [90]. Pectin has interesting properties that make it a promis-
ing candidate for drug delivery applications, such as mucoadhesiveness, the ease
of dissolution in basic environments, and the ability to form gels in acid environ-
ments. Mucoadhesiveness can be exploited to target and control drug delivery
in the nasal or gastric environment, while the ease of dissolution in basic envi-
ronments, associated with its resistance to proteases and amylases, makes pectin
suitable to release drugs in the colon. In addition, the possibility of forming gels
in acid conditions enhances the contact time of drugs for gastric or ocular treat-
ments [91, 92]. Sriamornsak et al. reported that the mucoadhesive potential of LM
pectin was due to hydrogen bonding between pectin-free acid groups and mucin
under appropriated conditions: pectin reverts from an aqueous solution to a gel
when applied to mucosal surfaces. Among the applications, fentanyl (an opioid
painkiller), a pectin nasal spray, was proven to improve the analgesic onset, treat-
ment efficacy, and acceptability in treating cancer pain [93–95] where a rapid drug
release is requested. Alternatively, pectin has been used in combination with pep-
tides or with chlorpromazine hydrochloride [96] in the treatment of psychotic
symptoms showing interesting absorption properties and a sustained systemic
release. Nasal pectin sprays containing nicotine have also been suggested as an
alternative approach for smoking cessation [97]. Pectins were considered in the
preparation of capsules for sustained drug delivery and for taste masking. The
ability of pectins to be resistant to proteases and amylases, which are active in
the gastrointestinal tract, and to be degraded by the intestinal microflora makes
them suitable for colon drugs, proteins, or polypeptide delivery [98]. However, as
a drawback, pectin gels swell in aqueous media, and a small amount of drug may
be released in the gastrointestinal tract. To overcome this problem, divalent ions,
such as Ca2+ and Zn2+, or other polymers, such as chitosan, ethyl cellulose, or
hydroxypropyl methylcellulose (HPMC) [99–101], are used to form strong pectin
gels for drug delivery in the colon. The use of water-soluble polymers, such as
pectin, that form hydrogels in physiological conditions has been evaluated as a
new strategy to enhance the contact time and drug penetration [92]. An alternative
approach was the application of pectin systems for an in situ gel formation [102],
where pectin is applied in a liquid form, which then gels in the eye. The gelation is
mainly triggered by the pH content of the tears and by the presence of electrolytes
in the tear film. Pectin appears to be able to inhibit cancer metastasis and pri-
mary tumor growth in multiple types of cancer in animals [103]. Modified pectins,
possibly loaded with cytotoxic drugs to induce neoplastic cell apoptosis, hold the
potential to dramatically increase the efficiency of a conventional chemotherapy.
A possible approach to the treatment of genetic disorders is gene therapy. The
main objective in gene therapy consists in replacing defective genes. The trans-
fer of genetic materials to the targeted tissues can be performed with either viral
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or nonviral transfection vectors. Among nonviral vectors, polycationic polymers
such as branched polyethylenimine (b-PEI) [104] or chitosan [105] have shown
high transfection efficiency both in vitro and in vivo. However, a drawback is that
the positive charge of the polycations may cause high cytotoxicity and instability
in the presence of serum or ECM components. To overcome this limitation, dif-
ferent anionic polymers have been employed to decrease the surface charge of the
polyelectrolyte complexes [106]. Pectin was found to be suitable for coating b-PEI
polyplexes to form pectin-coated polyplexes with a reduced surface charge that,
in turn, led to decreased transfection with a concomitant lower cytotoxicity and
higher stability [107]. Pectin hydrogels were found to have a great potential for
bone tissue engineering (BTE) applications, as they promote the nucleation of a
mineral phase if immersed in adequate physiological solutions, with the formation
of biomimetic constructs better mimicking the natural architecture of the bone.
Unmodified and chemically modified pectin gel, microspheres, and coatings were
studied for the 2D and 3D culture of bone cells, showing interesting properties
for cell viability, metabolic activity, and differentiation [108, 109]. When pectin
is added to the wound, it serves as a binding agent, protecting GFs from degra-
dation. A wide variety of hydrocolloid pectin-based wound dressings have been
patented and are currently commercially available. They are mainly composed of
adhesive, absorbent polymers, pectin gelling agents, and sodium carboxymethyl
cellulose (SCMC). The hydrophilic pectin particles react within the dressing with
the wound fluid to form a soft gel over the wound bed, thus removing or control-
ling exudates in wounds. The acid environment obtained with pectin solubiliza-
tion may further act as a bacterial or viral barrier. In addition, pectin hydrogels
provide improved systems of loading and releasing drugs, that is, antibiotics, pain
relievers, and/or tissue repair factors at the site of action (Table 11.1) [110].

Table 11.1 Pectin-containing hydrocolloid wound dressings [110].

Type of dressing Composition Uses

CombiDERM® (ConvaTec
Ltd.)

Cellulose, pectin, Salsorb90
(acrylic polymer)

Cavity or flat shallow
wounds with low to
medium exudates;
absorbent; conformable;
suitable for “problematic”
areas: heel, elbow, sacrum

DuoDERM® (ConvaTec
Ltd.)

Carboxymethylcellulose,
pectin, propylene glycol

Granuflex® (ConvaTec
Ltd.)

Polyurethane foam sheet
coated with pectin, gelatin,
and carboxymethylcellulose

Hydrocoll® (Hartmann) Pectin, gelatin, and
carboxymethylcellulose

GranuGel® paste
(Convatec Ltd.)

Pectin,
carboxymethylcellulose,
propylene glycol

Useful debriding agent,
conformable, may be left in
place for several days.

CitruGel® (Advances
medical)

Pectin,
carboxymethylcellulose
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11.2.19
Gelatin

Gelatin is a natural material based on animal proteins. It is derived from collagen
and consists of elongated fibrils and is mostly found in fibrous tissues such
as tendon, ligament, and skin. It is also abundant in cornea, cartilage, bone,
blood vessels, gut, and intervertebral discs. It is commonly used for biomedical
applications due to its biodegradability and biocompatibility in physiological
environments, in contact with living tissues. Collagen gel has been widely
used in pharmaceutical applications as it fulfills the diverse requirements of
a drug delivery system such as good biocompatibility, low antigenicity, and
degradability upon implantation. Furthermore, collagen gels are one of the
first natural polymers to be used as a promising matrix for drug delivery and
tissue engineering. Biodegradable collagen-based systems have served as 3D
scaffolds for cell culture, used to enhance survival of transfected fibroblasts,
and in gene therapy. In this case, collagen scaffolds were fabricated by introduc-
ing various chemical cross-linking agents (i.e., glutaraldehyde, formaldehyde,
carbodiimide) or by physical treatments (i.e., UV irradiation, freeze-drying,
and heating). For various applications gelatin can be modified into PEGylated
gelatin nanoparticles [111], fluoride anion-modified gelatin nanogel system for
ultrasound-triggered drug release [112], antibody-modified gelatin nanoparticles
as drug carrier system for uptake in lymphocytes [113], agar-modified gelatin A
and gelatin B [114], gelatin thiol-modified nanoparticles for intracellular DNA
delivery [115], hydrophobic hexanoyl anhydrides grafting to the amino groups
of primitive gelatin [116], cationized gelatin, DNA-loaded gelatin nanoparticles
[117], and modified gelatin microspheres impregnated collagen scaffold [118].
PEG-modified gelatin nanoparticles were prepared by Kaul et al. and are used for
long-circulating intracellular delivery of DNA [111]. Daocheng et al. prepared
adriamycin gelatin nanogel, modified with fluoride anion by the coprecipitation
method with fluoride anion and sodium sulfate targeted and controlled drug
release delivery system for cancer and other diseases [112]. Gelatin nanoparticles
for the attachment of biotinylated anti-CD3 antibodies by avidin-biotin complex
formation were used by Balthasar et al., which represent for a promising carrier
system for specific drug targeting to T lymphocytes [113]. Saxena et al. estab-
lished agar-gelatin compositions and tablets made of agar, gelatin A, gelatin B,
and their blends agar-gelatin A, agar-gelatin B, gelatin A, gelatin B in a 1 : 1 ratio.
Salbutamol is used as the model drug [119].

11.2.20
Starch

The use of either native or modified starch in drug delivery applications is very
important due to its biocompatibility, nontoxicity, biodegradability, eco-friendly,
and cost-effective nature. It is a nonpolluting renewable source for sustain-
able supply of cheaper pharmaceutical product. Nasal delivery of drugs and
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oral and intramuscular delivery of vaccines are administered through starch
microparticles. Bioadhesive systems based on polysaccharide microparticles
have been reported to significantly enhance the systemic absorption of con-
ventional drugs and polypeptides across the nasal mucosa, even when devoid
of absorption-enhancing agents. Balmayor et al. suggest that starch-poly-ε-
caprolactone microparticles containing dexamethasone microparticular systems
seem to be quite promising for controlled-release applications especially as
carriers in tissue engineering [120]. In vitro release behavior of diclofenac sodium
from sweet potato starch microparticles was investigated by Liu et al., and it
exhibited controlled drug delivery properties. The encapsulation efficiencies
of the microparticle, formulations were between 95.1% and 98.2%, and the
mechanism of drug release from the microparticles was Fickian diffusion [121].
Silva et al. found that starch-based microparticles are suitable vehicles for the
incorporation and release of GF, and that the incorporation and release did not
affect the biological activity of the GFs. This suggests their ability to enhance the
regenerating potential of tissue engineering hybrid constructs [122]. Delivery
of living cells for improving bone regeneration in tissue engineering is reported
by Malafaya et al. [123]. This study proved that starch microspheres could be
prepared at room temperature to allow for the loading of labile biologically
active agents. Microparticles obtained from blends of high-amylase cornstarch
(HACS)/pectin were effective in targeted drug release to the colon. This improves
the encapsulation efficiency and decreased the drug dissolution in the gastric
condition (pH 1.2), as reported by Desai et al. [124]. A review article by Rydell
et al. [125] focuses on the use of starch, a natural biocompatible and biodegradable
polymer, for the production of various particulate adjuvant formulations, which
can induce mucosal as well as systemic immune responses. McDermott et al.
[126] summarized that a novel silicone polymer-grafted starch microparticle
system developed for the delivery of small quantities of antigen, especially
intranasally, may be useful for the induction of oral tolerance. In this study,
Heritage et al. [127] prepared a novel microparticle fabrication technique where
human serum albumin (HSA) was entrapped in starch microparticles grafted
with 3-(triethoxysilyl)-propyl-terminated polydimethylsiloxane (TS-PDMS).
The authors reported that the microparticles have potential as systemic and
mucosal vaccine delivery vehicles. Degling et al. [128] found that recombinant
mouse interferon-γ (mu IFN-γ) was covalently coupled with polyacryl starch
microparticles, a lysosomotropic drug carrier. The microparticle-bound mu
IFN was made to activate cultured macrophages for nitrite production and had
an antileishmanial effect in mice. The effect of polyacryl starch microparticles
on arachidonic acid metabolism in macrophage cultures and in mice was
studied by Artursson et al. [129]. Two of the major metabolites were produced
when macrophages were incubated with the microparticles. When the mice were
treated with inhibitors of arachidonic acid metabolism, the microparticle-induced
hepatomegaly was partly inhibited. Baillie et al. [130] found that when the drug
sodium stibogluconate was covalently bound to polyacryl starch microparticles,
it was 100 times more effective than the free form in this murine model of visceral
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leishmaniasis, whereas empty microparticles had no effect on liver parasites.
Starch microcapsules have different applications: they can bind electrostatically
to drugs [131] and can be used as coatings for food-grade enteric coatings
[132], biodegradable microcapsules for oral protein administration, coating
materials for encapsulating pancreatic protease [133], and macrophage uptake
by polyacryl starch microparticles. Starch nanoparticles have been used in
transdermal delivery [134] and as a transnasal mucoadhesive carrier [135] and
anticancer drug carrier [136, 137]. Native starch is almost completely broken
down by pancreatic enzymes after oral ingestion, with subsequent absorption
from the small intestine into the systemic circulation. Usually, a certain propor-
tion of starch, called resistant starch, escapes digestion in the small intestine
and undergoes fermentation by bacteria in the colon. To inhibit or reduce the
enzymatic degradation taking place in the stomach in order to allow adequate
amount of the therapeutic agent to be absorbed, starch has been combined with
other polymers to impart this desired property. Thiele et al. [138] found a new
modular concept for the formation of nanoparticles from poorly soluble drugs
using readily available building blocks. Stable spherical nanoparticles (NPs) were
formulated mixing aqueous solutions of the anionic copolymers and of a cationic
thioether of ß-cyclodextrin (ß-CD). The starch/ß-CD NPs could be loaded
with hydrophobic guest molecules like 1,4-dihydroxyanthraquinone (DHA),
which served as a model for the important class of anthracycline antibiotics
used in cancer therapy. Kumari and Rani [139] reported that metformin-loaded
chitosan- and starch-blended beads prepared by cross-linking possess suitable
controlled-release properties. Biocompatible, biodegradable, stable, nontoxic,
autofluorescent, and pH-responsive microcapsules were successfully prepared by
Jia et al. [140] using dialdehyde heparin (DHP) and dialdehyde starch (DAS) as
the wall components to cross-link with chitosan for the fabrication of the micro-
capsules. The results confirmed that the method used could be applied over a
wide range of polysaccharides. Studies suggested by Zhang et al. [141] found that
oyster peptide-loaded alginate/chitosan/starch microcapsules could be a suitable
copolymeric carrier system for intestinal protein or peptide delivery in the intes-
tine. Chowdary and Murali [142] synthesized starch–urea–borate and evaluated
it for controlled-release properties in matrix tablets of diclofenac and gliclazide.
The authors reported that starch–urea–borate is a better release rate-controlling
polymer than HPMC and SCMC. Levy et al. [143] observed the presence of
A novel polysaccharide cross-bridging protein comprising a cellulose-binding
domain from Clostridium cellulovorans and a starch-binding domain from
Aspergillus niger B1. The two genes were fused in-frame via a synthetic elastin
gene to construct a cellulose/starch cross-bridging protein. Recombinant CSCP
was expressed in Escherichia coli and successfully refolded from inclusion
bodies. CSCP demonstrated cross-bridging ability in different model systems
composed of insoluble or soluble starch and cellulose. Starch at submicron sizes
is also finding application in tissue engineering. The general requirements for
a scaffold material to be considered suitable for tissue engineering, namely,
biocompatibility, appropriate mechanical properties, controlled degradation rate,
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and appropriate pore size and morphology, can easily be imparted on starch by
modification, which have made it very useful as carriers in tissue engineering.
Sachan et al. [144] prepared good quality microbeads by an industrially feasible
microorifice ionotropic gelation method using glutinous starch from Assam Bora
rice and sodium alginate backbone. Drug release properties from the prepared
microdevices were excellent. Here, a novel approach of forming hydroxyap-
atite (HA) [145] and pure beta-tricalcium phosphate (ß-TCP)-based porous
scaffolds by applying together starch consolidation with foaming method was
developed. The ability of these starch-based scaffolds to release drugs suitably
for osteomyelitis was confirmed in vitro. Duarte et al. [146] reported highly
porous and interconnected starch-based scaffolds using supercritical immersion
precipitation technique to prepare scaffolds of a polymeric blend of starch and
poly(L-lactic acid) for tissue engineering purposes. In this report, Sundaram
et al. [147] explain about hydroxyapatite (HA). It is a fundamental mineral-based
biomaterial used for preparing composites for bone repair and regeneration.
A gelatin–starch blend reinforced with HA nanocrystals gave biocompatible
composites enhanced mechanical properties. New scaffolds based on a 50/50
(wt%) blend of cornstarch/ethylene vinyl alcohol were prepared by Salgado
et al. [148]. After characterization, cytotoxicity evaluation, direct contact assays,
cell viability assay, and Western blot analysis, the authors concluded that the
starch-based scaffolds should be considered as an alternative for BTE applications
in the near future. Torres et al. [149] reported that starches obtained from potato,
sweet potato, cornstarch, and nonisolated amaranth and quinoa starch were
used to produce porous biodegradable scaffolds suitable for tissue engineering.
Study reports by Gomes et al. [150] confirm the suitability of starch-based 3D
scaffolds exhibiting distinct porous structures for the proliferation and osteogenic
differentiation of rat bone marrow (RBM) stromal cells in tissue engineering.
Lam et al. [151] developed a unique blend of starch-based polymer powders
(cornstarch, dextran, and gelatin) for the 3DP process. Cylindrical scaffolds of
five different designs were fabricated and postprocessed to enhance the mechan-
ical and chemical properties. Gomes et al. [152] proposed various alternative
methodologies for the preparation of starch scaffolds. Scaffolds obtained from
these using these methodologies may constitute an important alternative to the
materials currently used in tissue engineering. The development of new partially
biodegradable acrylic bone cements based on cornstarch/cellulose acetate blends
was reported by Espigares et al. [153]. The developed systems show a range of
properties that might allow for their application as self-curing bone cements,
exhibiting several advantages with respect to other commercially available bone
cements. A new simple processing route to produce starch-based porous materi-
als was developed by Malafaya et al. [154], and it is based on a microwave baking
methodology. This processing route was used to obtain nonloaded controls and
loaded drug delivery carriers, incorporating a nonsteroid anti-inflammatory
agent. Gomes et al. [150] describe the preliminary study on the development of a
new method to produce biodegradable scaffolds from a range of cornstarch-based
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polymers. The scaffolds could be molded into complex shapes, and the blow-
ing additives do not affect the noncytotoxic behavior of the starch-based
materials.

