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v

Polymers, the spectacular world of macromolecules have delivered their services to 
our society in various fields of life. In most cases, biopolymers are vulnerable and 
their identity to specific functions, especially for medicinal applications are very 
important. Owing to their biocompatible, nontoxic, and biodegradable nature, 
biopolymers (rather to say biomaterials in a broad sense) give a better option to be 
used in advancement of the biomedical field. Regenerative medicine is an area where 
tissue engineering, stem cell research, gene therapy, and therapeutic cloning are the 
collective work toward rebuilding or replacement of missing or injured body parts. 
Regenerative medicine is a blessing for our society where around 10 % of the entire 
world’s populations suffering from a disability. Biomaterials, especially chitin and 
chitosan match up all the characteristics required in the field of regenerative medicine.

The present two volumes entitled “Chitin and Chitosan for Regenerative 
Medicine: Part I—Focus on Tissue Engineering and Part II—Focus on Therapeutics, 
Functionalization and Computer-aided Techniques” were conceived to provide 
broad and innovative information not only related to tissue engineering but also on 
other therapeutic and biomedical applications based on chitin/chitosan and their 
various derivatives in the field of regenerative medicine like quantum dots, nano-
medicines, drug delivery, hydrogels, and scaffolds. The book consists of 13 chapters 
written in such a manner that will surely meet the expectations of scientists as well 
as researchers from various disciplines.

Part I will mainly focus on tissue engineering and its applications for regen-
erative medicine. “Chitosan Hydrogels for Regenerative Engineering” reviews the 
various methods used for preparing chitosan-based hydrogels and their applications 
as cell, protein and drug delivery vehicles in pharmaceutical, biomedical sciences, 
and tissue engineering. “Prospects of Bioactive Chitosan-Based Scaffolds in Tissue 
Engineering and Regenerative Medicine” will focus on the synthesis of several 
biologically active chitin and chitosan-based scaffolds for tissue engineering and 
other related strategies to enhance the activity of prepared scaffolds. “Chitosan-
Based Scaffolds for Cartilage Regeneration” deals with issues related to cartilage 
damage which causes osteoarthritis and how different types of chitosan-based 
scaffolds are synthesized that can be utilized for regeneration of damaged tissues.  
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“Composite Chitosan Calcium Phosphate Scaffolds for Cartilage Tissue 
Engineering” explains the processes for the fabrication of chitosan-calcium phos-
phate (CHI-CaP) composite scaffolds for the enhancement in the field of cartilage 
tissue engineering along with its physical characteristics and possible aspects of 
the scaffold’s degradation. “Chitosan-Gelatin Composite Scaffolds in Bone Tissue 
Engineering” highlights the importance of chitosan-gelatin-based composite scaf-
folds in bone tissue engineering along with its preparation techniques and its physi-
cal and biological characteristics. “Chitin and Chitosan Nanocomposites for Tissue 
Engineering” provides novel approaches at the juncture between biology and nano-
technology to develop encouraging ecofriendly biopolymer nanocomposites based 
on chitin and chitosan. “Chitin, Chitosan and Silk Fibroin Electrospun Nanofibrous 
Scaffolds: A Prospective Approach for Regenerative Medicine” discusses the cur-
rent advancements in the field of electrospun nanofibrous scaffolds-based chitin, 
chitosan, and silk fibroin highlighting tissue engineering for regenerative medi-
cine. Part II will focus on various therapeutics and computer aided techniques for 
regenerative medicine. Here, “Chitosan: A Potential Therapeutic Dressing Material 
for Wound Healing” will mainly focuses on how to develop dressing material for 
wound healing by combining natural biopolymers (chitin and chitosan), synthetic 
polymer and nanoparticles which can be available as a biomaterial for regenera-
tive medicine. “Recent Advances in Chitosan Based Nanomedicines for Cancer 
Chemotherapy” highlights the fabrication process and the possible function of 
chitosan-based derivatives in cancer chemotherapy. “Chitosan: A Promising 
Substrate for Regenerative Medicine in Drug Formulation” reviews the chitosan-
based formulation with potential medicinal uses to deliver an enhanced knowl-
edge of utilization of chitosan in regenerative medicine. “D-Glucosamine and 
N-Acetyl D-Glucosamine: Their Potential Use as Regenerative Medicine” explains 
the importance of chitin and chitosan oligosaccharides, N-acetyglucosamine, and 
D-glucosamine, as drug carriers for molecular therapeutics like in the drug and 
gene delivery systems and also its role in imaging for tumor and cancer detec-
tion. “Functionalized Chitosan: A Quantum Dot Based Approach for Regenerative 
Medicine” explains how chitosan-quantum dots are utilized in regenerative medi-
cine and also discusses their potential barriers of using techniques. “Development 
and Selection of Porous Scaffolds using Computer Aided Tissue Engineering” 
describes the selection of biomaterials, its facilitated properties, experimental 
methods, knowledge of computer-based biomodeling to synthesize scaffolds using 
computer aided tissue engineering (CATE) which acts as an important tool for the 
fabrication of scaffolds especially for regenerative medicine.

Last but not the least, I would like to thank all contributors for their generous 
support, the publisher for accepting our book, all research scholars and staff mem-
bers of Polymer Research Laboratory, Chemistry Department, and the administra-
tive head of MNNIT Allahabad, India for their encouragement and cooperation, 
without which it would have been extremely difficult to complete this task on time.

Allahabad, India, April 2015	 Pradip Kumar Dutta
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Abstract  Research in the field of hydrogels has been actively growing for the past 
couple of decades. Hydrogels are crosslinked polymers with high water content. 
They can be prepared from natural, synthetic, and composite polymers using different 
chemical and physical crosslinking methods. Hydrogels have been widely explored 
for the delivery of bioactive molecules, drugs, and for other therapeutic applications. 
Chitosan-based hydrogels have unique advantages owing to their biocompatibility, 
biodegradability, antimicrobial activity, mucoadhesivity, and low toxicity. This chapter 
reviews the different methods used for preparing chitosan-based hydrogels and their 
applications as cell, protein, and drug delivery vehicles to support tissue regeneration.

Keywords  Chitosan  ·  Hydrogels  ·  Therapeutic applications  ·  Regenerative 
engineering

1 � Introduction

1.1 � Chitosan

Chitosan is derived from chitin, which is a naturally occurring linear polysaccharide. 
Chitin is composed of repeating units of N-acetyl-D-glucosamine, as shown in Fig. 1.
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Crab and shrimp shells currently serve as the common source of chitin. Despite 
its favorable structural and biological properties, the insolubility of chitin in water 
and common organic solvents is a limitation that prevents the extensive use of 
chitin for biomedical applications [1, 2]. So several approaches have been investi-
gated to increase the aqueous solubility of chitin, which include deacetylation [2], 
carboxymethylation [3], and sulfation [4]. Among these, deacetylation of chitin by 
alkaline treatment is the most commonly used approach. The derivative of chitin 
with degree of deacetylation of approximately 50 % is known as “chitosan” and it 
is soluble in aqueous acidic solutions [2]. Chitosan is therefore a copolymer that 
comprises of N-acetyl-D-glucosamine and deacetylated D-glucosamine units [1, 
2, 4–7]. The structure of chitosan obtained by complete deacetylation of chitin is 
shown in Fig. 2.

The most commonly used methods to determine the degree of deacetyla-
tion are 1H (liquid state), 13C (solid state), and 15N (solid state) nuclear magnetic 

Fig. 1   Structure of chitin [1]

Fig. 2   Preparation of chitosan by the deacetylation of chitin [1]
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resonance (NMR) spectroscopy. Among these, 1H is extensively used to determine 
acetyl groups in soluble samples. Other methods include infra-red (IR) and ultra-
violet (UV) spectrometry, elemental analysis, potentiometric titration, and enzy-
matic reaction [2]. Degree of deacetylation can significantly affect the biological 
as well as physiochemical properties of chitosan [8]. Chitosan in solid state is 
reported to be a semicrystalline polymer [2]. Cartier et al. determined the crystal-
linity of chitosan using X-ray and electron diffraction methods, which allow the 
identification of the unit cell parameters. Electron diffraction of fully deacetylated 
chitosan single crystal indicated an orthorhombic unit cell with lattice param-
eters a = 0.807, b = 0.844, and c = 1.034 nm [9]. Molecular weight is another 
important parameter that determines the physicochemical and biological proper-
ties of chitosan. It varies with the chitin source from which chitosan is obtained 
and decreases with increase in degree of deacetylation [8]. Several methods can be 
used to determine the molecular weight of chitosan. The selection of appropriate 
solvent system that does not lead to significant aggregation of chitosan is neces-
sary while determining the molecular weight. A 0.3 M acetic acid/0.2 M sodium 
acetate (pH = 4.5) solution has been reported to be a suitable solvent system [10]. 
Mark–Houwink equation given below Eq. (1) is commonly used to determine the 
viscosity average molecular weight of chitosan.

Where, η is the intrinsic viscosity, M is the molecular weight, and K and a are 
the experimentally determined parameters for a given solvent system. If K and a 
are known, molecular weight can then be obtained by intrinsic viscosity measure-
ments [11].

As mentioned earlier, the main motivation behind modifying chitin to obtain 
chitosan is to take advantage of the improved solubility. In solutions of pH less 
than ~6.0, the amine groups in chitosan become protonated, thereby allowing chi-
tosan to be soluble in aqueous acidic solutions. The protonation does not occur in 
basic solutions, leading to a solubility–insolubility transition at pH value of ~6.5 
[5]. The exact pH above which chitosan becomes insoluble, however, depends 
on the degree of deacetylation, the distribution of the acetyl groups on the lin-
ear chain, and the molecular weight. Another advantage of chitosan is that it can 
be chemically modified using the reactive amine group at the C-2 position or 
hydroxyl groups at the C-3 and C-6 positions to alter its functionality. Particularly, 
this allows the functionalization of chitosan for different biological applications 
[2]. Table  1 lists some of the chemically modified chitosan derivatives that are 
water soluble along with some of their biomedical applications.

1.2 � Hydrogels

Hydrogels are 3D networks of hydrophilic polymers that have the ability to imbibe 
aqueous fluids and swell while remaining mechanically stable [23–25]. Hydrogels 

(1)[η] = KM
a
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are attractive candidates for regenerative engineering applications mainly due 
to their biocompatibility, biodegradability, ability to mimic natural tissue, and 
promote cell attachment and proliferation [25, 26]. Due to the excellent perme-
ability of hydrogels, they are used as cell and drug delivery vehicles. Hydrogels 
used for regenerative engineering applications can be either preformed or inject-
able. Preformed hydrogels are fabricated in vitro followed by transplantation in 
vivo [27]. Preformed hydrogels can be prepared in different forms—membranes, 
coatings, pressed powder matrices, molded solids, encapsulated solids, and micro-
particles—depending on the intended application [23–25, 28]. On the other hand, 
injectable hydrogels are formed by injecting polymer solutions into the body that 
can then form gels in situ [27]. Injectable hydrogels have shown potential for 
minimally invasive delivery of cells as well as biomolecules due to their easily 
tailorable physical properties. The starting polymers are free-flowing liquid solu-
tions that are easy to handle, can form gels according to the size and shape of the 
wound/defect area [29], and also provide homogenous distribution of cells in gels 
[28]. Hydrogels are also useful for the targeted, controlled, and sustained release 
of drugs and bioactive molecules. Drug-releasing mechanisms in hydrogels are 
mainly classified into diffusion-controlled, swelling-controlled, or degradation-
controlled [23]. Studies have shown the feasibility to develop stimuli-responsive 
hydrogels, wherein the gel properties can be modulated by changing the exter-
nal environmental conditions such as pH, temperature, and ionic strength. These 
smart hydrogel systems are useful as cell or drug delivery systems [24]. Hydrogels 
used in biomedical applications can also be classified in terms of whether they are 
derived from natural or synthetic polymers. Table 2 provides a list of some of the 
natural and synthetic polymers used for hydrogel preparation. Hydrogels made 
from natural polymers have the advantages of bioactivity, biocompatibility, and 
biodegradability but suffer in terms of low mechanical strength, poor reproducibil-
ity, and the potential presence of pathogens that may lead to immune responses. 
On the other hand, hydrogels derived from synthetic polymers can be effectively 
and consistently tailored to provide desired mechanical properties and degradabil-
ity but lack inherent bioactivity [23].

Table 1   Functionalized derivatives of chitosan [2, 12]

Derivatives of chitosan Solubility Example of applications References

Carboxymethylchitosan Water soluble Drug delivery, tissue engineering [13, 14]

Glycol chitosan Water soluble Drug delivery [15, 16]

PEG-grafted chitosan Water soluble Drug delivery, tissue engineering [17]

Sulfated chitosan Water soluble Tissue engineering, anticoagulant [18, 19]

N-Methylene phosphonic 
chitosan

Water soluble Gene delivery [20, 21]

Cyclodextrin grafted 
chitosan

Water soluble Drug delivery [22]
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2 � Chitosan Hydrogels

Chitosan has been widely investigated for a variety of applications in the biomedi-
cal industry. The beneficial properties of chitosan are its biocompatibility, biodeg-
radability [32], antimicrobial activity [33], mucoadhesivity [34], wound healing 
and hemostatic properties [35], and low toxicity [32].

Biodegradability of chitosan is dependent on different factors such as the 
degree of deacetylation, distribution of amine groups, the presence of acetyl 
groups, and molecular weight of the polymer [7]. Chitosan can be degraded 
using enzymes such as lysozyme, which is a glycosidic hydrolase present in the 
human body. Lysozyme is reported to hydrolyze the β(1-4) linkages between 
N-acetylglucosamine and glucosamine [36]. Therefore, the degree of acetylation 
plays an important role in enzyme-mediated degradation of chitosan. Chitosan 
with higher degree of deacetylation undergoes limited degradation, whereas 
increasing acetylation results in higher degradation [37]. Antimicrobial property 
of chitosan stems from its interaction with the negatively charged cell surfaces 
by affecting cellular permeability or by chitosan’s interaction with DNA, thereby 
inhibiting microbial RNA synthesis [38]. Mucoadhesive property of chitosan also 
arises from its positively charged amine groups that can interact with the nega-
tively charged groups in the mucin molecule [34]. Hemostatic property is due to 
the presence of positively charged groups in chitosan that interact with the nega-
tively charged surfaces of blood cells [7]. Chitosan-based hemostatic bandage 
called Hemcon® has been FDA approved [39]. Due to these unique biological 
properties, extensive research has gone to develop chitosan-based hydrogels for 
biomedical applications. Both physical and chemical crosslinking methods can be 
used to develop chitosan hydrogels.

Table 2   Natural and synthetic polymers used in hydrogel fabrication [30, 31]

Natural polymers Synthetic polymers

Agarose Poly(ethylene glycol) (PEG) and its derivatives

Chitosan Pluronics

Cellulose Poly(acrylamide) (PAAm)

Hyaluronic acid Poly(vinylpyrrolidone) (PVP)

Elastin Poly(acrylic acid) (PAA)

Collagen Poly(N-isopropylacrylamide) (PNIPAm)

Gelatin Poly(vinyl alcohol) (PVA)

Chondroitin sulfate Poly(hydroxyethyl methacrylate) (PHEMA)
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2.1 � Physically Crosslinked Chitosan Hydrogels

Physically crosslinked hydrogels are formed by physical interactions such as 
electrostatic, hydrophobic, or hydrogen bonding between the polymer chains. 
Hydrogel formation can be induced by mixing the constituents under suitable con-
ditions to initiate the gelation. Physical crosslinking is usually triggered by stimuli 
such as pH and temperature. Controlling the concentration of chitosan with respect 
to that of other components and thereby controlling the polymer interactions has 
been shown to significantly control the gel properties [7, 40]. Different methods of 
physical crosslinking of chitosan hydrogels are discussed below.

2.1.1 � Thermogelling Hydrogels

Thermogelling chitosan hydrogels undergo gelation in response to changes in tem-
perature [41]. Thermogelling 

chitosan hydrogels have been investigated as injectable carriers for biomedical 
applications [42]. One of the most extensively studied thermogelling chitosan for-
mulations is chitosan/β-glycerophosphate (β-GP) system that can undergo sol–gel 
transition at or near physiological temperature. Chitosan/β-GP has been investi-
gated mainly as cell, drug, or growth factor delivery system due to the mild gela-
tion process and the feasibility to deliver them in a minimally invasive manner 
[43]. For bone regeneration, Niranjan et  al. synthesized a novel thermosensitive 
carrier comprising of chitosan/β-GP doped with zinc. Metals such as zinc have 
shown to provide thermal resistance and antibacterial property. Briefly, chitosan 
was dissolved in 0.1 M acetic acid. Zinc sulfate solution was added under stirring 
at a 1:1 (v/v) ratio followed by the addition of β-GP at a 1:9 (v/v) ratio. Addition 
of β-GP to the chitosan solution changed the solution pH from 3 to 7. Gelation 
time of zinc-doped chitosan/β-GP solution was ~5 min. The gelation resulted in a 
porous hydrogel with a pore size of around 200 µm [44]. In addition to β-GP, inor-
ganic phosphate salts have also been shown to impart thermogelling property to 
chitosan. Nair et al. prepared an injectable thermogelling chitosan–inorganic phos-
phate hydrogel. Briefly, chitosan was dissolved in 0.5 % acetic acid solution with 
pH of ~5.6. Addition of ammonium hydrogen phosphate (AHP) to chilled chitosan 
solution increased the pH to 7–7.2, and the resultant solution showed effective 
sol–gel transition at or near physiological temperature. Figure 3 shows the thermo-
gelation of chitosan–AHP solution.