11.2.21
Alginate

Alginate is composed of alternating blocks of 1,4 linked-α-L-guluronic and α-D-
mannuronic acid residue. It is a water-soluble linear polysaccharide extracted
from brown seaweed. Modified alginate systems for drug delivery applications
includes thiolated alginate–albumin nanoparticles [155], alginate combined
with CHI, alginate–poloxamer microparticles, hydrated thiolated alginate,
alginate-poly(lactic-co-glycolic acid) nano/microhydrogel matrices [156], CHI-
Ca-alginate microspheres [157], alginate modified by microenvironmental
interaction with calcium ion, polyethylene glycol–anthracene modified alginate
[158], photocross-linked heparin-alginate hydrogels [159], micelles/sodium-
alginate composite gel beads [160], alginate-guar gum hydrogel, dual cross-linked
alginate/N-α-glutaric acid CHI [161], alginate/scleroglucan/borax gels, and
alginate-based mesalazine tablets for intestinal drug delivery. Hydrogel-forming
polymers such as alginates and poloxamers are used as encapsulation materials
by Moebus et al. They are used for controlled drug delivery to mucosal tissue
[162]. Mucoadhesive drug delivery systems based on hydrated thiolated alginate
were prepared by Davidovich-Pinhas et al. Dry, uncross-linked, compressed
tablets made from thiolated polymers adhere better to the mucus layer com-
pared to native polymers [163]. CHI-Ca-alginate microspheres were developed
by Mennini et al. The prepared microspheres are used for colon delivery of
celecoxib-hydroxypropyl-beta-cyclodextrin-PVP complex. Ciofani et al. devel-
oped alginate-based drug delivery system for neurological applications by
considering neural regeneration and neuroprotection [164].

11.2.22
Guar Gum

The ground endosperm of guar beans contains mainly guar gum, which is
obtained by dehusking, milling, and screening. Modifications of guar gum
are graft copolymers of N-vinyl-2-pyrrolidone onto guar gum for sorption of
Fe2+and Cr6+ ions [165], partially carboxymethylated guar gum-g-N-vinyl-2-
pyrrolidone [166], cross-linking of alginate guar gum with glutaraldehyde [167],
carboxymethyl guar films for the formulation of transdermal therapeutic systems,
partially carboxymethylated guar gum-g-methacrylic acid [168], complexation
of cupric ion-guar gum-graft-acrylamide, phosphated cross-linked guar gum,
polyester-guar gum/hydroxypropyl guar gum, and yttrium cross-linked guar
gum-g-acrylamide gel systems. Nayak et al. developed a system containing
swellable polymer (l-hydroxypropyl cellulose (L-HPC), xanthan gum, polyethy-
lene oxide, or sodium alginate) together with drug tablet and erodible tablet
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(L-HPC or guar gum) in a precoated capsule. The purpose of the study was to
develop pulsatile capsule dosage form of valsartan for controlled delivery. This
provides a useful means for timed release of valsartan and may be helpful for
patients with morning surge [169]. Soppimath et al. prepared new spherically
shaped cross-linked hydrogels of polyacrylamide-grafted guar gum by the
emulsification method. These pH-sensitive microgels were loaded with diltiazem
hydrochloride and nifedipine (both antihypertensive drugs), and their release
studies were performed in both the simulated gastric and intestinal pH conditions
[170]. Ji et al. prepared a pH- and enzyme-dependent colon-targeted multiunit
delivery system of indomethacin by coating guar gum and Eudragit FS 30D
sequentially onto drug-loaded pellets in a fluidized bed coater. It is indicated
that the guar gum/Eudragit FS 30D-coated system has potential to be used
to deliver drugs to the colon. Krishnaiah et al. investigated in vivo study in
humans with guar gum-based matrix tablets of 5-fluorouracil (5-FU). These
tablets showed delayed absorption time T , decreased Cmax, and absorption rate
constant compared with tablets that showed immediate release [171]. By graft
copolymerization using methacrylic acid (MAA) with guar gum [172] or by
using various polysaccharides, Mundargi et al. prepared tablets of metronidazole.
Hydrocortisone hydrogels were prepared by Kabir et al. using guar gum which is
cross-linked with trisodium trimetaphosphate [173]. Carboxymethyl guar gum
was prepared by Murthy et al. It is an anionic semisynthetic guar gum for use
in transdermal drug delivery systems. Terbutaline sulfate was used as a model
drug [174].

11.2.23
Xanthan Gum

Xanthan gum (XG) is a polysaccharide secreted by the bacterium Xanthomonas
campestris. It contains a cellulose backbone ß-(1 4)-D-glucopyranose glucan
and backbone with side chains of (3→1)α-linked D-mannopyranose-(2→1)-ß-
D-glucuronic acid-(4→1)-ß-D-mannopyranose on alternating residues [175].
Due to the hydrophilic nature, its use is limited in thickening, suspending, and
emulsifying water-based systems. XG is gaining more attention for the fabrication
of matrices with uniform drug release features [176, 177]. Few modifications of
XG include gelatinized ST–XG hydrogel system, acrylamide-grafted XG, graft
copolymerization of ethyl acrylate onto XG [178], XG combined with konjac
glucomannan, XG combined with boswellia gum (3 : 1), XG combined with
guar gum (10 : 20), and XG combined with locust bean gum (LG) in a 1 : 1 [179]
ratio. A matrix tablet of cimetidine is prepared by Jiangyang et al. by combining
XG with konjac glucomannan [180]. Sinha et al. developed a colon-specific
compression-coated systems of 5-FU for the treatment of colorectal cancer
using XG, boswellia gum, and HPMC as the coating materials. It was found that
the ratio of XG/guar gum mixture and XG/boswellia gum mixture is 10:20 and
3:1, respectively. So the compression coating of 5-FU is a tool for delaying the
release of the drug, which ensures better clinical management of the disease
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[181]. The use of xanthan-grafted copolymer of acrylamide as a controlled release
matrix for antihypertensive drugs such as atenolol and carvedilol was examined
by Mundargi [182]. Bose et al. prepared sustained-release floating tablets of
diltiazem HCl used XG for the treatment of angina and hypertension [183].
Modified-release tablet formulation of metoprolol succinate using HPMC and
XG [184] was developed by Gohel et al. A constant rate delivery formulation of
diclofenac sodium to release the drug in the intestine was developed by Ahmed
et al. Matrix tablets and triple-layer matrix tablets were formulated by using LG,
XG, and a mixture of LG:XG in 1 : 1 ratio as a matrix forming agent, and anionic
SCMC was compressed on both the surfaces of the matrix core [179]. Venkataraju
et al. established controlled delivery system for propranolol hydrochloride using
the synergistic activity of LG and XG to avoid first-pass effect [185].

11.2.24
Gellan Gum

Gellan gum is a bacterial exopolysaccharide that is commercially prepared by
aerobic submerged fermentation of Sphingomonas elodea. Gellan gum is a linear
tetrasaccharide built up by (alpha-1→ 4)-L-rhamnopyranosyl-(alpha-1→ 3)-
D-glucopyranosyl-(ß-1→ 4)-D-glucuronopyranosyl-(ß-1→ 4)-D-glucopyranosyl-
(ß-1→) with O(2) L-glyceryl and O(6) acetyl substitutes on the 3-linked glucose.
Few modified forms of gellan gum include deacetylated gellan gum, methacry-
lated gellan gum hydrogel [186], gellan gum-poly(vinyl alcohol) hydrogel, gellan
gum films with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, Al ion cross-
linked gellan hydrogel [187], and b-PEI blended with gellan gum [188]. Gellan
gum blended with PEI nanocomposites was prepared by Goyal et al. and is used
for gene delivery applications. By extruding the dispersion of cephalexin and
gellan gum into a solution containing a mixture of calcium and zinc ions, gellan
gum beads were prepared by Agnihotri et al. [189] and are used for controlled
release of drug. Agnihotri et al. produce gellan gum-poly(vinyl alcohol) hydrogel
microspheres for the controlled release of carvedilol [190]. For ophthalmic deliv-
ery of methylprednisolone [191], Sanzgiri et al. developed gellan-based systems.
Gellan-chitosan hybrid capsules [192] encapsulated with alkaline phosphatase
were developed by Fujii et al. [192] Oral sustained delivery of paracetamol from
in situ-gelling gellan and sodium alginate formulations was prepared by Kubo
et al. [193].

11.2.25
Zein

Excellent biocompatibility, biodegradability, and high surface contact are the
significant properties of zein. Hence zein-based micro- and nanocomposites
present good applications in the drug release field [194]. Acting as delivery
vehicles, zein can interact more efficiently with hydrophobic and hydrophilic
drug. Due to its high percentages of hydrophobic amino acid residues, zein
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is able to release encapsulated compounds and is insoluble in physiological
conditions [195]. For oral delivery applications, zein is highly suitable, and it is
found that zein degradation occurs through a number of enzymes [196]. The
N-terminal region of zein interacts with cell membranes, acting as a peptide
carrier for drugs across cell membranes [197]. Hydrophobic drugs present poor
absorption and low bioavailability; therefore they cannot be absorbed by the
body. Zein-based materials are applied extensively for the delivery of hydrophobic
drugs. Zein proteins have good hydrophobic-hydrophilic property so they will
act as an intermediary agent between the hydrophobic drug and the epithelial
cells of the colon. This leads to an increase in the mucoadhesion of zein-based
material with the epithelial cells in the gastrointestinal tract. Here zein acts as a
targeted delivery and controlled release agent, where it increases hydrophobic
drug permeation and absorption [198]. Li et al. prepared microcomposites of
zein/ibuprofen (zein/IBU) using a modified electrospraying process. The DSC
curve of the hydrophobic IBU shows a single endothermic peak at 77 ∘C which
is attributed to the melting point. Zein /IBU microparticles did not show fusion
peaks or phase transition, which is a clear evidence for the amorphous nature of
IBU in the microcomposites and its noncrystalline nature. For the development
of advanced pharmaceutical materials, this type of modification is useful [199].
Nanoparticles of zein/lutein (zein/LUT) were prepared by Hu et al., and these
nanoparticles are obtained from solution-enhanced dispersion by supercritical
fluids (SEDS) [200]. In Hu et al.’s study, they encapsulated the lutein (LUT) into
zein nanoparticles, and this zein coating prevents LUT from light degradation.
This improves its aqueous solubility and enables specific drug delivery in the
colon region. The interactions between zein/LUT enabled an amorphous state
in the nanoparticles, and this interaction significantly changes the drug’s physic-
ochemical properties. Through liquid-liquid phase separation associated with
the ionic gelation technique, Luo et al. established the nanoparticles of zein
and zein/carboxymethyl CHI. Hydrophobic and bioactive compounds such as
indole-3-carbinol (I3C) and 3,3′-diindolylmethane (DIM) are extracted from
cruciferous vegetables that have good potential for cancer treatment. But both of
them have low stability in gastric conditions and degrade when exposed to light
and heat. During oligomerization under acidic conditions, I3C and DIM form a
mixture of compounds known as acid condensation products. The nanoparticles
of zein and zein/CMCS protect the labile compounds from harsh conditions and
provide controlled release and targeted delivery of drug bioactive. The stability
of both bioactive compounds is significantly improved after nanoparticle encap-
sulation. Both zein and zein/CMCS nanoparticles offer good protection against
degradation in UV light. Zein/CMCS nanoparticles also offer better protection
of I3C under thermal conditions against degradation and oligomerization [201].