Depending on the amount of AHP, the gelling time was variable from 5  min 
to 30  h. Gelling time decreased with increase in the concentration of AHP and 
chitosan. The mechanism of thermogelation is presumed to be a combination of 
electrostatic as well as hydrophobic attractions similar to that of chitosan/β-GP 
solution [45]. Liu et  al. used chitosan-4-thio-butylamidine (CS-TBA), β-GP, 
and nano-hydroxyapatite (nano-HA) to develop a thermoresponsive composite 
hydrogel that can gel in situ. Thiolated chitosan can dissolve in neutral pH unlike 
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unmodified chitosan. The hydrogel was prepared by adding nano-HA powder 
to CS-TBA solution under continuous stirring followed by drop-wise addition 
of β-GP solution. The final solution was kept at 37 °C for 10 min for gel forma-
tion [46]. The physical crosslinking has been attributed to the increased hydro-
gen bonding and hydrophobic attraction between chitosan chains at higher pH 
[47, 48]. Additionally, thiol groups of CS-TBA also contribute to the gel forma-
tion through intra-/inter-molecular disulfide bond formation, and the process is 
found to be time-dependent and temperature-independent [49]. The gelation pro-
cess was found to be dependent on factors such as concentration of the gel con-
stituents and degree of deacetylation of the chitosan [46]. For instance, increase 
in deacetylation of chitosan has shown to significantly decrease the gelation time 
[50]. Scanning electron microscopy (SEM) analysis showed that the hydrogel had 
a pore size of 40–80 µm. The presence of thiol group led to higher storage modu-
lus (G′) and loss modulus (G′′) for CS-TBA/β-GP/HA hydrogels in comparison 
to the unmodified CS/β-GP/HA hydrogel due to the additional disulfide linkages 
[46]. Miguel et al. prepared a hydrogel by blending filtered deacetylated chitosan 
and agarose. Agarose has inherent thermogelling properties, and therefore combin-
ing chitosan and agarose could provide a system that can gel in response to tem-
perature. Briefly, chitosan was dissolved in 1 % acetic acid, and agarose powder 
was added under stirring at 50 °C. The chitosan–agarose mixture underwent gela-
tion when the temperature was reduced from 50 to 37 °C. SEM analysis showed 
that the hydrogel had a pore diameter of 90–400  µm. Swelling study indicated 
that the hydrogel exhibited increase in water uptake after 12 h incubation in tris 
buffer (pH 5) with subsequent increase in pore diameter. As discussed above, in 
this case, the gelling is dependent on the thermoreversible property of agarose 
without any change in mechanical and thermal properties of the gel [29]. The 
mechanism of gelation is that the agarose exists as random coils at high tempera-
ture and, upon decreasing the temperature, forms double helices and aggregates 
that can behave as physical junctions [51]. N-isoproplyacrylamide (NIPAM) is 

Fig. 3   Thermogelation of 
chitosan–AHP solution. a 
Chitosan solution in 0.5 % 
acetic acid. b Chitosan–AHP 
solution. c Thermogelled 
chitosan–AHP at 37 °C [45]
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another material with inherent thermoresponsive properties. Chen et al. developed 
a thermoresponsive chitosan hydrogel in which chitosan acted as the backbone on 
which poly(N-isopropylacrylamide) (PNIPAM) with a carboxylic acid end group 
was grafted. PNIPAM is reported to remain soluble under its lower critical solu-
tion temperature (LCST) but forms a gel when the temperature is increased above 
LCST. This mechanism can be explained as follows: increasing temperature above 
LCST causes the release of water molecules attached to the isopropyl moieties 
of the polymer, leading to a compact form with increase in inter-/intra-molecular 
hydrophobic attraction between isopropyl groups [12, 52, 53]. Due to this prop-
erty, PNIPAM grafting to natural polymers is widely used to impart thermogel-
ling properties to the polymers. The grafting of PNIPAM to chitosan was done 
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-
hydroxysulfosuccinimide (NHS) chemistry, wherein the carboxylic acid group 
of PNIPAM-COOH was linked to the amine group of the chitosan. The reaction 
was carried out at 25 °C for 12 h followed by purification using thermoprecipita-
tion and dialysis. A porous hydrogel was then prepared by re-dissolving the pol-
ymer and incubating at 37  °C. Gel formation was observed to be faster with an 
increase in concentration of NIPAM-grafted chitosan. SEM analysis of the hydro-
gels showed a pore size of 10–40 µm. The study also revealed that phase transition 
of the hydrogel was completely reversible, implying that the conjugated PNIPAM 
retained its property in the gel [54].

2.1.2 � pH-Mediated Gelation

In addition to temperature, the pH of the solution can also trigger polymer gela-
tion. Many of these systems are pH-responsive and can undergo changes in 
shape, swelling, and release properties depending on the pH of the environment. 
pH-responsive hydrogels are mostly used in drug delivery and biosensor appli-
cations [55]. Chitosan is known to exhibit pH-sensitive behavior because of the 
amine groups, and when protonated, they become soluble in acidic media. On the 
other hand, this makes chitosan insoluble in basic and neutral pH [56]. Studies 
have shown that injectable in situ-forming hydrogels can be developed using the 
pH-responsive properties of chitosan derivatives. Chiu et al. designed an injectable 
hydrogel from N-palmitoyl chitosan (NPCS) that exhibits pH-responsive changes 
in properties within a pH range of 6.5–7. The polymer solution at pH 6.5 exhibits 
sol–gel transition when injected using a needle as droplets into a saline solution 
at pH 7.4. The immediate gelation has been attributed to the physical crosslink-
ing of the outer layer of the palmitoyl group at pH 7.4, while the inner core still 
remained at pH 6.5. With time, the physical crosslinking proceeded throughout the 
gel, thereby making the transparent gel opaque. The entire bead has shown to be 
crosslinked within 30 min. In vivo study confirmed that when sterile N-palmitoyl 
chitosan solution was injected subcutaneously in wistar rat, hydrogel formation 
was observed in the injected area, demonstrating its utility as an injectable deliv-
ery system. Figure 4 shows the synthesis of NPCS and its gelation in vivo. The 
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mechanism behind the gelation is that at lower pH, the charge repulsion between 
the protonated amine groups is more prominent. As pH increases, the hydrophobic 
interaction of the palmitoyl groups becomes dominant, which causes the polymer 
to condense, thereby increasing the intermolecular physical crosslinking [57].

2.1.3 � Polyelectrolyte Complexes (PECs)

PECs are formed between oppositely charged molecules due to electrostatic 
forces. PEC formation is common in the natural environment in enzymatic cataly-
sis and antigen–antibody interactions [58, 59]. Polymers that form polyelectrolytes 
are soluble in aqueous media and exhibit a net charge (either positive or nega-
tive) at neutral pH. Since PECs are formed without the use of any crosslinking 
agents, toxicity associated with these materials is considered low. PECs have been 
extensively investigated as drug delivery systems for DNA and protein extraction 
and other pharmaceutical applications. Due to its aqueous solubility and polyca-
tionic nature, chitosan exhibits properties that enable it to form PEC with a wide 
range of polyanionic polymers [59, 60]. Ji et al. designed a PEC hydrogel prepared 
from chitosan (CS)/polyglutamate (PG) incorporated with hydroxyapatite parti-
cles (HAp) for soft tissue augmentation. HAp was incorporated in the hydrogel to 
decrease matrix degradation and improve the mechanical properties. CS powder 

Fig. 4   Schematic showing the synthesis of N-palmitoyl chitosan (NPCS) and the pH-triggered 
hydrogelation of aqueous NPCS injected into the subcutaneous space of a rat model [57]
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was dissolved in 1 % acetic acid, and PG was added to the solution at a concen-
tration range of 1–6 wt%. Following this, the pH of the solution was adjusted to 
6.8 and the solution was incubated at room temperature for 24  h. The hydrogel 
showed slow degradation and maintained structural integrity when incubated in 
PBS for 60  days [61]. Li et  al. prepared a PEC hydrogel made of chitosan and 
phosphorylated chitosan as osteoblast carrier. Briefly, 0.173 wt% of phosphoryl-
ated chitosan solution in deionized water was mixed with equal volume of 1 wt% 
chitosan dissolved in acetic acid and incubated overnight. The mixture was semi-
translucent at first which subsequently became opaque with time upon forming 
a compact PEC. The mechanism of PEC formation has been reported to be via 
the electrostatic interaction between the amine group of chitosan and the phos-
phate group (PO4

3−) of phosphorylated chitosan. PEC formation has shown to 
be dependent on factors such as pH of the solutions, method of mixing the solu-
tions, and strength of the ions as well as temperature. SEM analysis showed that 
the hydrogel had anastomosing, porous, sponge-like structure with micropores 
and macropores. Micropores were  ~100–120  nm in diameter and macropores 
were  ~5–100  µm in diameter. The 3D network of the hydrogel showed similar-
ity to the physiochemical environment of extracellular matrix (ECM) and exhib-
ited good osteocompatibility [58]. Chang et al. synthesized a PEC-based hydrogel 
prepared from chitosan–poly (γ-glutamic acid) (γPGA). γPGA is a polyanionic 
polypeptide which is biodegradable and water soluble. Equimolar mixture of poly-
anion γPGA solution and polycation chitosan solution resulted in PEC hydrogel. 
The preparation involved adding chitosan powder to the γPGA solution at 4 wt% 
followed by the addition of 1 % acetic acid to the solution. Chitosan powder dis-
solved completely due to the presence of its protonated amine group, which subse-
quently led to the formation of a homogenous PEC hydrogel due to the interaction 
of the amine and carboxylic acid groups. The formed hydrogel was later dipped 
in 1 N NaOH solution and pH was adjusted to 7. Solid, porous matrices can be 
obtained from the gel upon freeze drying [62].

As discussed before, the absence of exogenous crosslinkers has the potential 
to significantly reduce the toxicity of physically crosslinked hydrogels making, 
them preferred candidates for biological applications [40]. Despite the advantages, 
the scope for the utility of physically crosslinked chitosan hydrogels is limited 
owing to drawbacks related to low mechanical strength and poor reproducibility 
of properties such as pore size, dissolution rate, and functionalization with chemi-
cal groups. These limitations can be addressed to a great extent using chemical 
crosslinking methods, wherein the crosslinking molecules can be used to enable 
covalent bonding between the chitosan chains to form the hydrogel [33].

2.2 � Chemically Crosslinked Hydrogels

Chemically crosslinked hydrogels are formed as a result of covalent bonding [7]. 
Chemical crosslinking of chitosan can be achieved using different crosslinkers 
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or by modifying the –NH2 or –OH groups present in the polymer [40]. Different 
methods of chemical crosslinking of chitosan to form hydrogels are discussed 
below.

2.2.1 � Chemically Crosslinked Hydrogels Using Exogenous 
Crosslinkers

Glutaraldehyde (GA) is one of the most commonly used crosslinking agent to 
form chemically crosslinked chitosan hydrogel. For instance, Azab et  al. devel-
oped a biodegradable chemically crosslinked chitosan hydrogel for brachytherapy 
by adding GA solution to chitosan in 1  M acetic acid. Due to the high reactiv-
ity of GA, highly crosslinked gel can be obtained by this process [63]. Vaghani 
et al. developed a pH-responsive hydrogel from carboxymethyl chitosan, which is 
known to have antibacterial properties and show solubility over a wide range of 
pH [64, 65]. Carboxymethylchitosan can be prepared by a high-temperature reac-
tion of chitosan with monochloroacetic acid in sodium hydroxide/isopropyl alco-
hol. The swelling properties of carboxymethyl chitosan hydrogel can be tuned by 
adjusting the pH due to the presence of amine and carboxylic groups in the poly-
mer. The GA-crosslinked carboxymethyl chitosan hydrogel has been reported to 
show differential swelling properties at different pH solutions. For instance, the 
hydrogel showed 12 % swelling at pH 1.2, 97 % swelling at pH 6.8, and 118 % 
swelling at pH 7.4. Also, the study demonstrated that the degree of deacetylation 
and the extent of carboxyl substitution can also affect the extent of swelling [65].
This property makes it an attractive candidate as stimuli-responsive drug deliv-
ery system. Lin et  al. developed a pH-responsive N-(2-carboxybenzyl) chitosan 
(CSBC) hydrogel for drug delivery applications to colon. CSBC was dissolved 
in distilled water with 1  % GA as the crosslinking agent. Hydrogel formation 
occurred under stirring for 2 min. The hydrogel was frozen at −18 °C followed 
by freeze drying. The degree of substitution of 2-carboxybenzyl in the position of 
–NH2 can result in a relational twisting of polymer chain, leading to stereospecific 
blockage preventing complete reaction with GA. The hydrogel showed revers-
ible swelling properties between pH 1.0 and pH 7.4. Drug release was faster at 
pH 7.4 than at pH 1. Swelling property of the hydrogel can also be explained on 
the basis of dissociated carboxylate group (–CO2

−), which is a dominant charge 
in this hydrogel. At higher pH (7.4–9.0), the alkalinity causes an increase in the 
concentration of –CO2

− inside the gel, causing an increase in osmotic pressure 
and leading to higher gel swelling. However, when the pH is reduced, the –CO2

− 
concentration inside the gel is reduced, thereby reducing the osmotic pressure and 
resulting in hydrogel shrinkage [66].

Although GA is commonly used for crosslinking, the high toxicity of GA has 
a cytotoxic effect, and hence, alternatives such as polyaldehydes from starch and 
dextran are also explored as crosslinking agents for polysaccharides [67].

N, N-methylenebisacrylamide (MBA) is a commonly used crosslinking agent 
in free radical polymerization to form hydrogels and has been reported to be 
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biocompatible with low toxicity toward cells. Ranjha et al. developed a chitosan-
based interpenetrating polymer network (IPN) in the presence of acrylic acid (AA) 
and MBA for drug delivery applications. Briefly, MBA and benzyl peroxide dis-
solved in AA was added to acetic acid solution of chitosan and allowed to polym-
erize at room temperature. SEM analysis showed that the hydrogels had spongy 
porous structure. Chitosan and AA concentration had significant effect on the 
porosity of hydrogel, and hydrogels with higher porosity showed higher swelling. 
Porosity decreased upon increasing the content of the MBA crosslinker because 
the crosslinker increased molecular entanglement, thereby decreasing the pore 
size. Moreover, the dynamic and equilibrium swelling ratios for these hydrogels 
were found to be higher between pH 6.5 and 7.5 [68].

Glyoxal has been investigated as a crosslinking agent to prepare chitosan 
hydrogels. It is considered to have lower toxicity when compared to GA. Wang 
et al. used glyoxal as the crosslinking agent for preparing a composite hydrogel of 
chitosan and collagen along with β-GP for bone regenerative engineering. In addi-
tion to the physical crosslinking of chitosan by β-GP, the glyoxal-mediated chemi-
cal crosslinking method resulted in porous scaffolds with higher stability. Chitosan 
and collagen solutions containing β-GP were mixed in various ratios followed by 
the addition of glyoxal solution. The mixture was allowed to gel for 30  min at 
37 °C. SEM analysis showed that the crosslinked hydrogel had larger pores with 
plate-like structure. Glyoxal crosslinking showed sixfold increase in the stiffness 
of the hydrogel compared to the β-GP crosslinked gel. Good cytocompatibility of 
the hydrogel was also demonstrated [69].

Genipin is a crosslinking agent that is extracted from geniposide, which is used 
in Chinese medicine. It has been extensively studied as a crosslinking agent for 
polymers containing amine groups and is known to be biocompatible and have 
lower toxicity than GA [70, 71]. The genipin-based crosslinking reaction is medi-
ated by the reaction between the amine group of chitosan and the carboxymethyl 
group of genipin to form a secondary amide [72]. Silva et al. designed a composite 
scaffold for cartilage tissue regeneration by crosslinking chitosan and silk fibroin 
using genipin. The hydrogel was prepared by mixing desired ratio of chitosan dis-
solved in acetic acid and silk fibroin in water followed by addition of genipin pow-
der and incubating the mixture for about 24 h at 37 °C. Genipin crosslinking gave 
rise to a covalently crosslinked blend hydrogel matrix. Environmental SEM anal-
ysis indicated that the hydrogel had pore sizes ranging between 29 and 167 µm. 
Pore size was variable depending on the content of chitosan and silk fibroin, and 
decreased with increase in silk fibroin content. The hydrogels also showed a pH-
dependent swelling behavior [70]. Fiejdasz et  al. developed an in situ-gelling 
hydrogel based on chitosan and collagen using genipin as the crosslinking agent. 
Briefly, the hydrogel was prepared by mixing chitosan solution in 1 % acetic acid 
with collagen at desired ratio followed by the addition of genipin at 37  °C. The 
extent of crosslinking in the hydrogel was determined by ninhydrin assay. SEM 
analysis showed that the hydrogel had an open network structure. Swelling studies 
indicated that, as chitosan content increased, the gel showed decrease in swelling. 
Microviscosity measurement of chitosan–collagen hydrogel showed that they were 
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viscous in nature, and viscosity increased with increase in chitosan content. The 
study implied that the physiochemical properties of the hydrogel can be tailored 
by varying chitosan and genipin content during hydrogel preparation [73].

2.2.2 � Photocrosslinked Hydrogels

Photocrosslinkable hydrogels have been extensively investigated as scaffolds for 
tissue engineering [74], drug delivery [75], as bioadhesives [76], and for endo-
scopic treatments [77]. Photocrosslinkable hydrogels can be prepared in situ and 
therefore are potential candidates to develop minimally invasive delivery systems 
[78]. Tsuda et  al. prepared a photocrosslinked chitosan hydrogel (Az-CS-LA) 
using chitosan (CS) incorporated with azide (Az) and lactose (LA) functional 
groups. The lactose group made the Az-CS-LA polymer water soluble. Briefly, the 
hydrogels were prepared by exposing a solution of Az-CH-LA 20 mg/mL to UV 
light for 30 s [79]. Gelation time was dependent on the intensity of UV radiation; 
the higher the intensity, the lower the gelation time. The mechanism behind the 
gelation is that during UV irradiation, the azide group (–N3) releases N2 and gets 
converted to nitrene, which is a very reactive group. These nitrene groups either 
interact with other nitrene groups or with the amino groups of chitosan, resulting 
in the formation of azo groups (−N=N−) causing gelation [80]. The hydrogels 
showed higher sealing strength when compared to fibrin glue. Apart from this, 
light-mediated free radical polymerization has also been extensively investigated 
to develop chitosan hydrogels. Zhou et  al. used a water-soluble (methacryloy-
loxy) ethyl carboxymethyl chitosan (MAOECECS) for the preparation of photo-
crosslinkable hydrogels for tissue engineering applications. MAOECECS was 
synthesized using Michael addition reaction between –NH2 group of chitosan 
and C=C of acrylate group. Briefly, solution of MAOECECS in water was pre-
pared and mixed with the photoinitiator D-2959. The solution was exposed to UV 
light of wavelength 320–480 nm for 15 min to obtain the hydrogel. D-2959 was 
used as a photoinitiator due to its low cytotoxicity. SEM analysis showed spongy 
macroporous structure. Crosslinking density played a key role in determining the 
pore structure of the hydrogel. Similarly, the swelling behavior of these hydrogel 
depends on the concentration of MAOECECS. Degradation of hydrogel in the 
presence of lysozyme can also be modulated by varying the crosslinking density. 
Higher crosslinking density caused lower degradation whereas, lower crosslinking 
density showed higher degradation because lower crosslinking makes the hydrogel 
more accessible for the enzymatic attack as well as for enzyme penetration [78]. 
Arakawa et al. prepared a photocrosslinkable hydrogel using methacrylated glycol 
chitosan (MeGC) and collagen (Col). For the fabrication of the hydrogel, MeGC 
solution was prepared in phosphate-buffered saline (PBS). Col was added to the 
solution to form a semi-interpenetrating network. Riboflavin was used as the pho-
toinitiator for crosslinking. The hydrogel was formed when the composite solution 
was exposed to visible blue light of wavelength 400–500 nm in the presence of 
the photoinitiator. Use of visible light is more beneficial as it is less harmful, less 
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mutagenic, does not generate heat, and penetrates deeper into the tissue. The gela-
tion time decreased with increase in riboflavin content. MeGC-Col hydrogel had 
a compressive strength of ~1.8 kPa, which is higher than that of the MeGC gel. 
Higher compressive strength for the hydrogel has been attributed to the formation 
of semi-interpenetrating network [81].