In PBS buffer solution, the controlled release of α-tocopherol (TOC) was greatly
improved by the zein nanoparticles, but chitosan coating did not affect the encap-
sulation efficiency. This indicates the nanoparticles of zein coated with CS can be
used as a new TOC supplementation or treatment. A schematic illustration for
the development of zein/CHI complex is shown in Figure 11.6 [202]. Muller et al.
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Figure 11.6 Schematic illustration of the formation of the zein/chitosan complex for encap-
sulation of α-tocopherol [202].

developed a carrier matrix for controlled drug release using zein and zein/CS
microparticles [203]. Bobokalonov et al. studied the release kinetics of piroxicam
drug (a therapeutic agent) from zein/pectin microparticles, and they prepared
zein/pectin microspheres for drug delivery applications. Peppas’ model [204] and
first-order equation model [205] were used to find the kinetic parameters of pirox-
icam release. The rate-limiting step in the drug release from the microspheres
mainly was the diffusion of piroxicam. Mehta et al. [206] also prepared the zein-
based microspheres encapsulated with antituberculosis drugs. First-order kinetics
model is followed by the controlled release of rifampicin, isoniazid, and pyraz-
inamide drugs, whose stability was increased by zein microparticles. To avoid
direct contact of the drug with food and to enhance long-term effectiveness of
antimicrobials in food, these zein microparticles are used. Spray-drying at differ-
ent temperatures is used to obtain zein microcapsules. The in vitro study of nisin
also was investigated. Nisin is a well-known bacteriocin with 34 amino acids and a
molecular weight of 3510 Da. The antimicrobial activity of nisin is decreased when
it is applied in foods, maybe due to its binding with food matrix components,
which makes the antimicrobial unavailable to inactivate microorganisms. Hydro-
gen bonding helps in the interaction between nisin and zein, and even if the release
of such a drug is favored only in a certain condition, the release profiles can be
used as guidelines to recognize the applicability of a particular nisin delivery sys-
tem in a given food product [207]. Nanofibers based on zein, poly(ethylene oxide),
and CS with a good mucoadhesion property in the gastrointestinal tract were pre-
pared by Wongsasulak et al. [208]. The significance of these nanofibers is related
to the development of new dug carrier systems with targeted drug release in that
that the gastromucoadhesion was initiated by wetting and swelling of the poly-
meric molecular chains of fiber, which led to a molecular interaction between the
fiber and mucin molecules (protein of epithelial tissues). Wongsasulak et al. [209]
reported the effects of encapsulation of hydrophobic drug such as TOC on the
gastromucoadhesion property of electrospun fibers of zein/PEO/CS. It showed
that the fiber morphology is independent on the TOC but significantly improved
on the zein/PEO/CS mucoadhesive property [210]. Hordein/zein protein-based
nanofibers were developed by Wang and Chen. Zein exhibited a stable assembled
network structure, good stability in water, and good tensile strength with 30wt%
of fiber content. Results show that fibers with a 3D porous structure could be
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used as carriers for the controlled release of incorporated bioactive compounds
(as, e.g., riboflavin) in a PBS buffer solution. These nanofibers could be digested
in a simulated intestinal fluid (SIF) for gradual release of the incorporated com-
pounds where they are normally absorbed, are pepsin resistant, and are stable
in simulated gastric fluid (SGF) [211]. Regeneration or reconstruction of hard
tissues like bone and cartilage needs tissue engineering techniques. Temporary
porous scaffolds surrounded by the cells are seeded and cultured in vitro before
implantation [212]. Scaffolds provide proper environment for cell differentiation,
proliferation, and the formation of new tissues [213]. Pore size, suitable porosity,
and pore structure are necessary for the ingrowth of cells and the formation of
new tissue. Also scaffolds should possess good biodegradability, good biocompat-
ibility, suitable mechanical property, and a suitable degradation rate to match the
new tissue formation rate. Some of the most important organic components of the
ECM of the native bone has some similarity with the natural-based biopolymers.
Proteins (zein, collagen, gelatin, and silk) and some polysaccharides (ST, alginate,
cellulose, and CHI) are primary candidates for the design of bioactive composites
for BTE applications. To improve the mechanical and biological response of scaf-
fold materials, poly(ε-caprolactone) (PCL), HA particles [214], polyurethane (PU)
[215], and so on were associated with biopolymers. The fabrication of zein/PCL
porous scaffolds were studied by Wu et al. They obtain porous biocomposite scaf-
folds with a porosity of around 70% and with a well-interconnected network. The
degradation rate of the scaffold could be tuned by adjusting the zein content in the
composite, and results of drop-water contact angle measurement show that the
zein improved hydrophilicity. So the fabricated zein/PCL biocomposite scaffolds
can be used in tissue engineering strategies to regenerate bone defects [216].

The supercritical CO2 foaming process is used for developing biodegradable
porous scaffolds of PCL/thermoplastic zein (ZT) (or PCL/ZT scaffolds) in which
the multiphase blend consists of water/oil, the oil phase being composed of
PEG400 (special for BTE). Here the HA particles (conc. of 10 and 20 wt%) were
interdispersed into PCL/ZT scaffolds. The porosity of scaffolds was controlled
by varying the material formulation and foaming temperature (TF). In vitro
biocompatibility, biodegradation analyses, morphology, and microstructure of
the scaffolds were tested. Both HA concentration and TF significantly affected
the microstructural features of the scaffolds. Scaffolds with biodegradability
sufficient for bone tissue engineering, mechanical properties, pore size dis-
tribution, and porosity were designed and produced by selecting TF equal to
100 ∘C for all of the used compositions. It is clear from the in vitro study that the
proposed scaffolds allowed for the adhesion and colonization of preosteoblast
MG63 and hMSCs cells. Salerno et al. prepared bimodal porous scaffolds for
bone tissue engineering by combining porogen leaching and supercritical CO2
(scCO) foaming techniques. To induce pore formation saturation, temperatures,
pressures, and depressurization time were selected, and the pore structure of
the foams is also optimized. As a result a macroporosity fitted for bone cell
colonization and adhesion was obtained. Green chemistry process involves the
formation of PCL/TZ and PCL/TZ–HA composite scaffolds. Macroporosity
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of the scaffolds is 20 and 400 μm. Bone tissue engineering demonstrates the
potential of the colonization-induced scaffold, cell adhesion, and proliferation
within 28 days. Scaffolds of PCL/ZT, ZT/HA, PCL/HA, and PCL/ZT/HA
composites prepared by Salerno et al. [217] show that zein elevated the degra-
dation of PCL/ZT and PCL/ZT/HA composites and improved the wettability
of PCL. Tensile properties of the biomaterials decreased considerably than
that of PCL scaffolds. Significant increase of the osteogenic properties of the
materials results from the simultaneous addition of ZT and HA particles into
PCL. This is caused by higher calcium deposit by the osteoblast cells, relative
to pure PCL. The design of multiphase 3D porous scaffolds suitable for BTE
needs good selection of experimental conditions. Yao et al. [218] and Zhang
et al. [219] obtained nanofibers of zein/HA with a reasonable tensile strength,
and also they applied these nanofibers as scaffolds for tissue repair. In vitro
cytotoxicity and osteoblast adhesion tests showed that the mineralized zein
nanofibrous membranes had a positive effect on osteoblast growth and did not
induce cytotoxic action. Unique nanofibrous structural features and a coating
of HA nanocrystallites can be applied during bone repair and regeneration. So
the electrospun zein/HA fibrous membranes show promise for BTE applications.
Physical blending of zein with polyurethane/cellulose acetate (PU/CA) was
prepared, and the electrospun nanofibrous scaffolds show diameters around 400
to 700 nm. The nanoscaffolds of zein/PU/CA showed an enhanced blood clotting
ability compared to PU nanofibers. Wound healing is improved by the presence
of zein and CA in the nanofiber structure, which increased hydrophilicity and
bioactivity; as a result, a moist environment for the wound was formed. In tissue
engineering protein-based biomaterials show excellent properties in connection
with other types of structures. To increase the water stability of electrospun
protein scaffolds, many attempts have been made using cross-linking. Zein
containing citric acid as a nontoxic cross-linker agent to improve the water
stability and promote good cytocompatibility of zein fibers was prepared by
Jiang et al. using a new method based on cross-linking electrospinning [220].
Here electrospun zein fibers containing citric acid were obtained without using
toxic catalysts. Using PBS they found that the cross-linked electrospun fiber has
good stability after the immersion for 15 days at 37 ∘C. The fibers promoted
the proliferation of mouse fibroblast cells. Zein fibers without citric acid did
not promote fibroblast cell proliferation; conversely electrospun zein scaffolds
cross-linked with citric acid showed attachment and allowed the proliferation
of fibroblast cells. Using various proteases α-zein can be hydrolyzed, and the
ultrafiltrated α-zein hydrolysate reduces blood pressure. In this study Miyoshi
et al. [221] demonstrated that when the unpurified thermolysin hydrolysate of
α-zein was orally administered to spontaneously hypertensive rats, their blood
pressure was reduced. Garcia et al. [222] and Parris et al. [223] developed a dry
and wet bioprocess to enhance the value of proteins from deoiled corn germ
using different proteases. Nearly all the ACE inhibitory peptides were in the
<1 kDa fraction after both wet and dry-milled hydrolysate had been membrane
fractionated. From wet- and dry-milled germ, the control of total protein extracts
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(before treatment with proteases) showed that neither had ACE inhibitory
properties. Yamamoto et al. [224] presented a review on biogenic peptides and
their potential uses. In this they updated different works demonstrating strong
blood pressure-lowering activity for the peptide Leu-Arg-Pro, which was isolated
from α-zein hydrolysate prepared with thermolysin peptide. Sweeping frequency
ultrasound (SFU) as a previous treatment of zein provided augmentation of the
degree of hydrolysis (DH) in a solution (pH 8 using 1MNaOH) at 50 ∘C containing
alcalase enzyme (3500 Ug−1 of protein). In this study Ren et al. [225] concluded
that the SFU treatment increased the DH and that the hydrolysate presented a
higher inhibitory effect on ACE. Scanning electron micrographs and atomic force
micrographs show that the ultrasonic pretreatment ruptures the fine mesh work
structure of zein and causes the subsequent appearance of several microholes
in zein. SFU pretreatment promotes the release of ACE inhibitory peptides
from zein by altering the secondary structure and loosening the protein. The
encapsulation of micronutrients such as vitamins, minerals, and nutraceuticals
has increased nowadays for the development of colloidal particles in delivery
applications. To improve human health through diet, the incorporation of these
kinds of micronutrients in food and beverages increases their functional behavior
[226]. Patel et al. established the development and application of zein colloidal
particles for nutraceutical encapsulation [227]. In this study they used sodium
caseinate as an electrostatic stabilizer by the antisolvent precipitation method
for the preparation of zein colloidal particles. An average size of 20 nm and a
positively charged surface were found in the colloidal particles. Sodium caseinate
did not change the particle size but changed the surface charge that shifts from
positive to negative. Chemical interaction between zein and sodium caseinate
was not observed from FTIR analyses. Sodium caseinate acted as a stabilizer of
zein colloidal particles at neutral pH, and these particles had stability at high
ionic strength and the dried powder could be redispersed. Colloidal particles
have the potential to be used in an all-natural biopolymer-based colloidal
delivery system for encapsulating/embedding bioactive molecules in food (e.g.,
nutraceuticals), pharmaceutical (e.g., drug), and agricultural formulations.
Because stabilization is merely due to the adsorption of protein on the particles
and the antisolvent used was water, Patel et al. incorporated curcumin in zein
colloidal particles and sodium caseinate as the stabilizer in oral delivery. Spherical
zein/ curcumin particles were obtained at the size of around 100–150 nm. The
increase in curcumin proportion decreased with encapsulation efficiency. The
pH and UV stabilities were improved with curcumin encapsulation, mainly at
physiological pH, and also they measured the photostability, pH stability, and
stability in simulated gastrointestinal conditions. It was found that the colloidal
particles were stable in the simulated gastrointestinal conditions. Patel et al.
found the encapsulation of quercetin, a polyphenol that presents physiological
benefits to human health, such as in antioxidant, anticancer, and antiviral
activities [228].

Here they prepared colloidal particles by precipitating quercetin and zein
into an antisolvent, with the presence of sodium caseinate as an electrosteric
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stabilizer. The average size of the spherical-shaped particles ranged from 130 to
161 nm. The presence of sodium caseinate forms the particles’ surfaces, which
became negatively charged, with the surface potential ranging from −30 to 41 mV.
Ferric reducing antioxidant power (FRAP) method was used to measure the
antioxidant activity of quercetin for determining the stability of quercetin during
photodegrading assays at different pHs. The antioxidant property of quercetin
encapsulated in zein colloidal particles remained almost constant during the
photodegradation study, as compared to quercetin in solution. It indicates
that encapsulation into zein colloidal particles enhanced quercetin’s molecular
stability when exposed to UV irradiation at alkaline conditions. Encapsulation of
curcumin (water insoluble) and indigo carmine (water soluble) in zein colloidal
particles was studied by Patel et al. They prepared composites and loaded
different ratios of curcumin and indigo carmine and generated different shades of
color in the yellow–green–blue range. The average particle size ranges from 76
to 300 nm. Soft lithography techniques were used for the fabrication of zein film
with several microstructures such as channels and grids [229]. Zein is a potential
candidate for microfluidic device base material due to its ease of fabrication at
mild temperatures. Microfluidic device with the entire manufacturing materials
is made by Leucha et al. The advantages of the devices are that they are disposable
and environmentally friendly microchips. Reliable fabricated thin zein films with
diverse microfluidic designs were obtained by standard soft lithography and
stereolithography techniques. Solvent bonding and vapor deposition methods
are used to obtain zein films with microfluidic channels. Zein film tends to be
opaque due to protein precipitation when in contact with water. Zein films can
be used as a green alternative to nondegradable PDMS and plastic material
for microfluidic applications in agriculture. There is no need for expensive
equipment like oxygen and plasma generator because zein film can make quick
and ease bonding with different kinds of materials. Zein microfluidic devices
show different permeabilities to small molecules that helps in diffusive exchange
between fluid flows and bulk zein microfluidic channels. In a more complex
micrototal analysis application, zein microfluidic devices with micromixing
channels have the potential to be used as fluid manipulators that can be coupled
with other analytical components. For the fabrication into multilayer microfluidic
devices, the flexibility and the ease of the bonding process make the zein film
as a good candidate. Compared to PDMS the main advantage of zein is that it
is biodegradable, and this property is very important for a greener approach in
the field of portable and disposable microdevices. The adsorption capacity of
hydrophobic membranes and the control of the wettability of the surface are
the very attractive features for biomedical applications and electronic devices
[230]. Through a facile and inexpensive method, Dong et al. [231] established a
zein-based material with a hydrophobic surface using self-assembled monolayer
(SAM)-assisted evaporation-induced self-assembly (EISA). Biopolymers such
as zein make biomaterials with excellent properties such as biodegradability,
renewability, flexibility, good surface wettability, and good absorption potential
which still remain inexpensive. Synthetic compounds have more hydrophobic
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surfaces but are not biodegradable and still present low mechanical flexibility and
are usually expensive.

11.2.26
Curdlan

Curdlan is a neutral water-insoluble bacterial exopolysaccharide composed
primarily of linear β-(1,3)-glycosidic linkages. Recently, there has been growing
interest in the biomedical applications of curdlan and its derivatives particularly
in the field of immunology. Curdlan and its derivatives at dosages from 10 to
20 mg kg−1 body weight were found to inhibit tumors [232]. Jagodzinski et al.
[233] and Gordon et al. [234] have demonstrated the anti-HIV effect of the
sulfated derivative of curdlan. The immunostimulatory effects of β-glucans
have long been identified to play critical roles in the host defense of the innate
immune system. The dectin-1 receptor capable of recognizing β-glucans has
been identified in dendritic cells, macrophages, and monocytes/neutrophils. It
triggers specific cellular antimicrobial responses such as formation of reactive
oxygen species and phagocytosis. Curdlan also triggers Src/Syk-dependent
downstream signals in dendritic cells, neutrophils, and macrophages to activate
NF-kB, mitogen-activated protein kinases, and NFAT transcription factors
[235]. Curdlan, which is insoluble in water, forms a particulate that induces
dectin-1-dependent reactions, such as induction of tumor necrosis factor alpha,
interleukin-6, phagocytosis, and reactive oxygen species by dendritic cells and
bone marrow-derived macrophages [236]. Curdlan also acts on the complement
receptor-3 (CR3) [237] as well as on Toll-like receptor-2/6 and induces the
activities of immune cells such as macrophages [238], monocytes, neutrophils,
dendritic cells, as well as those of natural killer cells, particularly against fungal
infections [239]. Consequently, curdlan is capable of modulating both innate and
adaptive immune responses. Palma et al. [240] made “designer” microarrays from
curdlan oligosaccharides. Dectin-1 binding was found to the β-1,3-linked glucose
oligomers. The minimum degree of polymerization of curdlan oligomers that
can be detected is 10–11. Dry tablet encapsulation of theophylline by co-spray
drying of the curdlan/theophylline suspension/solution has been shown to
improve the pharmacokinetics of theophylline. Curdlan was also used in the gel
encapsulation of salbutamol sulfate, prednisolone, and indomethacin in the form
of gel suppositories, which facilitate sustained drug diffusion and bioavailability
in the lower rectum, thus avoiding the first-pass metabolic clearance by the liver
when taken orally or by injection. The increasing interest in the development
of polysaccharide–polynucleotide complexes as an improved therapeutic agent
during the past decade led to the innovative approach of using β-(1,3)-glucans,
which form hydrogen-bonded helical structures similarly to what occurs in
hydrogen bonding in the polynucleotide chains of DNA to facilitate the delivery
of the pharmaceutical to its intended target site. Curdlan with hydrolytic cleavage
of its backbone and thus reduction of its molecular weight to make a complex
with the polynucleotide polycytosine was produced as a therapeutic agent
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[241]. Addition of solubilizing carbohydrate appendages also enables curdlan
to bind polycytosine as an innovative pharmaceutical agent [242]. Solid lipid
nanoparticles have been produced with curdlan and cacao butter. When it was
added to ammonium hydroxide solution and loaded with the drug verapamil
for nanoparticle drug delivery, the drug was released quickly because of its high
solubility in the lipid core [243]. The cancer chemotherapy drug doxorubicin was
encapsulated by curdlan with a particle size of <200 nm to prolong its stability to
up to a year of frozen storage [244]. Carboxymethylated curdlan was conjugated
to cholesterol to encapsulate another cancer chemotherapy drug epirubicin
through self-assembly of amphiphilic copolymer by probe sonication [245].

11.2.27
Pullulan

Pullulan is a neutral linear polysaccharide consisting of α-1,6 linked maltotriose
residues, and it is soluble in water. Due to its nontoxic, nonimmunogenic, and
biodegradable properties, it is extensively studied for various biomedical fields.
Unlike the popular polysaccharide dextran, its degradation rate in serum is low.
After an incubation period of 48 h, the degradation index of pullulan is 0.7 com-
pared to 0.05 for dextran. Varying the degrees of chemical modification regulate
or decrease the degradation rate. The strong binding of pullulan to the asialogly-
coprotein receptor with high affinity has been observed by Kaneo et al. In this
study, the bound molecule is internalized to the hepatocyte via receptor-mediated
endocytosis [246]. Pullulan is widely exploited for targeted drug/gene delivery
to liver because it accumulates in the liver insignificantly in higher amounts than
other water-soluble polymers. In the conventional monotherapy of hepatic virus
C-induced liver diseases, interferon (IFN) is used. But currently the efficiency of
IFN therapies is reported to be clinically inadequate. Suginoshita et al. attempt
to target the liver by complexing the IFN with pullulan. They later concluded that
pullulan is a promising candidate for IFN therapy due to the liver-targeting ability
[247]. They reported that intravenous administration of the IFN-DTPA-pullulan
conjugate in mice showed enhanced IFN activity than free IFN. Lately the role of
polysaccharides in developing controlled drug delivery systems has increased sig-
nificantly, and pullulan is gaining significant attraction toward biomedical applica-
tions. Some examples are self-assembling nanoparticles from hydrophobized pul-
lulan, pH-sensitive derivatized pullulan nanoparticles, and anionic/amphiphilic
microparticles [248]. By complexing the hydrogel nanoparticle of cholesterol-
bearing pullulan, Akiyoshi et al. developed an insulin delivery system of the size
of 20–30 nm. Insulin aggregation and enzymatic degradation were suppressed by
these stable complex nanoparticles. In vivo the biological activity of the complexed
insulin remained intact. In contrast to pullulan, carboxymethylated pullulan has
low affinity for asialoglycoprotein receptors due to its negative charge [249]. The
liver uptake clearance of pullulan was decreased by the more than hundredfold.
The pullulan derivative was further investigated for chemotherapy applications.
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Carboxymethylated pullulan is conjugated with doxorubicin, a known chemother-
apy drug used for various cancer treatments, via a peptide linker. Macromolecular
prodrugs are small molecular drugs which are conjugated to polysaccharides that
make them inactive. For the conjugated drug to be pharmacologically active, it
should be released from the prodrug. Conjugation helps reduce free drug plasma
concentration and drug exposure to other susceptible tissues. The advantage of
prodrugs is that they have long half-life compared with the free drug, which leads
to passive accumulation of prodrugs to the tumor. Due to the leaky vasculature
as well as the retention of these macromolecular conjugates that enhanced the
permeability of the prodrugs to the tumor, the lymphatic drainage will decrease.
Nogusa et al. concluded in an in vivo study that that the conjugated drug was more
effective than the free drug [250]. They used both the conjugate and the free drug
on murine carcinoma models, solid tumor (lung carcinoma and reticulosarcoma),
and nonsolid tumor (P388 leukemia). Compared with free drug, the conjugate
was more effective in reducing the tumor volume and increasing the survival
rate, indicating that the conjugate was very effective only against solid tumors
and did not have any effect on leukemia cells. Hydrophobically modified pullulan
originated from self-assembled nanoparticles. pH-sensitive self-assembled
nanoparticles of succinylated pullulan acetate/sulfonamide (PA/SDM) conjugates
that are responsive to even minute pH variations were created by Na et al. [251].

The size of the nanoparticles ranges <70 nmood, which were developed
for targeting solid tumors and inflammatory regions in this area. Adriamycin
(doxorubicin) is used for loading and release properties of these nanoparticles.
The drug release depends on PA/SDM nanoparticles. The release rare of the
dug from these nanoparticles are pH dependent, and they were significantly
enhanced below a pH of 6.8. The advantages of these pH-responsive PA/SDM
nanoparticles for targeted anticancer drug delivery include particle aggregation
and enhanced drug release rates at tumor pH. The application of pullulan in
gene therapy is another area being explored. Endocytic pathway is used in gene
delivery applications. Viruses are also used for gene therapy, despite being known
to be immunogenic and can be hazardous. To develop nonviral vectors, cationic
derivatives of natural polymers are investigated for this application. Currently
pullulan is investigated for gene delivery application due to its biocompatible and
nontoxicity. Hosseinkhani et al. prepared a pullulan–DTPA derivative in which
metal-chelating residues combined with a plasmid DNA in aqueous solution
containing Zn2+ ions to get the conjugate of pullulan derivative and plasmid DNA
with Zn2+ coordination. Cholesterol pullulan and amino-group-modified choles-
terol showed good stability but shrank and aggregated below pH 7.0. Extracellular
pH (pH 6.5–7.2) is lower than normal tissues and blood. Pullulan nanogel were
developed by Hasegawa et al. In this study the amino-group-modified cholesterol
pullulan nanogel acts as a novel carrier to deliver QD into cells in comparison to
conventional cationic liposome and has the disadvantage of forming aggregates
once it is internalized in the cell [252]. By simply mixing nanogels of cholesterol-
bearing pullulan modified with amino groups and quantum dots, nanoparticles
were formed, and their size is about 38 nm. The intensity of fluorescence per cell



336 11 Relevance of Natural Degradable Polymers in the Biomedical Field

of CHPNH2–QD nanoparticles was comparable to that of a liposome–QD com-
plex. It also shows that with higher number of amino groups, the fluorescence can
be up to 3.4 times than that of the control. Therefore the authors established that
these nanoparticles could be a promising fluorescent probe for bioimaging due
to chemical modification of CHP enhancing its cellular uptake and simultaneous
delivering QD than the conventional cationic liposome. Carboxymethyl pullulan
was developed and conjugated to HP by Na et al., who also investigated its prop-
erties with regard to tissue engineering applications [253]. In tissue engineering
applications, scaffolds or artificial ECM are required, since they can accommo-
date cells and regulate growth, leading to 3D tissue regeneration. In vitro it shows
that the proliferation of SMCs is inhibited by the HP-conjugated pullulan. So
this material can be used for the proliferation of vascular endothelial cells and
to inhibit the proliferation of SMCs. Irreversible aggregation due to host-guest
interaction prevents irreversible aggregation was suppressed by the selective
binding of molecular chaperons to denatured proteins. This chaperon-like activity
helps to catch and release the proteins. The refolded form of protein was released
by the host chaperon. A water-soluble polymer such as PEO is used to increase
the recovery yield of the native protein during refolding. The purpose of using this
type of polymers is that they will block the exposed hydrophobic surface on the
denatured proteins in such a way that it just prevents the aggregation of proteins.
Folding to the native confirmation has been prevented by excessively strong bind-
ing to intermediates. Hydrophobized pullulan nanogels are developed by Nomura
et al. These nanogels thus possess the properties of molecular chaperons [254]. In
the presence of cyclodextrin, the complex proteins were effectively released from
the nanogels in their refolded forms. So the authors concluded that this nanogel
system is a promising technique for protein refolding. The binding and release of
proteins in the active form are being explored toward tissue engineering applica-
tions. Similar to dextran, pullulan is largely explored as a potential blood-plasma
substitute. The significant property for plasma expanders is its high water solubil-
ity, which made pullulan a great example. These blood plasma expanders operates
through colloidal osmotic pressure induced by the macromolecules. So in order to
attain this property, pullulan should have a molecular weight of about 60 kDa. Low
molecular weight pullulan gets rapidly excluded from the organism resulting in a
secondary hemorrhagic shock, while higher molecular weight pullulan increased
venous pressure. For this purpose pullulan should be in a therapeutic molecular
range. Anionically modified pullulan via γ-irradiation was used as the base for
blood-plasma substitute by Shingel et al. [255]. The resistance of pullulan to
degradative action amylase is increased by the presence of carboxyl and carbonyl
groups.

11.2.28
Casein

Casein films have been shown to exhibit high tensile strength making them suit-
able candidates for coatings for tablets. There have been no reports investigating
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the use of this highly acceptable biopolymer for tablet coating processes until
Abu Diak et al. [256] evaluated casein as a film former for tablet coating with the
aid of different water-soluble and insoluble plasticizers. In this study, diltiazem
HCl core tablets were coated with casein using a pan coater, and the efficacy of
four different plasticizing agents (glycerol, triethyl citrate, dibutyl sebacate, and
oleic acid) in producing a continuous tablet coat was evaluated. Interestingly, as
only those films formed using oleic acid were capable of producing a continu-
ous and acceptable coat, casein can be considered as a potential film former for
the coating of pharmaceutical dosage forms. Macheras et al. [257] have observed
increases in bioavailability of drug–milk preparations relative to the pure drug.
Subsequent binding studies in casein solutions showed increases in drug solu-
bility, which could not be explained by normal protein binding. Watanabe et al.
[258] observed that the release rate of phenytoin from a solid mass containing
sodium caseinate and microcrystalline cellulose decreased gradually in compari-
son with its release from intact phenytoin powder. They related that decrease to
the adsorption of sodium caseinate protein on the hydrophobic surface of pheny-
toin crystal. Caseins possess a number of favorable characteristics suitable for the
development of hydrogel biomaterials, such as high hydrophilicity; good biocom-
patibility, particularly in oral delivery applications; lack of toxicity; and availability
of reactive sites for chemical modification. Genipin is found in traditional Chi-
nese medicine and is extracted from the gardenia fruit. It is an effective natu-
rally occurring cross-linking agent that can react with amino acids or proteins
[259]. Many researchers have investigated the cytotoxicity, feasibility, and biocom-
patibility of genipin for tissue fixation and found that genipin was 10 000 times
less cytotoxic than the commonly used glutaraldehyde solution. Novel casein-
based hydrogel for the controlled release of BSA has been prepared for the first
time using genipin to cross-link casein protein in an aqueous system [260]. The
mechanical strength of the cross-linked casein hydrogel could be tuned depend-
ing on the amount of genipin. At pH 1.2, the swelling ratio of the hydrogel and the
amount of BSA released were relatively low. However, a higher amount of swelling
and BSA release were observed at pH 7.4. The release behavior could be related
to cross-linking and swelling degrees of the hydrogel networks formed by various
amounts of genipin. It is suggested that the genipin-cross-linked casein hydrogels
might be a suitable polymeric carrier for protein drug delivery in the intestine, as
shown in Figure 11.7. [261]

Various chemical or physical cross-linking methods have been used for the
gelation of aqueous casein systems. Among them, enzyme-induced cross-linking
has been found to be an attractive route. Transglutaminase (TGase) catalyzes
covalent inter molecular cross-linking through an acyl-transfer reaction, between
the g-carboxyamide group of a peptide-bound glutamine residue (acyl donor)
and the primary amino group of an amine (acyl acceptor) [262]. Song et al.
used microbial transglutaminase (MTGase) to assist the gelation of an aqueous
casein system for controlled drug release. Increasing the amount of MTGase
resulted in a decrease in gelation time and an enhancement of hydrogel strength.
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Figure 11.7 Possible cross-linking mechanism for the reaction of casein with genipin in an
aqueous system [261].