2.2.3 � Enzymatically Crosslinked Hydrogels

Crosslinking of polymers to form hydrogels can be performed in the presence of 
enzymes. This type of crosslinking is beneficial for hydrogel formation because of 
the mild activity of the enzymes [82]. In situ hydrogel systems can be easily devel-
oped using enzyme-mediated reaction as physiological pH and temperature are 
optimum for many enzymatic reactions. Enzymes commonly used for crosslinking 
chitosan to form hydrogels are peroxidase [83], transglutaminase [84], and tyrosi-
nase [85].

Horse-radish peroxidase (HRP) enzyme is the most commonly used peroxi-
dase enzyme for enzymatic crosslinking. Peroxidase enzyme oxidizes phenols and 
generates free radicals that mediate the crosslinking reaction. Sakai et al. designed 
chitosan hydrogels using chitosan conjugated with 3-(4-hydroxyphenyl) propionic 
acid (HPP) prepared via standard EDC coupling reaction. The hydrogels were 
prepared by mixing the conjugated chitosan with HRP followed by chilled H2O2 
solution. Gelation time of the hydrogel was found to be dependent on many fac-
tors such as concentration of HRP, H2O2, phenol groups present in the polymer, 
and temperature. Cytocompatibility of the gel was confirmed by growing L929 
fibroblast cells on the hydrogel surface [83]. Jin et al. developed a biodegradable 
injectable hydrogel prepared from chitosan-graft-glycolic acid (GlA) and phloretic 
acid (PA) using enzymatic crosslinking in the presence of HRP and H2O2 as scaf-
fold for cartilage regeneration. Briefly, the hydrogel was prepared by adding HRP 
and H2O2 to the CS-GlA/PA solution. CS-GlA/PA concentration has shown to sig-
nificantly affect the gelation time; increase in the polymer concentration from 1 to 
3 wt% decreased the gelation time from 4 min to 10 s. Similarly, the water uptake 
of the hydrogel decreased with increase in polymer concentration and has been 
attributed to the increase in crosslinking density at higher polymer concentration. 
The hydrogel also exhibited pH-dependent swelling behavior. Storage modulus of 
the hydrogel was in the range between 1.3 and 5.5  kPa for 1 and 2  wt% poly-
mer solutions. Thus, the study indicated that the physiochemical and mechanical 
properties of the hydrogel can be tailored by varying the initial polymer concen-
tration [86]. Brittain recently reported the feasibility of developing enzymatically 
crosslinked injectable hydrogel using water-soluble glycol chitosan. Glycol chi-
tosan (GC) modified with HPP using EDC/NHS chemistry was treated with HRP 
and H2O2 to initiate the oxidative coupling of phenol moieties. Similar to the pre-
vious study, the GC gel also showed increase in storage modulus with increase 
in polymer concentration. SEM analysis showed the porous microstructure of the 
hydrogels [87].
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Transglutaminase enzyme catalyzes the formation of isopeptide bond between 
glutamine’s γ-amine group and the amine group of lysine. Transglutaminase is 
found in microbes and other living organisms. Da Silva et al. used microbial trans-
glutaminase (mTGase) to crosslink chitosan and gelatin for preparing hydrogel. 
The enzyme was used to form the bond between chitosan’s glucosamine and gela-
tin’s glutamine. Chitosan was dissolved in acetic acid and gelatin was added to 
prepare the chitosan–gelatin solution. Solution pH was kept at 5, where mTGase 
shows optimal activity. Chemical crosslinking of chitosan and gelatin was per-
formed at 37  °C by adding mTGase in the concentration range of 10–40 enzy-
matic units depending on the amount of gelatin used. Thermal deactivation of 
mTGase was then performed at 70 °C. Gelation time was found to be dependent 
on mTGase concentration; the higher the enzyme concentration, the lower the 
gelation time. Mechanical property of the hydrogel was found to be dependent on 
the concentration of chitosan and mTGase. Increase in chitosan concentration led 
to gels with higher moduli. Instead of chemical crosslinking alone, physical-co-
chemical gelation of the solution led to the formation of homogenous gels with 
higher modulus and gel transparency [84].

Tyrosinase is an enzyme derived from both plants and animals [82]. It is known 
to catalyze the oxidation of phenol compounds containing tyrosine and other 
residues into o-quinones [85]. Kang et  al. used tyrosinase enzyme for crosslink-
ing chitosan and silk fibroin. Chitosan solution was prepared by dissolving chi-
tosan granules in water and adjusting the pH to 2 using hydrochloric acid. Prior 
to crosslinking, pH of the chitosan solution was adjusted from 5 to 5.5, which is 
required for tyrosinase activity. Silk fibroin solution was dissolved in a solution 
comprising calcium chloride, ethanol, and water followed by dialysis and filtra-
tion. Chitosan and silk fibroin solutions were mixed together in different ratios, 
and tyrosinase was added to the solution to initiate gelation. Chemical crosslink-
ing was confirmed using UV spectroscopy. The mechanism behind the crosslink-
ing is that tyrosinase enzyme converts tyrosyl residues in silk fibroin to reactive 
o-quinones. The amine group in the chitosan then reacts with the o-quinones in 
silk fibroin through Michael addition reaction [85].

3 � Chitosan Hydrogel for Regenerative Engineering 
Applications

Chitosan has been widely used for regenerative applications due to its ability to 
induce scarless wound healing, tissue regeneration, and its potential as a drug/pro-
tein/gene delivery vehicle [88, 89]. Chitosan accelerates wound healing by modu-
lating macrophage response [90], by attracting appropriate cells to the wound site, 
and by supporting granulation tissue formation [91]. Besides this, other properties 
of chitosan such as antimicrobial activity, biodegradability, and biocompatibility 
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also contribute to its use in tissue engineering. This section briefly discusses the 
different regenerative applications of chitosan hydrogels.

3.1 � Orthopedic Regenerative Engineering

Orthopedic regenerative engineering is an area that is concerned with treating inju-
ries, trauma, and diseases affecting the musculoskeletal system of the body [92]. 
Current treatments mainly involve autografts and allografts. Autograft is widely 
used due to histocompatibility and osteoinductivity but it requires a second sur-
gery for obtaining bone grafts leading to donor site morbidity. Allografts can 
elicit immune reaction and are less osteoinductive. Since they are obtained from a 
donor, they may also serve as a source of infection. Orthopedic regenerative engi-
neering aims at addressing the limitations of autografts and allografts by creating 
a matrix that can present cells and growth factors and also support vascularization 
and cell homing [93]. Due to osteocompatibility, chitosan has been extensively 
investigated for orthopedic regenerative engineering [6]. Arakawa et al. developed 
an injectable photocrosslinked hydrogel from methacrylated GC and collagen 
as bone marrow stromal cells (BMSCs) delivery system to support bone regen-
eration [81]. Similarly, a composite of chitosan and collagen matrix prepared by 
glyoxal crosslinking also showed efficacy to support osteogenic differentiation 
of human BMSCs in vitro [69]. Chitosan hydrogel has also been investigated to 
prevent excessive bone formation. Using a photocrosslinkable chitosan hydrogel 
(Az-CS-LA), Tsuda et  al. demonstrated the ability of the hydrogel to effectively 
prevent ectopic bone formation for up to 8 weeks in a rat model with calvarium 
and fibula defects [79]. In native ECM, the presence of sulfated polysaccharides 
such as chondroitin sulfate plays an essential role to bind and retain growth fac-
tors to support cell functions. To mimic this ECM composition, Li et al. prepared 
a hydrogel comprising chitosan, gelatin, and carrageenan via PEC formation and 
covalent crosslinking. The system could mimic the native ECM due to the pres-
ence of various functional groups such as –COOH, –NH2, –OH, and –SO3H that 
can help in cell attachment and differentiation. The hydrogel supported osteogenic 
differentiation of adipose-derived mesenchymal stem cells (ADMSCs) along with 
neovascularization [94]. Similarly, glyoxal-crosslinked superporous chitosan and 
its composite hydrogels have shown to enhance bone regeneration [95]. In addi-
tion, physically crosslinked thermosensitive hydrogels have also been investigated 
as matrices to support bone regeneration. Dessi et al. developed a thermosensitive 
β-tricalcium phosphate–chitosan hydrogel in the presence of β-GP and glyoxal to 
impart physical and chemical gelations. The presence of β-tricalcium phosphate in 
the in situ-gelling hydrogel showed to significantly increase cell attachment and 
proliferation [96].