Compared with the casein hydrogel without the added MTGase, the enzyme-
induced casein hydrogel is characterized by a more complex network structure
with higher fractal dimension. By means of this enzyme-assisted gelation, as
a model drug, vitamin B12 was incorporated into the casein hydrogel matrix
under mild conditions. This hydrogel was found to have potential use as a new
matrix for the entrapment and controlled release of vitamin B12 [263]. Casein
has been used to prepare biodegradable microspheres by an emulsification
technique. The microspheres obtained by this technique do not show any
floating properties. However, casein foaming properties cause the incorporation
of air bubbles that act as air reservoirs in the floating systems. Fluorescein
sodium (FluNa)-loaded casein–gelatin floating beads have been prepared by
an emulsification extraction method and cross-linked with D,L-glyceraldehyde.
Emulsifying properties of casein caused air bubble incorporation and formation
of large holes in the beads. The high porosity of the matrix influences bead
properties such as drug loading, drug release, and floatation. These effects are
significant when compared to those with low-porosity beads that are artificially
prepared without cavities. The percentage of casein in the matrix increased drug
loading of both low-porosity and high-porosity matrices, with the loading of
high-porosity matrices being lower than that of low-porosity ones. The drug
release rate increase in high-porosity matrix, in comparison with beads without
cavities, is due to the rapid diffusion of the drug through water-filled pores.
The study shows that cavities act as an air reservoir and enables the beads
to float. Therefore, casein seems to be a material suitable for the inexpensive
formation of air reservoirs for floating systems. Casein microspheres may be
advantageous to be used as an alternative to albumin as a matrix for microsphere
drug carriers. Casein microspheres are relatively inexpensive; they have better
amphiphilicity and good dispersibility in aqueous systems, and they form uniform
spherical structures. Particle amphiphilicity is important for post-synthesis drug
loading as well as for easy wetting and rapid reconstitution in aqueous solutions.
Casein microspheres have been prepared through a number of techniques. In
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emulsification–chemical cross-linking, cross-linked casein microspheres were
successfully used as parenteral biodegradable carriers for sustained delivery
of drugs via intramuscular, intraperitoneal, and direct intratumoral injection,
or intra-arterially for embolization in solid tumor deposits. Enzymatically
cross-linked casein micelles (CM) can be transformed from associating colloids
with microgel particles, which can provide very interesting and promising
controlled-release drug delivery systems [264], coacervation, and electrostatic
complexation in aqueous systems. Casein-based nanovehicles were used for
drug and nutraceutical delivery applications varying from nanosized micelles to
enzymatically cross-linked nanogel particles, or nanoparticles prepared by graft
copolymerization, heat gelation, or polyelectrolyte ionic complexation. Milk CM
represent a natural nano delivery system. They are part of the milk transport
system in which nutrients are passed from the mother to a suckling offspring as
a primary source of amino acids and calcium phosphates essential for neonates.
The micelles are very stable in processing and retain their basic structural identity
during the processing of milk into various products [265]. CM have received
much attention in many fields such as food, cosmetics, and medicine. In general,
caseins can be thought of as block copolymers consisting of blocks with high
levels of hydrophobic or hydrophilic amino acid residues. Semo et al. [265]
have demonstrated the possibility to encapsulate the fat-soluble vitamin D2 as
a model hydrophobic nutraceutical compound within CM, using the natural
self-assembly tendency of bovine caseins. The complexation of the poorly soluble
chemopreventive agent curcumin with the natural nanostructure of bovine
CM, and its application in drug delivery to cancer cells were investigated. The
interaction of CM with gold nanoparticles (GNPs) was studied. It was believed
that CM–GNP conjugates are desirable nanobiotechnology materials for future
applications in genomics, proteomics, biomedical, and bioanalytical areas. Beta-
casein (β-CN) micelles have also been studied as nanovehicles for hydrophobic
bioactives. The pronounced self-associating behavior into micelles makes casein
a promising candidate for drug delivery applications. The micelles can potentially
encapsulate and stabilize bioactive compounds, particularly drugs and therapeu-
tic compounds of hydrophobic as well as amphiphilic character [266]. A drug
delivery system comprising a model hydrophobic anticancer drug, mitoxantrone
(MX), entrapped within β-CN-based nanoparticles was introduced [267].
β-CN nanoparticles may serve as effective oral delivery nanovehicles for sol-
ubilization and stabilization of hydrophobic drugs. Mandelbaum and Danino
[268] focused their research on encapsulation of celecoxib and budesonide, both
having low bioavailability, into nanostructured β-CN assemblies. Zhu and Li [269]
prepared poly(methyl methacrylate) (PMMA)/casein core–shell nanoparticles
via a graft copolymerization of methyl methacrylate (MMA) with CM induced
by a small amount of copper ions. Thus, this process is considered commercially
viable and could be used as a drug delivery vehicle. Pan et al. [270] grafted dextran
to casein to increase its hydrophilicity through the Maillard reaction, which is
a nontoxic reaction that happens naturally during the processing, cooking,
and storage of foods [271]. Nanoparticles encapsulating extremely insoluble
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β-carotene were fabricated via self-assembly of casein-graft-dextran copolymer.
The amphiphilic character of the particles provides a possibility for practical
applications of the particles to deliver unstable and hydrophobic nutrients and
drugs. Nanogel casein particles were prepared by cross-linking the CM with the
enzyme TGase [272]. Casein nanogel particles were more stable to heat-induced
coagulation but less stable to acid-induced coagulation than native CM. Casein
nanogel particles offer applications not only in traditional dairy products but also
in applications where the integrity and biocompatibility of the nanogel particle
are important such as their use in drug delivery applications. Heat-induced
protein denaturation causes proteins to lose their compact structure, to expose
their hydrophobic residues to the surface, and to exchange their disulfide bonds,
resulting in intermolecular interactions [273, 274]. Pan et al. [275] studied the
self-assembly of β-CN and lysozyme, having isoelectric points of pH 5.0 and
10.7, respectively, to form polydisperse electrostatic complex nanoparticles. The
nanoparticles formed due to interactions between these biomacromolecules
may find a potential application in encapsulation and controlled release of
drugs, nutraceuticals, and other bioactive compounds. Major challenges of milk
proteins include identification of specific targets and targeting mechanisms
for oral delivery of anticancer drugs and advancing nanotechnology for food
and drug applications. In the field of nutraceuticals, these include protecting
oxidation-sensitive hydrophobic and hydrophilic nutraceuticals in their long
shelf life and exploring the digestive or systemic fate of vehicles developed and
their bioactive cargo and applying this knowledge to the design of smarter,
more effective targeted vehicles for both nutraceuticals and drugs. The main
technological challenges in this respect are to control digestibility, to program
the release of the bioactive payload to occur at the desired target location along
the gastrointestinal tract, and to promote its bioavailability [276].

11.2.29
Silk

The most important and ancient insect-derived protein materials used by humans
are silk. Silkworm silk and spider silk are the different sources of silk that have been
studied. Dragline spider silk is the toughest of all types [277]. In tissue engineering
studies, silk and silklike polypeptides (SLPs) have been used extensively. Naturally
derived silk fibroin from silkworms is a readily available source of these proteins.
It has been processed to form hydrogels, films, and electrospun nanofibers, as
well as porous scaffolds. Perrone et al. recently investigated that the tough silk
fibroin can be processed into devices such as biodegradable screws and plates
useful for craniofacial bone-fixing applications [278]. Spider silks have also been
used in applications that require durable materials [279, 280]. Dragline spider silk
harvested from Nephila spp. was used to fabricate woven scaffolds as artificial
skin, able to support fibroblasts and keratinocytes. The combination of crystalline,
flexible, and amorphous domains in the protein makes spider silk the toughest
among silks. However, the limitations of natural silk from spiders and silkworms
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are that the harvesting of mechanically robust silk spidroin is impractical and they
lack intrinsic bioactivity and cannot be genetically modified like recombinant
proteins. Researchers using recombinantly expressed SLPs have focused on the
spider silk-derived consensus sequences from spiders such as Nephila clavipes
and Araneus diadematus [281]. The mechanical robustness of native spider silks
has been used to improve SLPs to fabricate tough structures such as fibers, films,
and coatings. Such structures would be useful to replace skeletal tissues and skin
as well as for many nonbiological uses [282]. The bioapplications of SLP have
mainly focused on exploring the biocompatibility of the proteins and on ways to
impart bioactivity and synthesizing different forms of scaffolds rather than using
the strongest versions of SLP fibers. For example, porous scaffolds fabricated using
N . clavipes MaSp1 sequence-derived SLP expressed in E. coli have been shown
to not only be biocompatible but also show vascularization and tissue in growth
during subcutaneous implantation in BALB/c mice [283]. Moisenovich et al.
observed that the porous scaffolds show bone healing capabilities after defect
repair with these scaffolds compared to the control in Wistar rats. N . clavipes-
derived sequence is used to synthesize SLPs with various functionalities including
RGD-functionalized SLPs to improve cell adhesion, silaffin-derived R5 sequence
to mineralize silica [284], and dentin matrix protein 1 sequence to mineralize
calcium phosphate by Kaplan and coworkers [285]. An alternative type of SLP
used to develop cell-interactive substrates is the Euprosthenops australis-derived
4RepCT. 4RepCT has been used to prepare films, foams, fibers, and meshes that
were tested for interactions with human primary fibroblasts [286]. Widhe et al.
show that all the substrates were compatible with the fibroblasts and sustained
similar cell properties such as collagen formation even after 14 days of culture.
Lewicka et al. observed that 4RepCT films are compatible with neural stem cell
culture and are comparable to plates coated with poly-L-ornithine and fibronectin
from bovine plasma [287]. Recently, 4RepCT films fused with cell adhesion motifs
such as RGD, IKVAV, and YIGSR were shown to promote better cell adhesion than
controls especially for Schwann cells on IKVAV functional 4RepCT compared
with laminin-coated control [288]. Furthermore, 4RepCT fusions with different
biomolecule-binding domains such as IgG binding, biotin binding, and albumin
binding have also been prepared [289]. Site-specific immobilization of different
biomolecules can be a powerful method to impart ECM-like activity to SLP or any
other PBP used for cell interaction and tissue engineering. Silk and silk fibroins
from silkworms are used heavily for drug delivery applications. Silk fibroin has
been processed into films, fibers, hydrogels, and coatings [290]. Delivery of
biomolecules has been obtained using SLP sequences derived from two sources:
major ampule proteins ADF4 and MaSp1 from A. diadematus and N . clavipes,
respectively. Among the different structures, the most commonly fabricated one is
nanoparticle delivery agents. Low molecular weight hydrophobic drug molecules
can easily diffuse into these nanoparticles, and hydrophobic interactions with
the β-sheet-rich core trap the molecules within the particles [291]. Furthermore,
eADF4(C16) has an isoelectric point of pH 3.48, which makes it a negatively
charged polypeptide at a high pH; thus, positively charged drugs show a higher



342 11 Relevance of Natural Degradable Polymers in the Biomedical Field

encapsulation efficiency at physiological pH than those with a negative charge.
The charge on the eADF4(C16) peptides also allows for pH-responsive drug deliv-
ery; for example, >80% of the loaded drug (ethacridine lactate) was released in
1 day at pH2, whereas only 10% was released in the same time at pH 7 and above.
The drug-loaded nanoparticles can also be enzymatically degraded by trypsin and
elastase, making the particles useful for cell activity-mediated drug release. Hofer
et al. [292] used similar particles composed of eADF4(C16) for lysozyme delivery.
The positively charged lysozyme was easily loaded in the eADF4(C16) nanopar-
ticles, and the in vitro release tests showed a pH- and ionic strength-dependent
protein release. The researchers also showed that SLP nanoparticles can be
lyophilized for long-term storage without any damage. On the other hand, N .
clavipes MaSp1 protein-derived sequence has been used to design self-assembling
nanoparticles useful for gene delivery. Numata et al. [293] synthesized a triblock
SLP containing six repeats of the MaSp1 consensus, poly(L-lysine) with 30 lysine
residues, and either a tumor lymphatics-targeting domain or cell death-inducing
domain. The triblock polypeptides self-assemble to form nanoparticles in the
presence of negatively charged genes. Particles with tumor lymphatics-homing
peptide showed better transfection efficiency, resulting in their use in a mouse
model for in vivo gene delivery. In addition, the particles also have a tunable enzy-
matic degradation rate dependent on its β-sheet content that can be regulated by
methanol treatment of the particles. Other scaffold structures made of SLP being
developed for drug delivery are films. Similarly to the SLP nanoparticles for gene
delivery, films can also have tunable degradation and drug release by changing
film crystallinity. A standard method used to increase the β-sheet content of silk
structures is via dehydration using nonsolvents such as methanol [294]. Spiess
et al. [295] observed that due to changes in SLP crystallinity and packing, the
mechanical properties of the films would simultaneously affect the release rates
of loaded drugs. Tuning the release rate of drugs from SLP films is to mix the
polypeptide with a synthetic polymer as shown by Hardy et al. [296]. The films
cast with a combination of eADF4(C16) and polycaprolactone or pellethane
show degradation and drug release that is dependent on the amount of synthetic
polymer; lower polymer results in faster degradation and drug release, and vice
versa.

11.3
Conclusion

Currently natural biodegradable polymers are very significant in terms of their
applications in fields with respect to environmental protection and physical
health. The demand for natural biopolymers includes a wide range of biomedical
applications such as wound dressing membranes, scaffolds for tissue engineering,
resorbable surgical sutures, matrices for the controlled release of drugs, and
resorbable devices such as bone cements, pins, screws, and plates. Natural
polymers have many advantages over synthetic polymers because of many
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reasons such as their natural resources, being inexpensive, and having the
capability of chemical modification.

Abbreviations

b-PEI branched polyethylenimine
ß-TCP beta-tricalcium phosphate
BTE bone tissue engineering
BSA bovine serum albumin
β-CN beta-casein
CM casein micelles
CaP calcium phosphate
CHI chitosan
CA cellulose acetate
DIM 3,3′-diindolylmethane
DHA 1,4-dihydroxyanthraquinone
DS dermatan sulfate
DMR diagnostic magnetic resonance
DH degree of hydrolysis
DHP dialdehyde heparin
DAS dialdehyde starch
ELP elastin-like polypeptides
ECM extracellular matrix
EISA evaporation-induced self-assembly
FRET Förster resonance energy transfer
FRAP ferric reducing antioxidant power
GNPs gold nanoparticles
GBR guided bone regeneration
GAGs glycosaminoglycans
GF growth factor
HP heparin
HS heparan sulfate
HGA homogalacturonan
HACS high-amylase cornstarch
HSA human serum albumin
HA hydroxyapatite
ITT inverse temperature transition
IBU ibuprofen
IFN interferon
LUT lutein
MAA methacrylic acid
MTGase microbial transglutaminase
MX mitoxantrone
MMA methyl methacrylate
MRI magnetic resonance imaging
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NPs nanoparticles
PGs proteoglycans
PET positron emission tomography
PDT photodynamic therapy
(pAAm-g-GG) polyacrylamide-grafted guar gum
PCL poly(ε-caprolactone)
PU polyurethane
PDMS poly(dimethylsiloxane)
PMMA poly(methyl methacrylate)
RBM rat bone marrow
ST starch
SGF simulated gastric fluid
SIF simulated intestinal fluid
SFU sweeping frequency ultrasound
SAM self-assembled monolayer
SMCs smooth muscle cells
SLPs silklike polypeptides
TOC α-tocopherol
TF foaming temperature
TGase transglutaminase
ZT thermoplastic zein
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Synthetic Biodegradable Polymers for Medical and Clinical
Applications

Raju Francis, Nidhin Joy, and Anjaly Sivadas

12.1
Introduction

Biodegradation of a polymer is defined as the deterioration of its physical and
chemical properties and the decrease of its molecular mass down to the formation
of CO2, H2O, CH4, and other low-molecular weight products under the influence
of microorganisms in both aerobic and anaerobic conditions [1].

In modern medicine polymeric biomaterials have a specific role because they
are broken down after their served function, and therefore they are preferred in
clinical applications. In order to fit functional demand, materials with the desired
physical, chemical, biological, biomechanical, and degradation properties must
be selected. Fortunately, a wide range of synthetic degradable polymers have been
investigated and developed to meet new challenges in the biomedical field.

Biomedical applications of synthetic biodegradable polymer:

1) Tissue engineering
2) Drug delivery and control release
3) Bioseparation and diagnosis
4) Medical devices

Drug-eluting stents
Orthopedic devices
Disposable medical devices
Other medical devices

5) Gene delivery
Poly(L-lysine)-based systems
Polyphosphoester-based systems
Polyethylenimine (PEI)-based systems
Poly(β-amino ester)s-based systems
Other degradable polymers-based systems

Properties of synthetic biodegradable polymer materials offer more advantages
than natural materials: freedom from concerns of immunogenicity, predictable
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uniformity, and reliability of the source of raw material because polymer materials
with fundamental building block units have simple and well-known structures and
properties. Synthetic materials have many advantages, which include their use as
scaffolds. These polymers can be tailored to exhibit a wide range of mechanical
properties and degradation rates and to also serve as a more reliable source of raw
materials with the ability to evoke an immune response in the body. Furthermore,
polymers can be designed with chemical functional groups that can induce tissue
in growth.

Coulembier et al. explain the many specific requirements of biodegradable poly-
mers that are used in drug delivery systems [2]. The selection of biopolymers that
are natural or synthetic depends on these requirements:

1) Biocompatibility of both polymer and its degradation products
2) Mechanical strength sufficient to meet the needs of specific applications
3) Solubility in various solvents
4) Processibility using available equipment
5) Economically acceptable shelf life
6) Chemical, structural, and application versatility
7) Degradability with degradation kinetics matching a biological process such

as wound healing
8) EMEA or FDA, US approval for a polymer, additives, and its degradation

products

Attempts to find tissue-engineered solutions to cure orthopedic injuries/
diseases have made the development of new polymers essential. The new polymer
demands that the scaffold is capable of providing mechanical support and
gradually degrades to biocompatible products. More demanding requirements
are the ability to incorporate cells, growth factors, and so on and to provide
osteoconductive and osteoinductive environments. Star biopolymers have more
enhanced properties compared to linear polymers. There has been more focus
on poly(L-lactic acid) (PLLA) and poly(ε-caprolactone), due to their availability
and ease of use. Thermal, physical, and self-assembly properties can all be tuned
by altering the polymer composition, the number and length of the polymer
arms, and the polymer tacticity. Biodegradable polymers can be classified into
natural polymers, synthetic polymers, and modified copolymers (Figure 12.1).
Various biodegradable polymers are described with respect to their composition,
structure, properties, and applicability.

The aim of this chapter is to briefly discuss the major classes of biodegradable
polymers and their potential in various biomedical applications. This work
focuses on the potential applications, biocompatibility, and biodegradation of
these polymers to help the reader to further explore the use of polymers or
precursors with similar characteristics for developing new polymer compositions
in the biomedical field. Continued investigation of new polymer compositions,
methods of polymerization, and catalysts is critical to meet the changing
and varied demands of polymer properties for medical devices, drug–device
combinations, and tissue-engineered scaffolds.
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Polyesters

Polyglycolide

Polylactide

Polyacetals

Polycarbonate

Polyurethanes

Polyanhydride

Polyphosphene

Polyphosphoester

Polyorthoester

Poly(propylene fumarate)

Poly(ε-caprolactam)

Poly(lactic-co-glycolic acid)

Polyhydroxyalkanoate

Natural biopolymers

Biopolymers

Synthetic biopolymers

Different modified

copolymers

Figure 12.1 Classification of biodegradable polymer.

12.2
Polyesters/Poly(𝛂-hydroxy acids)

Among the families of synthetic polymers, the polyesters have been attractive for
these applications because of their ease of degradation by hydrolysis of ester link-
age and the ability of the degraded products to be resorbed through the metabolic
pathways. Polyesters have also been considered for the development of tissue engi-
neering applications. Although a number of polyesters are commercially available
and all are theoretically degradable, the hydrolytically stable nature of the ester
bond implies that only polyesters with reasonably short aliphatic chains can be
used as degradable polymers for biomedical applications. Although these poly-
mers are often mildly hydrophobic, ester bond stability causes them to undergo
bulk erosion. Poly(α-hydroxy acids) are considered as one of the most widely and
most primitive researched class of biodegradable polymers. They can be produced
from a collection of monomers, for example, glycolide, caprolactone, and lactide
[3–6]. The chemical properties of these polymers allow hydrolytic degradation
through de-esterification. The degraded monomeric components of each poly-
mer are removed by natural pathways. The human body already contains a highly
regulated mechanism that completely removes monomeric components of lactic
and glycolic acids [7, 8]. The limitation of this polymer in biomedical fields is that
the degradation products reduce the local pH value, which, in turn, may acceler-
ate the polyester’s degradation rates. Another disadvantage is that the mechanical
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properties of the porous scaffolds made from polyesters are relatively weak, which
limits their use for bone tissue engineering.

12.3
Poly(glycolide)

H
O

O

n
OH

Poly(glycolide) (PGA) or polyglycolic acid was the first biodegradable polymer
synthesized in 1971 [9]. A vast majority of the biodegradable polymers studied
belong to the polyester family, which includes polyglycolides and polylactides
(PLAs). It is the simplest linear, aliphatic polyester and also a biodegradable,
synthetic, and thermoplastic polymer. The glass transition and melting tem-
peratures of PGA are 36 and 225 ∘C, respectively. Because of high crystallinity
(46–50%), PGA is not soluble in most organic solvents. In the biomedical field,
polyglycolide and its copolymers were broadly utilized as a material for the
synthesis of absorbable sutures and being assessed thoroughly at this time.
Degradation of polyglycolide into its monomer glycolic acid takes place in two
steps. Degradation mainly takes place at the ester bonds. PGA is used in bone
tissue engineering and medical application owing to its degradation properties.

The immobilization of biological ligands (such as biotin and peptides) onto
polyglycolide is complicated by the absence of functional groups on the polymer
backbone. By attaching (+)-biotinyl-3,6,9-trioxaundecanediamine to the surface
of PGA sutures, which immobilizes the ligand through an amide bond between
amine (ligands) and carboxylic acid groups (surface-hydrolyzed PGA sutures),
Lee et al. demonstrated a new method for overcoming this problem [10]. This
strategy can be applied to surface modifications of other bioaliphatic polyesters,
which would improve the active targeting of drugs based on ligand-attached,
polymeric drug delivery systems.

Due to its good mechanical properties, PGA has been investigated for applica-
tion in bone internal fixation devices. However, its degradation rate is very high,
which in the end would limit the mechanical properties and biomedical applica-
tions for PGA.

12.4
Polylactide

O

O n

Polylactide possesses chiral molecules. PLAs come in four forms: PLLA, PDLA,
PDLLA – a racemic mixture of PLLA and PDLA, and meso-poly(lactic acid).
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Poly(lactic acid) is synthesized by the cyclic dimer of lactic acid (LA) that mainly
exists as two optical isomers: D- and L-lactate, the latter being the naturally
occurring isomer; and D,L-lactide is the synthetic blend of D-lactide and L-lactide.
The semicrystalline homopolymer L-lactide has high tensile strength, elongation,
good mechanical strength, degradation, biocompatibility, and modulus, all of
which make it more suitable for load-bearing applications such as sutures, scaf-
folds for tissue engineering, drug carriers, and orthopedic fixation. The additional
methyl group in PLA causes the polymer to be much more hydrophobic and
stable against hydrolysis than PGA. PLLA systems have only limited application
due to their slow degradation time. Radiation technique was used for solving
this limitation [11, 12]. Radiation creates radicals in the ester alpha carbon,
which upon rearrangement shortens the polymer backbone through the removal
of an ester bond and the release of carbon dioxide. Recombination of carbon
radicals induces branching and cross-linking causing a decrease in crystallinity.
Shortening of the polymer and a decrease in crystallinity work in concert with
fine-tuning of PLLA degradation behavior; even heavily irradiated PLLA is
not completely absorbed until months after being delivered in vivo. This holds
promise for use in birth control delivery devices. PLLA has been extensively used
in bone fixator and tissue engineering applications ranging from scaffolds for
bone, cartilage, tendon, neural, and vascular regeneration. PLA can be dissolved
in various organic solvents, such as chloroform, methylene chloride, methanol,
ethanol, benzene, acetone, and dimethylformamide.

Compared to linear polymers, star polymers exhibit lower melting temperatures
(Tm), glass transition temperatures (Tg), and crystallization temperatures (Tc)
[13–19]. Star-shaped PLAs have lower hydrodynamic volumes and higher vis-
cosity than linear polymers. The two main factors affecting the properties of star
PLAs are the nature of the core and the selection of catalyst. The hydrolytic degra-
dation stability of polymer significantly affects the terminal end group of star arms.
The hydrolytic degradation of star-shaped PLAs is a key factor to note when using
these materials in controlled release drug delivery systems [20]. PLA star polymers
have been investigated for their potential effectiveness as drug delivery vectors and
self-assembled micelles, because they can encapsulate dyes, drugs, big, and small
molecules.

12.5
Poly(lactic-co-glycolic) Acid
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Poly(lactic-co-glycolic) acid (PLGA) is a biocompatible, nontoxic, and non-
inflammatory polymer formed by the combination of lactic and glycolic acid
monomers. Copolymers of glycolide such as PLGA have attracted consid-
erable interest as a base material for biomedical applications due to their
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(i) biocompatibility, (ii) tailored biodegradation rate, (iii) approval for clinical
use in humans, and (iv) potential to modify surface properties [21]. PLGA has
been used in a wide variety of forms, such as films, porous scaffolds, hydrogels,
or microspheres. Due to the biological safety and tunable degradation properties
of PLGA, it is favored in bone tissue engineering. The mechanical properties
and biodegradation rate of PLGA can be manipulated to some extent by con-
trolling the molecular weight and the unit ratio of the copolymer. Due to its low
mechanical strength, PLGA cannot be used in load-bearing applications.

12.6
Poly(𝛆-caprolactone)
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Polycaprolactone (PCL) is a semicrystalline polyester with great organic sol-
vent solubility and low tensile strength, but very high elongation at breakage, low
in vivo degradation rate, high thermal stability, high decomposition temperature,
and high drug permeability. PCL has found favor as a long-term implant delivery
device and elastic biomaterial, in drug delivery applications and tissue engineering
applications. PCL and PCL composites have been used as tissue engineering scaf-
folds for the regeneration of bone, ligament, cartilage, skin, nerve, and vascular
tissues. With regard to bone engineering, PCL can be categorized as a promising
biocompatible and biodegradable polymer. However, due to the slow degradation
limits, its application in bone engineering is not favored [22–24].

12.7
Polyurethanes
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Polyurethanes (PU) are synthetic elastomers that have been evaluated for a vari-
ety of medical implants; they have excellent mechanical properties, are biostable
and moldable, and have good biocompatibility that helps enhance their medical
applications such as scaffolds for tissue engineering. For improving the in vivo sta-
bility, silicon-based PU were developed. They are used in the fabrication of medical
implants such as cardiac pacemakers and vascular grafts. PU can also be designed
to have chemical linkages that are degradable in the biological environment such
as in both in vitro and in vivo studies; however, a major problem has been the
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toxicity of degradation products. PU has ester bonds with geminal amide bonds
synthesized by polycondensation of diisocyanates with alcohols and amines [25].
PU are composed of hard and soft segments that can undergo microphase separa-
tion provided these polymers have high mechanical properties. PU have been used
extensively in prostheses such as cardiac-assist devices, small vascular shunts, and
tracheal tubes.

12.8
Polyanhydrides
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Polyanhydrides (PAs) are a class of surface-eroding biopolymers that contain
two carbonyl groups bound together by an ether bond. Poly(sebacic anhydride)
is an example of aliphatic homo-PAs, but it has limited applications due to their
rapid degradation. PAs are synthesized by dehydration of the diacid, and dicar-
boxylic acid monomers are converted to the mixed anhydride of acetic acid [26].
High molecular weight polymers are prepared by melt polycondensation of pre-
polymers. PAs have been used for the delivery of chemotherapeutics, antibiotics,
vaccines, and proteins. PAs have limited mechanical properties that control their
use in orthopedics. Tyrosine-based polycarbonates are degradable polymers used
in load-bearing applications. PAs degrade by hydrolysis of the anhydride linkage.
PAs degrade by surface erosion, and their main applications are in controlled drug
delivery systems and have been used clinically.

12.9
Polyphosphazenes
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The polyphosphazenes consist of several hundred different polymers; their
backbone is completely inorganic consisting of phosphorous and nitrogen
bonded linearly through alternating single and double bonds. Most of the
polyphosphazenes are biostable, and incorporation of specific side groups such



368 12 Synthetic Biodegradable Polymers for Medical and Clinical Applications

as amino acid esters, glucosyl, glyceryl, lactate, or imidazolyl units renders it
biodegradable. Physical properties and degradation rates of polymers are also
greatly affected by the selection of the side group. Different polyphosphazenes are
made by macromolecular substitution reactions of poly(dichlorophosphazene)
reactive polymeric intermediates. The choice of side groups and the processibility
of polyphosphazenes have allowed them to form particles, micelles, and gels.
Polyphosphazenes have significant promise in tissue engineering applications,
drug delivery, chemotherapeutics, growth factors, DNA, proteins, and vaccines.
Immune-activating polyphosphazenes have great potential as adjuvants, nonspe-
cific boosting substances, and rapid-degrading polyphosphazenes and are used
in drug delivery applications, while the more hydrophobic side group-substituted
polyphosphazenes are used in tissue engineering applications.

12.10
Polyhydroxyalkanoates
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Polyhydroxyalkanoates are biodegradable polyesters that can be synthesized
by both (natural) bacterial and synthetic routes. Poly(3-hydroxybutyrate) (PHB), a
semicrystalline isotactic polymer, which belongs to this family undergoes surface
erosion due to the hydrophobicity of its backbone and its crystallinity. PHB is an
excellent candidate for use in tissue engineering applications due to its proces-
sibility, biocompatibility, and degradability [27–29]. The main disadvantage of
PHB is the limited use in controlled drug delivery due to its stability.

12.11
Polyorthoesters
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Poly(ortho esters) (POEs) are hydrophobic, surface-eroding polymers, which
were developed for drug delivery application and have three geminal ether bonds
suitable for orthopedic (load-bearing) applications. Addition of lactide segments
in the polymeric structure enhances its tunable degradation times to hundreds of
days. POE enhances the bone growth compared to other polymers, but its weak
mechanical property limits its application.
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12.12
Poly(propylene fumarate)
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Poly(propylene fumarate) (PPF) is a high-strength biopolymeric material due
to the cross-linking of unsaturated bonds in its backbone. The liquid phase of PPF
is changed by the addition of a cross-linker; therefore, it is favored in biomed-
ical applications such as bone filling. The degradation rate of PPF depends on
the molecular weight, cross-linker, and cross-linking density [30]. Combination of
ceramics with PPF helps in osteogenic tissue engineering due to the construction
of stronger, more bioactive scaffolds.

12.13
Polyacetals
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Polyacetals are degradable polymers in which two ether bonds are connected to
the geminal carbon molecule and exhibit surface-eroding properties. Polyacetals
and polyketals are the two subgroups of polyacetals used in the biomedical field
because their acid-catalyzed degradation products possess no carboxylic acids [31,
32]. Low stability of polyacetals limits their application in many areas. To create
osteogenic biomaterials for bone tissue engineering scaffolds from polyacetals,
cyclic polyacetal monomers with two ester acrylate end groups have been synthe-
sized, which can then be cross-linked [33–35].