For enhancing bone repair and regeneration, drug and growth factors can 
also be incorporated in hydrogels for localized delivery. Growth factors such as 
bone morphogenic protein (BMP) have been widely studied due to their potent 
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osteoinductive properties [97]. Most commonly used BMPs are BMP-2, BMP-
4, and BMP-7. They are reported to heal ectopic, orthotopic, and critical bone 
defects. Besides these, angiogenic factors such as vascular endothelial growth 
factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth fac-
tor (PDGF) have shown to improve bone healing. Inflammatory factors such as 
interleukins, interferon-γ, and prostaglandins, that are known to induce migration 
and differentiation of osteogenic cells, are also widely studied [98]. Dong et  al. 
used chitosan hydrogels as nucleic acid delivery systems for the treatment of 
endotoxin-induced osteolysis. The composite hydrogel prepared from chitosan and 
gelatin was used to deliver antisense oligonucleotide that can target tumor necro-
sis factor-α (TNF-α) and thereby silence its expression. The suppression of TNF-α 
plays an effective role in supporting bone formation as it is associated with osteo-
clastogenesis. In vitro and in vivo studies demonstrated the ability of the hydro-
gel to deliver nucleic acid to the surrounding tissues and cells leading to effective 
blocking of TNF-α [99]. Recently, Kim et al. developed a photocrosslinked hydro-
gel made of chitosan-lactide-fibrinogen (CLF) as a delivery system for BMP-2 
[100]. Chitosan and lactide in the hydrogel controlled the physiochemical proper-
ties of the hydrogel [101]. Fibrinogen, which contains heparin-binding domains, 
was added to this system to improve BMP-2 binding. The incorporation of growth 
factor-binding ligands to the hydrogel has shown to maintain protein bioactivity 
and provide sustained release of BMP-2 over a period of time. Efficiency of the 
hydrogel delivery system was evaluated in vitro as well as in vivo in a rat defect 
model. Figure 5 shows the radiographs of the bone defects implanted with CLF 
hydrogels containing different concentrations of BMP-2. The results indicated 
increased cell viability, neo-osteogenesis, and bone healing. The responses were 
dependent on the dose of the growth factor [100].

Fig. 5   Representative radiographs of the bone defects implanted with CLF hydrogels containing 
different concentrations of BMP-2 (0, 0.5, 1, 2 or 5 μg) at 2 and 4 weeks [100]
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3.2 � Cartilage Regenerative Engineering

Cartilage regenerative engineering is another emerging research area that deals 
with the treatment of injuries, diseases, and defects occurring in cartilage tissues 
[102]. Osteochondral allograft/autograft, autologous chondrocyte implantation 
(ACI), and microfracture surgery are options currently used for cartilage repair 
and restoration. These methods are effective but have associated limitations [103]. 
Novel regenerative strategies are currently under investigation to develop the opti-
mal treatment [104]. Chitosan plays a very significant role in cartilage regenera-
tion as it can mimic the glycosaminoglycan (GAG) component of cartilage tissue 
[6]. Tan et al. developed an injectable in situ composite hydrogel from N-succinyl-
chitosan and aldehyde hyaluronic acid as a matrix to support cartilage tissue 
regeneration. Encapsulation of bovine articular chondrocytes in the hydrogel dem-
onstrated its ability to retain cell morphology and cellular viability [105, 106]. The 
potential of injectable thermosensitive chitosan–pluronic hydrogel as a chondro-
cyte delivery system was demonstrated by encapsulating bovine chondrocytes. The 
encapsulated cells in chitosan gel showed enhanced cell proliferation and glycosa-
minoglycan production for 28 days when compared to cells encapsulated in algi-
nate hydrogel [105]. A chitosan/starch/β-GP composite injectable matrix was also 
studied for chondrocyte encapsulation. These gels also maintained chondrocyte 
cell phenotype and supported the expression of collagen-II molecule [107]. Other 
chitosan-based hydrogels investigated for chondrocyte encapsulation include algi-
nate/lactose-modified chitosan hydrogels [108], photocrosslinked chitosan–gelatin 
scaffold incorporated in sodium alginate hydrogel [109], chitosan hydrogel grafted 
with methacrylic acid and lactic acid [110], and chitosan/silk fibroin sponges [70].

Growth factors that have shown to promote chondrogenesis include transform-
ing growth factors TGF-β1, 2, and 3. Different BMP molecules such as BMP-2, 
4, 6, 7, and 9 are also reported to be capable of inducing chondrogenic differen-
tiation of stem cells. Besides these, other factors such as IGF-1 and FGF-2 have 
shown to play key roles in cartilage homeostasis [111]. For the delivery of TGF-β1, 
Faikrua et  al. investigated the efficacy of chitosan/starch/β-GP hydrogel as a cell 
and growth factor delivery system. The hydrogel showed controlled release of the 
growth factor for up to 14  days and maintained proper functioning of the chon-
drocytes. Subcutaneous implantation of the hydrogel with chondrocytes and TGF-
β1 in rat model showed the expression of collagen and aggrecan transcripts that 
are important ECM molecules [112]. To increase the bioactivity of chitosan-based 
hydrogels, Choi et al. developed a photocrosslinked chitosan hydrogel containing 
ECM constituents such as collagen II and chondroitin sulfate for cartilage repair. 
The hydrogel demonstrated the ability to promote chondrogenesis and increase 
cell–matrix interactions [113]. For repairing focal chondral injuries, a uniquely 
designed RGD-grafted N-methacrylated GC hydrogel was used to encapsulate 
ADSCs. Co-delivery of growth factors was achieved by incorporating TGF-β3 and 
BMP-6 in microspheres and encapsulating in the hydrogel along with the cells. The 
study showed that the sustained release of the growth factors was very effective in 
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inducing higher expression of chondrogenic markers and chondrogenic differentia-
tion [114]. These studies demonstrate the potential of chitosan-based hydrogels as 
a matrix to support cartilage tissue regeneration.

3.3 � Neural Regenerative Engineering

Neural regenerative engineering pertains to the repair and rejuvenation of dam-
aged nerves. The field assumes greater significance because damages to nerves 
are normally very difficult to restore [6]. Currently used strategies to treat nerve 
defects include autografts and allogenic grafts from cadavers. However, auto-
grafts are in short supply and have issues with functional recovery of nerves, 
while allogenic grafts have issues with immune rejection. To address the limita-
tions of biological grafts, new methods such as acellular nerve grafting are cur-
rently under investigation. Another approach to support regeneration of neural 
systems is designing 3D scaffolds using biomaterials that can mimic the structure 
and function of the ECM and support cell growth and regeneration [115]. Due to 
its biocompatibility and biodegradability and its ability to mimic GAG, chitosan 
has been investigated as matrix to support neural tissue regeneration [6]. Pfister 
et al. demonstrated that chitosan hydrogels can be used to develop nerve conduits 
to treat peripheral nerve problems. Nerve conduits were prepared from chitosan 
and alginate PEC using a spinning mandrel technology. The study demonstrated 
that the hydrogel exhibited biodegradability, mechanical strength, and perme-
ability appropriate for designing nerve conduits [116]. Another group investigated 
the potential of hydrogel blends prepared from agarose and methylcellulose to 
support neuronal cell attachment and extension. The study showed that the elas-
tic moduli and surface charge of the blend hydrogel can be further controlled by 
adding chitosan and dextran [117]. Kwon et al. fabricated a 3D chitosan hydrogel 
and demonstrated that stem cells derived from rat muscles (rMDSCs) can be dif-
ferentiated into neuronal cells in the presence of valproic acid. Valproic acid is a 
drug that is used to treat disorders like epilepsy. It also acts as histone deacety-
lase inhibitor and is reported to cause differentiation of stem cells to neural lineage 
[118]. Figure  6 shows the morphology of chitosan hydrogel alone and hydrogel 
seeded with rMDSCs in the presence of valproic acid. The cells exhibited bipo-
lar and multipolar morphologies in the presence of valproic acid. This study may 
have implications in developing new treatment strategies for neurodegenerative 
disorders like Alzheimer’s and Parkinson’s disease. Another study investigated 
the potential of thermosensitive chitosan hydrogel for the 3D culture of neuronal 
cells. The neuronal cells cultured in a poly-D-lysine (PDL)-immobilized chi-
tosan/glycerophosphate hydrogel showed good viability with larger cell bodies 
[119]. Photocrosslinked chitosan hydrogels are also employed in neural tissue 
engineering. Reports suggest that these hydrogels can enhance the differentia-
tion and extension of neuritis and neural stem cells [120]. Chitosan hydrogels are 
also implemented for neurosurgical applications. For example, Rickett et al. used 
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a photocrosslinked chitosan hydrogel conjugated with 4-azidobenzoic acid as an 
adhesive for treating peripheral nerve anastomosis. Cell culture study revealed the 
hydrogel to be non-toxic with excellent mechanical properties and qualities that 
are essential for an efficient bioadhesive [121].

Apart from cells, growth factors play an important role in nerve tissue repair 
and regeneration. Growth factors such as nerve growth factor (NGF) and neuro-
tropic factors are investigated for neural regeneration [115]. In situ-gelling ther-
mosensitive hydrogels made from chitosan/β-GP are used as carriers for lentiviral 
vector that expresses neurotropin-3. The use of the lentiviral system may have 
potential for repairing injuries to the central nervous system by providing sus-
tained release of the coded protein for longer durations [122]. 3D chitosan hydro-
gel incorporated with immobilized biotin-rIFN-γ has shown to promote neuronal 
cell growth and differentiation of adult neural stem/progenitor cells [123]. Li et al. 
demonstrated the use of growth factor-immobilized photopolymerized methacryla-
mide chitosan (MAC) hydrogel for controlling cell signaling and differentiation 
of neural stem/progenitor cells (NPSCs). Growth factor used for the study was a 
fusion protein with biotin tag containing IFN-γ, PDGF-AA, and BMP-2. IFN-γ 
was for providing neuronal-specific differentiation of stem cells, PDGF-AA to 
support oligodendrocyte specification, and BMP-2 for astrocyte specification of 
cells. Subcutaneous implantation of the chitosan/growth factor/cell construct in 
the back of rat demonstrated that the hydrogel with growth factor exhibited spatial 
control for maintaining neural lineage in the cells for four weeks [124].

3.4 � Corneal Regenerative Engineering

Cornea is a transparent layer of the eyeball that covers the iris and the pupil. It 
provides vision by refracting light to the retina and lens, functions as a physical 
barrier against microbes and dirt, and prevents damage to the eye by absorbing 
harmful UV light [125]. Availability of corneas from donors is limited, so research 
is currently underway to develop artificial substrates that have the properties 
required for transplanting corneal cells. Ozcelik et al. used ultrathin chitosan–PEG 

Fig. 6   SEM micrographs taken on day 4 showing the morphology of a the chitosan hydrogel 
alone b chitosan hydrogel seeded with rMDSCs in the presence of valproic acid. The circle indi-
cates rMDSCs on the chitosan hydrogel. The magnifications are (a) 500× and (b) 300×, and the 
scale bars (a and b) represent 200 μm [118]
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hydrogel films prepared by epoxy-amine chemistry for culturing ovine corneal 
endothelial cells (CECs). The chitosan films demonstrated the ability to support 
the attachment and proliferation of ovine CECs and also had excellent mechani-
cal, optical, biocompatible properties appropriate for corneal regenerative engi-
neering [126]. Similarly, Liang et  al. showed that a composite biodegradable 
hydrogel made of chitosan and sodium alginate can be used as a scaffold for CEC 
proliferation and are useful for the reconstruction of the corneal endothelium 
[127]. Grolik et al. developed a novel hydrogel scaffold based on a chitosan–col-
lagen blend crosslinked with genipin for culturing corneal epithelial cells [125]. 
Chitosan was used for preparing the membrane due to its ability to promote pro-
liferation and differentiation of cells. The blend hydrogel made from collagen and 
chitosan also exhibited better mechanical and elastic properties, optical properties, 
permeability, and suturability compared to non-blended hydrogel. In vivo study 
demonstrated the biocompatibility of the blend membranes implanted in pig cor-
nea for 12 months and membranes supported the regeneration of corneal epithe-
lium, nerve, and stroma [128]. Chitosan hydrogels have also been investigated to 
repair the cornea using stem cells. Chein et al. used an injectable, thermogelling, 
amphipathic, carboxymethyl-hexanoyl chitosan hydrogel as a delivery vehicle for 
human keratinocyte reprogramed to induced pluripotent stem cells (iPSCs). The 
study demonstrated the efficacy of the hydrogels for cell-based healing of corneal 
wounds [129].

Besides these, drug delivery systems based on chitosan hydrogels are also 
used for treating ocular diseases. Chitosan-based ocular drug delivery devices 
have shown to have properties such as ocular tolerance, non-toxicity, better physi-
ochemical properties, permeability, and bioadhesion [130]. In situ-forming ther-
mosensitive chitosan/β-GP hydrogel was investigated as a carrier for liposomes 
containing ofloxacin drug. The carrier provided extended transcorneal penetration 
of the drug, resulting in decreased side effects caused by the drug and reduced the 
frequency at which the drug was administered to the patient [131].

3.5 � Intestinal Regenerative Engineering

The gastrointestinal (GI) tract is a complex system of the human body that per-
forms various functions such as digestion of food, absorption of nutrients, and 
elimination of waste [132]. Surgery is the commonly used method for the treat-
ment of intestinal diseases but it has the limitation of not being a long-term solu-
tion. Several regenerative strategies are currently under investigation [133]. 
Rabbani et al. used an innovative approach to repair intestinal fistulas using chi-
tosan hydrogels. The study revealed that the wound healing as well as antibacte-
rial properties of chitosan hydrogel was very effective in healing cecal fistulas in 
rats [134]. Falabella et al. demonstrated the efficacy of in situ-crosslinked oxidized 
dextran/N-carboxyethyl chitosan hydrogel in reducing intra-abdominal adhesion in 
rats by forming a physical barrier between the injured areas [135]. Another study 
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showed the efficacy of chitosan–dextran hydrogel to reduce the peritoneal adhe-
sion without any sensitization in porcine hemicolectomy model [136]. Xu et  al. 
used a bio-inspired method to show that the mucoadhesive properties of chitosan 
hydrogels in wet conditions can be improved by adding catechol compounds (e.g., 
hydrocaffeic acid (HCA), dopamine, 3,4-dihydroxy-L-phenylalanine (DOPA)). 
Chitosan hydrogel containing HCA showed twofold increase in mucoadhesion 
in rabbit’s intestine. Pre-oxidation of catechol has shown to reduce the mucoad-
hesive property of hydrogel. However, oxidation of HCA chitosan hydrogel dur-
ing contact with intestinal mucosa made it a better mucoadhesive. The oxidation 
of catechol on contact enhanced mucoadhesion due to the formation of covalent 
bonding with the cysteine group of mucin [137].

The bioadhesive property of chitosan hydrogel has also been utilized for the 
localized delivery of drugs to the intestinal tissue. Chitosan-based superporous 
hydrogel composite has been investigated for the delivery of metoprolol succi-
nate. The study showed that the composite remained adhered to the intestine for 
up to 8 h and showed an anomalous non-fickian release mechanism [138]. Stimuli-
sensitive chitosan hydrogels are also useful in intestinal drug delivery. Yadav 
et al. demonstrated the efficacy of carboxymethyl chitosan hydrogel for the intes-
tinal delivery of the drug theophylline in basic pH environment. In vitro and in 
vivo studies showed that the drug was released slowly and in a controlled man-
ner for a prolonged period [139]. Several growth factors such as FGF-2, VEGF, 
EGF, PDGF-BB, and TGF-β have also been investigated to support intestinal tis-
sue regeneration [132]. Maeng et al. used a chitosan hydrogel containing EGF for 
endoscopic applications for treating GI peptic ulcers and mucosectomy-induced 
ulcers. In vivo gastric ulcers were induced in pig and rabbit models and used endo-
scopic catheters to apply EGF–chitosan gel to the ulcer area. The chitosan hydro-
gel protected the region from the harsh gastric environment, and EGF was released 
slowly to the mucosal defects. Histological staining and endoscopic imaging 
revealed that the hydrogel-mediated growth factor delivery accelerated the healing 
of the ulcer [140].

3.6 � Adipose Regenerative Engineering

Adipose regenerative engineering is a developing area that deals with soft tis-
sue replacements in case of injuries, defects, and other age-related adipose tis-
sue losses [141, 142]. Currently used treatment involves autologous soft tissue 
transplants but the surgery causes a decrease in the volume of tissue and leads 
to other problems at the donor site [141]. Chitosan hydrogels have been inves-
tigated as matrices for filling the defects and for the delivery of adipocytes and 
proteins. GA-crosslinked collagen–chitosan hydrogels were studied to deliver 
pre-adipocytes. In vitro and in vivo studies demonstrated the biocompatibility 
of the hydrogel and its ability to support vascularization and regeneration of adi-
pose tissue in rats [143]. Additionally, collagen–chitosan hydrogels have shown 
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to stimulate signaling molecules such as nitric oxide for tissue healing when 
used as a delivery system for ADSCs [144]. In addition to preformed scaffolds, 
injectable biodegradable hydrogels are also been investigated for adipose tissue 
regeneration. Jaikumar et  al. developed an injectable alginate-o-carboxymethyl 
chitosan/nanofibrin blended composite hydrogel as ADSC carrier. In vitro stud-
ies showed adherence, proliferation, and differentiation of the cells in the scaffold 
[145].

Insulin is one of the most extensively studied growth factor to support adipose 
tissue regeneration. Tan et  al. used a glucose-responsive chitosan–hyaluronic acid 
hydrogel as a controlled insulin delivery system. The hydrogel was prepared from 
N-succinyl-chitosan and aldehyde hyaluronic acid conjugated with the enzymes glu-
cose oxidase and catalase. The conversion of glucose reduces the pH of the hydrogel 
environment, leading to higher swelling and subsequent release of insulin [146].