12.14
Polycarbonates
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Polycarbonates are linear polymers that have two hydrolytically stable
germinal ether bonds and a carbonyl bond. Poly(trimethylene carbonate)
(PTMC) is an elastomeric aliphatic polycarbonate with great flexibility and slow



370 12 Synthetic Biodegradable Polymers for Medical and Clinical Applications

degradation, but poor mechanical strength. PTMC is used in the delivery of
angiogenic agents and antibiotics in the form of microparticles, discs, and gels.
1,3-Propanediol is a non-acidic biocompatible degradation product of PTMC.
α,ω-Dihydroxy telechelic PTMC, HO-PTMC-OH, is a linear dihydroxytelechelic
PTMC readily usable as biomaterials. HO-PTMC-OH is synthesized from the
controlled “immortal” ring-opening polymerization (ROP) of trimethylene
carbonate under mild conditions, using a catalyst precursor [36].

Other polycarbonates are tyrosine-derived polycarbonates and poly
(desaminotyrosyl-tyrosine alkyl ester carbonates) (PDTEs). Tyrosine-derived
polycarbonates are used as fixators and tissue engineering scaffolds. PDTEs have
been studied for their potential in tissue engineering of bone, vasculature, and
muscle due to their good physical properties like slow degradation and minimal
mass loss [37].

Zhang et al. report a facile and efficient method to synthesize linear atactic
poly(1,2-glycerol carbonate) using copolymerization of benzyl glycidyl ether with
CO2 using Co-salen complexes [38]. This atactic poly(1,2-glycerol carbonate)
showed a remarkable increase in degradation rate compared to poly(1,3-glycerol
carbonate). These chiral polycarbonates, from simple and abundant starting
materials, expand the repertoire of readily degradable polymers that are available
for biomedical applications.

12.15
Polyphosphoesters
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Polyphosphoesters form another class of flexible biomaterials similar to
biomacromolecules and are composed of phosphorous-incorporated monomers
synthesized by ROP, polyaddition, and polycondensation. These polymers consist
of phosphates with two R groups: one in the backbone and the other in the side
group [39]. Polyphosphoesters, similar to biomacromolecules, undergo relatively
rapid hydrolytic cleavage of the phosphate bonds in the backbone leading to the
production of bioresorbable or excretable phosphates, alcohols, and diols. The
different forms of polymer such as particles, micelles, films, and gels have been
used in various applications like scaffolds in bone tissue engineering. Polyphos-
phonates and polyphosphates are two different classes of polyphosphoesters.
Polyphosphonates have alkyl or aryl R groups, and polyphosphates have alkoxy or
aryloxy R groups in their phosphates. Physical properties and degradation rates
of polyphosphoesters depend on the selection of R groups.
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12.16
Synthesis and Application of Different Modified Synthetic Biopolymer

Well-defined mid-disulfide-functionalized amphiphilic comb-like copolymers
with alternating poly(ethylene glycol) (PEG) and poly(ε-caprolactone) side chains
were synthesized by a combination of RAFT process and ROP [40]. As compared
with linear PEG-b-PCL copolymers with similar chain length and weight content
of PCL segment, comb-like copolymers comprising PEG and PCL pendant
chains usually exhibited decreased crystallization temperature, maximal melting
temperature, and high degree of crystallinity, indicating that macromolecular
architecture plays an important role in affecting the physicochemical properties of
copolymers with similar chemical compositions. The disulfide-linked comb-like
copolymer aggregates could rapidly release the encapsulated drug when triggered
by 10 mM DL-dithiothreitol and have potential as controlled delivery vehicles due
to their excellent storage stability, satisfactory DLC, and rapid drug release in
response to reductive environment. Cytotoxicity studies revealed that copolymer
aggregates were nontoxic and biocompatible.

Biopolymer-based materials have evinced increasing attention from the pack-
aging industry due to concerns expressed in recent years from both environmental
and economic perspectives on the hazards of use of traditional petroleum-based
polymers. The extensive use of these traditional synthetic polymers has already
resulted in serious ecological problems. Recently, biopolymers have been increas-
ingly found in applications such as food, pharmaceutical, and consumer goods
packaging, since they are either totally or partially from renewable resources and
have the potential to be biodegradable and/or compostable.

Nitric oxide (NO) is a naturally occurring signaling agent that is responsible for
maintaining the functional performance of blood vessel cells in the body and other
vascular functions that include modulating hemostasis, regulating vascular tone,
and promoting revascularization [41–44]. Overall, compelling evidence suggests
that biodegradable materials release NO at tunable levels.

NO-releasing biodegradable polymers have been synthesized by derivatizing
poly(lactic-co-glycolic-co-hydroxymethyl propionic acid) (PLGH) polymers with
structurally unique thiol functionalities followed by nitrosation to yield pendant
S-nitrosothiol moieties [45].The nature of the thiol group was found to greatly
influence the overall properties of the polymer, including NO storage as well as the
total amount and kinetics of NO release. Stabilization of the S-nitrosated species
via cyclic intermediates prevents the rapid and uncontrollable initial decay of the
NO donor and results in a clinically relevant level of release. Because of the very
short half-life of the NO moiety, it was concluded that the degradation profile of
these polymers tends to follow the same pattern as that of the nonnitrosated par-
ent thiol polymers. The degree of cell lysis of a polymer sample suggested that there
is no observed cytotoxicity. The functional utility of these materials is demon-
strated in that these nontoxic polymers release NO under physiological condi-
tions, have degradation profiles that are appropriate for tissue scaffolds, and can



372 12 Synthetic Biodegradable Polymers for Medical and Clinical Applications

be prepared as electrospun nanofibers, commonly used in tissue and bone regen-
eration applications.

Prasanna et al. developed environment-friendly cathodes using biopolymer chi-
tosan with enhanced electrochemical behavior for use in lithium-ion batteries
[46]. Chitosan is compared to the conventional binder, polyvinylidene fluoride
(PVDF). Dispersion of the active material, LiFePO4, and conductive agent, Super
P carbon black, was tested using a viscosity analysis. Electrochemical impedance
spectroscopy (EIS) analysis showed that the LiFePO4 electrode with the chitosan
binder had high ionic conductivity and a smaller increase in charge transfer resis-
tance based on time compared to the LiFePO4 electrode with the PVDF binder
(Figure 12.2).

Strain-stiffening behavior common to biopolymer networks is difficult to repro-
duce in synthetic networks. Physically associating synthetic polymer networks
can be an exception to this rule and can demonstrate strain-stiffening behavior
at relatively low values of strain. Erk et al. synthesized synthetic and biopoly-
mer Poly(methyl methacrylate)–poly(n-butyl acrylate)–poly-(methyl methacry-
late) triblock copolymers for solving this problem [47]. These polymer networks
could be useful model systems for biological materials due to (i) the observed
similarity in strain-stiffening behavior, which can be quantified and related to net-
work structure, and (ii) the tunable structure of the physically associating network,
which can be manipulated to yield a desired response.

Hemorrhage (severe blood loss) from traumatic injury is a leading cause of death
for soldiers in combat as well as for young civilians. Dowling et al. demonstrated
that a sprayable polymer-based foam can be effective for treating bleeding from
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Figure 12.2 Cycling performance of LiFePO4 electrodes prepared using different binders, at
0.1 ∘C between 2.7 and 4.3 V at room temperature. (Prasanna 2015 [46]. Reproduced with
permission from American Chemical Society.)



12.16 Synthesis and Application of Different Modified Synthetic Biopolymer 373

a soft tissue without the need for compression [48]. When the foam is sprayed
into an open cavity created by an injury, it expands and forms a self-supporting
barrier that counteracts the expulsion of blood from the cavity. The active mate-
rial in this foam is the amphiphilic biopolymer, hydrophobically modified chitosan
(hmC), which physically connects blood cells into clusters via hydrophobic inter-
action. Hemostasis was achieved within minutes after application of the hmC
foams. The total blood loss was 90% lower with the hmC foam relative to controls
(Figure 12.3).

Gualandi et al. synthesized a new class of multiblock copolyesters by reactive
blending using butylene succinate and triethylene succinate with the same
chemical composition but different block lengths – P(BS18TES18), P(BS9TES9),
P(BS4TES4), and P(BS2TES2). Different types of characterization show that
polymer crystallinity, thermal and mechanical properties, wettability, and
degradation rate can be controlled by changing the block length. Stiffness of
copolymers depends on the crystallinity degree, a tunable range of degradation
rates, and surface hydrophilicity [49]. These copolyesters are not cytotoxic, and
protein adsorption capability and ability to support cell growth can be controlled
by surface hydrophilicity. These characterizations are performed by using flu-
orescein isothiocyanate (FITC), a model molecule. Depending on comonomer
distribution, the polyesters are capable of releasing FITC in a tailorable manner.
β-Calcium metaphosphate (CMP), Ca(PO3)2, is a kind of bioactive ceramic

having high biological compatibility to evoke specific biological responses and
safety in living tissues [50, 51]. It can produce a strong bond between the tissue
and materials, but due to its brittleness and stiffness, it cannot be used in
fracture fixation. For improving the strength, fracture resistance, bone-bonding
ability, and biocompatibility, β-CMP is combined with PLLA by a two-step

(a) (b) (c) (d)

Figure 12.3 Concept of a hemostatic foam
to treat noncompressible hemorrhage.
(a) Hemorrhage occurring from a wound in
the torso region cannot be treated by apply-
ing compression of a bandage. (b) Hemo-
static foam can be sprayed into the wound
cavity. (c) The foam expands into the cavity
and forms a solid barrier that counteracts

the expulsion of blood. Active ingredi-
ents in the foam can also interact with the
blood, promoting blood clotting or gela-
tion. (d) The net result is that hemostasis is
rapidly achieved, and the bleeding is thereby
contained. (Dowling 2015 [48]. Reproduced
with permission from American Chemical
Society.)
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compression-molding method that consists of a low-temperature (50 ∘C) mold-
ing step and a high-temperature (200 ∘C) molding step [52]. The resultant product
is biodegradable and has high mechanical strength.

Polylysine (PLL) is an interesting polymer in gene therapy since it is synthe-
sized from a naturally occurring, noncytotoxic monomer with polyamino acid
as its polymer. Terminal amines in its side group have an ability to protonate
at physiological pH, which enhances its application in gene therapy techniques
[53–64]. The molecular weight of PLL has a major outcome on cell toxicity, trans-
fection efficiency, and biodistribution [65]. Park and Healy synthesized terpoly-
mers of poly(lysine-g-(lactide-b-ethylene glycol)) through an ROP and functional
end-group grafting, which are capable of self-assembling with plasmid DNA [66].
Minimizing the amount of PLL in terpolymer, which is necessary for complete
plasmid condensation, may improve transfection efficiency and reduce overall
cytotoxicity. Terplex DNA delivery system using PLL has the advantage of being a
nonviral gene delivery carrier, good biocompatibility, and high transfection effi-
ciency [67]. Currently, several endogenous lipids incorporated PLL to serve as
effective DNA carriers. Carriers with high molecular weight and lipid methylene
content increased cellular uptake, generating significant gene expression with rel-
atively low toxicity on bone marrow stromal cells. Myristic, palmitic, and stearic
acid-substituted polymers were most effective in DNA delivery [68].

Zeng et al. evaluated the cellular uptake profiles and intracellular trafficking of
polymer micelles built from the hyperbranched polyester Boltorn, fitted with PEG
and fluorescent groups in MDA-MB-468 breast cancer cells [69]. Results showed
that the uptake of these nanoparticles correlated positively with both time and
concentration, and that the uptake of the nanoparticles was energy dependent
(Figure 12.4).

Poly(β-amino ester)s are more suitable for gene delivery because they contain
degradable linkages, exhibit ease in synthesis, do not produce byproducts, and
so on; they can be synthesized by Michael addition of primary amines to diacry-
late esters [70–75]. Poly(4-hydroxy-l-proline ester) was the first biodegradable
poly(β-amino ester) used as a gene carrier. Poly(β-amino ester)s synthesized from
2-(pyridyldithio)ethylamine are degradable and contain pyridyldithio functional-
ities in the side chains that show high specificity toward thiol ligands [76]. This
poly(β-amino ester) has low cellular toxicity and may serve as a modular platform
for polymer-mediated gene delivery.

Lim et al. synthesized poly[α-(4-aminobutyl)-L-glycolic acid], a biodegrad-
able cationic polymer that has ester linkage because polyesters usually show
biodegradability [77]. The overall positive charge of the polymer promotes
the formation of stable complexes with DNA. Transfection efficiency of the
polymer–DNA complex is higher, which possibly arises from the nontoxicity and
degradability of the polymer. The polymer is nontoxic, and its final degradation
product is a degraded monomer, L-oxylysine.

Around 140 degradable poly(β-amino esters) were prepared by parallel synthe-
sis via the conjugate addition of 20 primary or secondary amine monomers to
seven different diacrylate monomers. Akinc et al. investigated the ability of each
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Figure 12.4 Endocytic uptake and intracellular trafficking of hyperbranched copolymer-
based micelles in cells. (Zeng 2012 [69]. Reproduced with permission from American
Chemical Society.)

DNA-complexing polymer to overcome important cellular barriers to gene trans-
fer [78]. Effective diameter and zeta potential measurements indicated that small
particle size and positive surface charge led to higher internalization rates.

The delivery of genetic material to cells offers the potential to treat many
genetic diseases. PEI has been used for both in vitro and in vivo gene-delivery
applications [79–83]. Cationic polymers, specifically PEI, are promising gene
delivery vectors due to their inherent ability to condense genetic material
and successfully affect its transfection. However, PEI and many other cationic
polymers also exhibit high cytotoxicity [84]. To overcome the cytotoxicity of
PEI, different modifications were carried out using degradable polymers that
could retain the high transfection efficiency of PEI. High molecular weight PEI
is used in nonviral gene therapy, but its methylene backbone (–CH2CH2Nx –)
and high charge density can result in poor biodegradability and high toxicity
to cells [85]. Xiong et al. hypothesized that optimizing the polymer length and
charge density of PEI may result in decreased toxicity, and higher transfection
efficiency, and in vivo biocompatibility. Secondary amino groups of branched
PEI were linked with cholesteryl chloroformate to form a water-soluble lipopoly-
mer [86]. In this system, the primary amino group was used for conjugation,



376 12 Synthetic Biodegradable Polymers for Medical and Clinical Applications

(a) (b)

Figure 12.5 PEI in red fluorescent protein (RFP). (a) Cyclic PEI RFP expression and (b) linear
PEI RFP expression. (Xiong 2007 [85]. Reproduced with permission from Elsevier.)

as it has a significant role in DNA condensation. Each PEI grafted with one
cholesterol molecule provides enough space for the steric interactions of pri-
mary amines with the DNA. The interaction between polymer and DNA was
carried out by band retardation studies and circular dichroism spectroscopy
(Figure 12.5).

Water-soluble complex copolymers were obtained by the reaction between
hyperbranched PEI and hydrophobic poly(g-benzyl L-glutamate) (PBLG) seg-
ment [87]. Experiments show that PBLG at the chain ends of PEI can effectively
condense DNA into particles. Cytotoxicity studies by MTT colorimetric assays
suggested that the copolymer had much lower toxicity than PEI. Transfection
efficiency of the copolymer was considerably improved in HeLa cells, Vero cells,
and 293T cells as compared to its corresponding homopolymer.

A series of cationic polymers, multiarmed poly(aspartate-graft-
oligoethylenimine) (MP-g-OEI) copolymers, were synthesized by grafting
different types of oligoethylenimine (OEI) to a multiarmed poly(L-aspartic
acid) backbone [88]. These MP-g-OEI copolymers exhibited good capacity for
condensing nucleic acids (pDNA or siRNA) into nanosized particles with positive
surface charges. MP-g-OEI copolymers have improved gene transfection activity
and lower cytotoxicity. These results suggest that MP-g-OEI copolymers may be
potential nonviral gene carriers for the delivery of nucleic acids in gene therapy.

12.17
Conclusion

The major classes of polymers are briefly discussed here with regard to synthesis,
properties, biodegradability, known degradation modes, and products. Synthetic
biopolymers include polyesters, polyamides, polyureas, poly(amide-enamine)s,
PAs, and so on. Many of the currently available natural biodegradable polymers
do not fulfill all of these requirements, and significant chemical changes to their
structure may be required if they are to be expressed for such applications. These
show the significance of synthetic biopolymers.
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Abbreviations

BS butylene succinate
CMP calcium metaphosphate
EMEA European Medicine Evaluation Agency
FDA Food and Drug Administration
FITC fluorescein isothiocyanate
PAs polyanhydrides
PCL polycaprolactone
PDLA poly(D-lactic acid)
PDLLA poly(D,L-lactic acid)
PEG poly(ethylene glycol)
PEI polyethylenimine
PGA poly(glycolide)
PHB poly(3-hydroxybutyrate)
PLA polylactide
PLL polylysine
PLLA poly(L-lactic acid)
PLGA poly(lactic-co-glycolic) acid
PPF poly(propylene fumarate)
PTMC poly(trimethylene carbonate)
PU polyurethanes
PVDF polyvinylidene fluoride
ROP ring-opening polymerization
TES triethylene succinate
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multicomponent/mixed-oxide aerogels 270
multipolymer hydrogels 145
multi stimuli responsive (SR) materials
– environmental-, pH-and

temperature-responsive polymers 215
– light-, pH-and temperature responsive

polymers 214
– light-, redox-and temperature-responsive

polymers 215
– magnetic, pH and redox-responsive

polymers 217
– redox, pH, temperature responsive polymers

216
– temperature, pH, magnetic responsive

polymers 217

n
nafion-based IPMCs 132
nanobiodetector 61
nanogapped microelectrode-based PANI-NF

biosensor array 60
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nanogels 244
natural and synthetic polymers 5
natural biodegradable polymers 303
– carrageenans 307
– casein 336
– cellulose 306
– chitosan 305
– collagen 307
– curdlan 333
– dermatan sulfate (DS) 313
– GAGs 311
– gelatin 319
– gellan gum 326
– heparan sulfate (HS) 312
– heparin (HP) 311
– keratin sulfate 314
– pectin 317
– silk 340
natural hydrophilic polymers
– animal origin 165
– plant origin 164
natural tissues 7
nerve growth factor (NGF)-loaded porous

conducting polymers 66
newtonian material 265
next-generation biosensors 55
N-[(2-hydroxy-3-trimethylammonium)

propyl]chitosan chloride (HTCC) 169
nitric oxide (NO) 371
N ,N-dimethylaminoethyl methacrylate

(DMAEMA) 208
non-newtonian material 265
non-reversible/chemical gel 262

o
oligo(ethylene glycol)-based polymers 196
oligoethylenimine (OEI) 376
organogels 263
organophosphates 56
orthopaedic implants 108
oscillating gel system 127

p
p-Aminophenol (p-AP) 54
PANI-CSA-Ni composite nanowire 55
pectin 317
PEG–polyester copolymer hydrogels 150
pH 203
– and magnetic-responsive polymers 212
– poly(L-lysine) 205
– polyacrylic acid (PAA) 204
– polysulfonic acid 205
– and redox-responsive polymers 211
– and thermo-responsive polymers 210

phosphate buffered saline (PBS) 190
photodynamic therapy (PDT) 290
pH responsive polymers 249
pH sensitive gels 153
physical cross-linked self-assembling gels

271
physical gels 142
physically cross-linked inorganic and hybrid

gel 271, 278
piezoelectric and electrostrictive polymers

133
plasma-assisted surface modification 96
plasma-enabled synthesis of polymers 101
plasma enhanced chemical vapor deposition

(PECVD) 104
plasma-enhanced synthesis of graphene and

carbon nanoparticles 112
plasma functionalization 99
plasma induced grafting process 102
plasma lithography technology 98
plasma polymerization process 99
plasma sterilization 93
plasma treatment 95
plastic gels 266
PNIPAM-grafted gelatin (PNIPAM–gelatin)

191
poly (α-hydroxy acids) 363
poly(β-amino esters) 374
poly(Y-benzyl l-glutamate) (PBLG)
poly(2-hydroxyethyl methacrylate) (HEMA)

147
poly(3-hexylthiophene) (P3HT) 68
poly(4-hydroxy-l-proline ester) 374
poly(acrylamide) (PAAM) 171
poly(acrylic acid) (PAA) 172
poly(carbazole) 27
poly(diethyl vinylphosphonate) (PDEVP) 194
poly(ethacrylic acid) (PEA) 205
poly(ethylene glycol dimethacrylate)

(PEGDMA) 148
poly(ethylene oxide) (PEO) 148
poly(hydroxyethyl methacrylate) (polyHEMA,

PHEMA) 128
poly(L-lysine) 205
poly(lactic acid-co-glycolic acid) (PLGA) 196
poly(N-alkyl methacrylamides) 195
poly(N-isopropylacrylamide) (PNIPAM)

126, 175, 198, 199, 206, 242
poly(N-substituted α/π-asparagine) 197
poly(N-vinlycaprolactam) (PVCL) 195
poly(N-vinylisobutyramide) (poly(NVIBA))

194
poly(oligoethylene glycol methacrylate)

(POEGMA) 149
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poly(ortho esters) (POEs) 368
poly(oxazoline) (POZ) 174
poly(para-phenylene vinylene) (PPV) 26
poly(propyl acrylic acid) (PPA) 205
poly(propylene fumarate) (PPF) 369
poly(vinyl alcohol) (PVA) 175
poly(vinyl pyrrolidone) (PVP) 150, 174
poly(vinylidene fluoride) (PVDF) 134
polyacetals 369
polyacetylene 22
poly(lactic-co-glycolic) acid (PLGA) 365
polyacrylic acid (PAA) 204
poly(ethylene oxide) and poly(propylene oxide)

triblock copolymer 148
polyanhydrides (PAs) 367
polyaniline (PANI) 22, 27
polycaprolactone (PCL) 366, 371
polycarbonates 369
polycationic polymers 249
poly(amidoamine) (PAMAM)

dendrimer–drug 246
polydimethylsiloxane (PDMS) 200, 201
polydioxanones (PDS) 8
polyesters 363
polyethylene glycol (PEG) 128, 207, 209
polyethylenimine (PEI) 375, 376
polyglycolic acid (PGA) 364
poly(N-isopropylacrylamide)-grafted

hyaluronan (PNIPAM–HA) 191
poly(vinyl alcohol) (PVA) hydrogel 151
poly(acrylamide) (PAAm) hydrogels 145
poly(acrylic acid) (PAA) hydrogels 147
poly(N-isopropylacrylamide) (PNIPAM)

hydrogels 146
polyhydroxyalkanoates 368
polyisobutylene (PIB) 3
polylactide (PLA) 364
polylysine (PLL) 374
polymeric gels 268
poly(ethylene glycol) methacrylate (PEGMA)

148
poly[N-(2-hydroxypropyl) methacrylamide]

(PHPMA) 173
poly[(organo)phosphazenes] 172
polyorthoesters (POEs) 6
polypeptide hydrogels 152
polyphosphazenes 5, 367
polyphosphoesters 370
poly(ethylene glycole)-poly(ethylene glycol

methacrylate) (PEG-PEGMA) 148
poly(ethylene oxide) (PEO)/poly(ethylene

glycol) (PEG) 172

poly(ethylene
glycol)-poly(ϵ-caprolactone)-poly(ethylene
glycol) (PEG-PCL-PEG)(PECE) 149

polypyrrole (PPy) 129
polysulfonic acid 205
polytetrafluoroethylene (PTFE) 10
polythiophene (PT) 26
polyurethanes (PU) 7, 366
polyvinylidene difluoride (PVDF) 133
positron emission tomography imaging (PET)

291
potential pulse amperometry technique 60
y-coatedpoly(lactic-co-glycolic acid) (PLGA)I

63
y-polyurethane (PU) nanocompositesI

63
protein fouling 98
proteoglycans (PGs) 311
pseudoplastic gels 266

r
red fluorescent protein (RFP) 376
redox-responsive polymers 212
redox stimulus 211
resistant starch 322
resistive barrier discharge (RBD) plasmas 94
reversible gels/physical gel 262
rigid gels 264
rotaxane molecules 283

s
scaffolds 9, 70
semi synthetic hydrophilic polymers
– carboxybutyl chitosan 171
– carboxymethylchitosan 170
– chitosan–PEG hybrid 168
– chitosan with phenolic hydroxyl groups

(Chit-Ph) 169
– half N-acetylated chitosan 169
– hydroxyethyl cellulose 167
– hydroxypropyl chitosan (HPCTS) 169
– hydroxypropylmethyl cellulose (HPMC)

167
– N-[(2-hydroxy-3-trimethylammonium)

propyl]chitosan chloride (HTCC) 169
– sodium carboxy methyl cellulose (Na-CMC)

168
sensitive electrochemical DNA biosensors 60
sensitive glucose biosensor 59
sensitive H2O2 biosensors 60
serum albumin 166
silica-based hybrids and ordered mesoporous

materials 280
silk 340
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silk fibroin (SF) nanofiber-based scaffolds 68
silk like polypeptides (SLPs) 340, 341
single component aerogels 270
smart materials 281
smart polymer hydrogels
– glucose-responsive hydrogels 154
– ion responsive hydrogels 154
– pH sensitive gels 153
– thermoreversible gels 153
sodium carboxy methyl cellulose (Na-CMC)

168
sol–gel derived hybrid metal-oxides

nanostructures 273
sol–gel derived inorganic and hybrid

nano-architectures 275
sol–gel derived inorganic gels 295
sol–gel derived mesoporous silica 282, 286
sol–gel matrices
– targeted cancer therapy 286
sol–gel metal-oxide gels 295
sol–gel matrices
– magnetic resonance imaging 289
– metal-oxide aerogels 277
– metal-oxide xerogels 276
– photodynamic therapy 290
– physically cross-linked inorganic and hybrid

gel 278
– positron emission tomography imaging

291
– silica-based hybrids and ordered

mesoporous materials 280
solvent 200
stimuli-responsive (SR) drug delivery systems

282
stimuli-responsive (SR) polymers
– advantages and limitations 234
– classification of biomedical application 233
– enzyme-responsive polymers 207
– fluorescence reflectance imaging 237
– fluorescent DNA probe 238
– fluorescent polymeric sensors 240
– 19F magnetic resonance imaging 236
– gene delivery 247
– glucose responsive polymers 208
– holographic time-gating technique 235
– localized surface plasmon resonance (LSPR)

238
– low molecular weight drug 242
– magnetic field 198
– mechanical stress 202
– molecular imaging 237
– multi stimuli responsive (SR) materials 213
– near infrared 235
– optical glucose-sensor 239

– pH 203
– pNIPAM actuators 236
– PNIPAM microgels 239
– polymeric sensors 238
– pressure 197
– proteins and enzymes delivery 249
– rolling circle amplification 238
– solvent 200
– surface plasmon resonance spectroscopy

(SPR) 238
– visualized fluorescent images 235
stimuli responsive (SR), smart/intelligent

hydrogels 142
streptavidin 102
surface endothelialisation 103
surface topographies 98
synthetic biodegradable polymers 361,

371
– poly(ϵ-caprolactone) 366
– poly(glycolide) (PGA) 364
– poly(ortho esters) (POEs) 368
– poly(propylene fumarate) (PPF) 369
– polyacetals 369
– poly(lactic-co-glycolic) acid 365
– polyanhydrides (PAs) 367
– polycarbonates 369
– polyesters/poly (α-hydroxy acids) 363
– polyhydroxyalkanoates 368
– polylactide 364
– polyphosphazenes 367
– polyphosphoesters 370
– polyurethanes (PU) 366
synthetic hydrophilic polymers
– divinyl ether-maleic anhydride 173
– poly(acrylamide) 171
– poly(acrylic acid) 172
– poly(N-isopropylacrylamide) (PNIPAM)

175
– poly(oxazoline) (POZ) 174
– poly(vinyl alcohol) (PVA) 175
– poly(vinyl pyrrolidone) (PVP) 174
– poly[N-(2-hydroxypropyl) methacrylamide]

173
– poly[(organo)phosphazenes] 172
– poly(ethylene oxide)/poly(ethylene glycol)

172
synthetic polymer hydrogels
– applications 155
– chemical cross-linking 144
– chemical gels 142
– copolymer hydrogels 145
– copolymerization/cross-linking free-radical

polymerizations 143
– glucose-responsive hydrogels 154



Index 389

– homopolymer hydrogels 145
– interpenetrating polymeric hydrogels 145
– ion responsive hydrogels 154
– multipolymer hydrogels 145
– PEG–polyester copolymer hydrogels 150
– pH sensitive gels 153
– physical cross-linking 143
– physical gels 142
– poly(2-hydroxyethyl methacrylate) 147
– poly(ethylene glycol dimethacrylate) 148
– poly(ethylene glycol methacrylate) 148
– poly(ethylene oxide) (PEO) 148
– poly(oligo ethylene glycol methacrylate)

149
– poly(vinyl pyrrolidone) 150
– poly(ethylene oxide) and poly(propylene

oxide) triblock copolymer 148
– poly(vinyl alcohol) hydrogel 151
– poly(acrylamide) hydrogels 145
– poly(acrylic acid) hydrogels 147
– poly(N-isopropylacrylamide) (PNIPAM)

hydrogels 146
– polypeptide hydrogels 152
– poly(ethylene glycole)-poly(ethylene glycol

methacrylate) 148
– poly(ethylene glycol)-poly(ϵ-caprolactone)-

poly(ethylene glycol)
(PEG-PCL-PEG)(PECE) 149

– radiation cross-linking 144
– swelling behaviour 154
– thermoreversible gels 153
synthetic poly(carbonate urethane) valves 7

t
temperature-responsive polymers
– oligo(ethylene glycol)-based polymers 196
– PDEVP 194
– poly(N-alkyl methacrylamides) 195
– poly(N-substituted α/π-asparagine) 197
– poly(NVIBA) 194
– PVCL 195
temperature sensitive polymers 283
ternary oxide aerogels 270
thermoresponsive diblock copolymers 248
thermo responsive polymer 250
thermoreversible gels 153
thermo-sensitive drug delivery hydrogel

systems 244
thixotropic gels 267
tissue-engineered synthetic chordae 7

u
ultrafast sensor 59
ultrasensitive electrochemical DNA biosensor

60

v
vicryl (polyglactin 910) 8
vision prosthesis 51

w
water based gels 263

x
xerogels 264
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