3.7 � Liver Regenerative Engineering

The liver, which is the largest organ in the human body, aids in diverse functions 
such as detoxification, digestion, and metabolism. Liver failure can lead to mul-
tiple organ failure and eventually death. Liver transplantation is the only treat-
ment option available currently and has issues related to limited donor availability. 
Liver regenerative engineering aims to overcome these issues using scaffolds for 
hepatocyte delivery as well as developing biomaterial-based vehicles for drug/pro-
tein delivery [147]. Seo et  al. fabricated a synthetic ECM mimic porous hydro-
gel scaffold made up of alginate (AL)/galactosylated chitosan (GCS)/heparin as 
cell carrier. The hydrogel had pore sizes in the range of 150–200 µm and showed 
hepatocyte spheroid formation. Cell viability was higher in AL/GCS and AL/GCS/
heparin sponges. E-cadherin and connexin 32 gene expression confirmed cell-to-
cell contact in the scaffolds. The data suggests the suitability of the composite chi-
tosan matrix for designing bioartificial liver devices [148].

Fibrin-coated collagen fleece is commonly used as a hemostatic agent for vari-
ous surgical applications but fibrin obtained from humans has limitations related 
to availability as well as contamination. Horio et  al. prepared a blend of photo-
crosslinkable chitosan hydrogel mixed with photocrosslinked chitosan sponges 
(PCSM-S) and used it for treating liver injury in rat model. In vivo analysis in hep-
arinized rats with penetrating wound confirmed that PCSM-S showed increased 
hemostatic effect and had no adverse effects [149]. Microwave ablation is a treat-
ment method for liver cancers and has side effects that can cause post-operative 
complications. Zhang et  al. used the insulating effect of chitosan-based thermo-
sensitive hydrogels for microwave-assisted ablation of liver tissue. In vivo experi-
ments performed in rabbits showed that the in situ-formed hydrogel has the ability 
to protect the nearby stomach wall during microwave ablation of liver tissues 
[150].
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Cationic polymers are widely investigated as non-viral gene delivery systems 
for increasing gene transfection efficiency with low toxicity. Chitosan hydro-
gels have been investigated as gene delivery system. Injectable, thermosensitive 
poly(organophosphazene) hydrogel loaded with galactosylated chitosan-g-PEI/
DNA complexes showed excellent transfection in vitro in HepG2 and in vivo in 
BALB/c mice. Results indicated that the galactosylated hydrogel complex was less 
toxic and was able to accumulate in the liver over time, indicating better hepato-
cyte targeting [151].

3.8 � Intervertebral Disk Regenerative Engineering

Intervertebral disks (IVDs) consist of two regions—an inner soft region called 
nucleus pulposus (NP) and an outer region called annulus fibrosus that sur-
rounds the nucleus region [152]. Regenerative strategies that are under investiga-
tion for disk replacement comprise of selection of suitable biomaterial scaffolds, 
stem cell-based therapies, and development of noninvasive treatment such as 
injectable hydrogels [153]. For IVD replacement, the hydrogels must have prop-
erties such as the ability to support NP cell function, absorb shock, and tunable 
mechanical properties [26]. Chitosan hydrogel, due to its ability to maintain NP 
cell phenotype, is an attractive candidate for IVD regenerative engineering 
[154]. Degeneration of IVDs is a complex issue that can affect the disk as well 
as the area surrounding the region [153]. An attractive treatment strategy will be 
to design a bioactive scaffold that can temporarily replace the disk. Mwale et al. 
investigated the efficacy of a genipin-crosslinked hydrogel developed from chi-
tosan chlorides and chitosan glutamates in supporting disk regeneration. The 
study showed that 2.5  % chitosan glutamate hydrogel (Protasan UP G213) with 
5  % genipin crosslinking was optimal in showing 95  % viability of disk cells. 
The hydrogel showed excellent biocompatibility in mice model. Using human 
cadaveric IVDs, the study also showed the feasibility of the gel to be injected into 
human NP without leakage [155]. Research is also ongoing to find suitable candi-
dates for restoring the structure and mechanical functions of the disk. Smith et al. 
developed chitosan, dextran, and teleostean triple-interpenetrating network as a 
potential matrix with NP mimic properties. NP cells showed viability and prolif-
eration when cultured for 14 days in the hydrogel. Mechanical properties of the 
hydrogel were similar to that of human NP [156]. Chitosan–GP hydrogel was 
also investigated as a potential candidate for repairing degenerated intervertebral 
disk. Human mesenchymal stem cells (MSCs) were cultured in the hydrogel for 
4 weeks, and gene expression profile was evaluated to compare the behavior of the 
MSCs to NP cells and articular chondrocytes. The study showed that the amounts 
of proteoglycan and collagen produced by the MSCs encapsulated in the chitosan 
hydrogel were similar to that of NP cells [157]. For NP replacement, Sasson et al. 
fabricated chitosan hydrogels and studied their hyperelastic mechanical behavior 
using mechanical testing and computational analysis. Results revealed that Ogden 
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hyperelastic model can be used for representing the nonlinear behavior of chitosan 
hydrogel, and the model can be used for biomechanical simulation for the replace-
ment of NP [154].

Chitosan hydrogels have also been investigated for the controlled release of 
molecules to NP. Cheng et al. used an injectable thermosensitive chitosan/gelatin/
glycerol phosphate hydrogel for the controlled delivery of ferulic acid (FA). FA 
is an antioxidant and can relieve H2O2-induced oxidative stress on the NP cells. 
Controlled delivery of FA from the hydrogel decreased the oxidative stress on NP 
cells and showed a decrease in cellular apoptosis [158].

3.9 � Cardiac Regenerative Engineering

Cardiac tissue regeneration pertains to repairing heart tissue and restoring the 
functioning ability of the heart [26]. Current treatments include transplants and 
artificial devices, as the natural capability of the human heart to repair itself is 
generally low. However, due to the limited availability of donor hearts, there is 
significant focus on developing novel regenerative strategies to support cardiac 
tissue growth. Due to its biocompatibility and biodegradability, chitosan-based 
hydrogels have been investigated for cardiac tissue repair and regeneration [159]. 
Reis et  al. used a thermoresponsive hydrogel system composed of chitosan and 
collagen I incorporated with QHREDGS peptide (derived from angiopoietin-1) 
for cardiomyocytes delivery to treat myocardial infarction (MI) in mouse model. 
Increase in bioactive peptide concentration showed increase in cardiomyocyte cell 
viability, morphology, and metabolism [160]. Lu et  al. demonstrated the use of 
temperature-responsive chitosan hydrogels prepared in the presence of β-GP for 
delivering embryonic stem cells (ESCs) for the treatment of MI in rat model. The 
study was performed by injecting hydrogel solution with ESCs into the heart wall 
of the mice. The results showed improved heart functioning and increased wall 
thickness and density of microvessels [43]. Wang et  al. investigated cardiac cell 
differentiation of brown adipose-derived stem cells (BADSCs) in chitosan hydro-
gels for the treatment of MI. The study demonstrated that chitosan hydrogels with 
BADSCs have the ability to preserve heart functioning as well as increase angi-
ogenesis, making it a potential candidate for treating MI [159]. Recently, photo-
crosslinked collagen–chitosan hydrogels were used to design a contractile cardiac 
tissue in  vitro. Microgrooves 10, 20, and 100  µm were formed on the hydrogel 
using polydimethylsiloxane (PDMS) molds. The cardiomyocytes showed ori-
ented growth with respect to the microgrooves in vitro, and electrical stimulations 
caused further alignment of cardiomyocytes. The study showed that cardiomyo-
cytes seeded in 3D hydrogels with smaller grooves (~10  µm) produced beating 
heart tissue in vitro, indicating the efficacy of the smaller features in promoting 
cell-to-cell communication. Additionally, electrical stimulation improved cell 
density and helped in attaining tissue morphology that can mimic the native tis-
sue upon implantation. Finally, the biodegradability of the hydrogel can contribute 
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toward translating this engineered technique to clinical applications [161]. Pok 
et al. developed a biodegradable cardiac patch for the treatment of congenital car-
diac repair using a scaffold consisting of multiple layers of chitosan and gelatin 
hydrogels with a polycaprolactone core [162].

Growth factors commonly investigated to promote cardiac tissue regeneration 
include FGF, VEGF, granulocyte colony-stimulating factor (GCSF), IGF-1, and 
stem cell factor (SCF) [163]. Fujitha et  al. synthesized a photocrosslinked chi-
tosan hydrogel for delivering FGF-2 for treating chronic MI in rabbit model [164]. 
Significant improvement in systolic pressure at the left ventricle with increased 
angiogenesis and formation of viable myocardium was observed. Another group 
used a collagen–chitosan hydrogel for the delivery of thymosin β4 (Tβ4). The 
study in infarcted rat model showed that the hydrogel with Tβ4 promoted vascu-
larization, reduced tissue loss, and kept the ventricular wall thickness intact [165]. 
These studies demonstrate the potential of chitosan hydrogel as a suitable bioma-
terial to support cardiac tissue regeneration.

3.10 � Skin Regenerative Engineering

Skin is a major part of the human body and acts as a protective outer layer. Skin 
regenerative engineering deals with healing skin defects and wounds caused 
due to burn, injury, pathology, and trauma. Skin availability for autologous 
transplantation is limited, so tissue engineering and regenerative therapies are 
needed to address skin-related issues [166]. Studies have shown that chitosan 
can play a major role in skin regeneration and wound healing due to its antimi-
crobial property and ability to induce wound healing and promote vasculariza-
tion. Additionally, its ability to reduce scarring has also been reported [6] Miguel 
et al. evaluated a thermoresponsive chitosan–agarose hydrogel for wound dressing 
application. In vitro and in vivo studies indicated that the hydrogel had the abil-
ity to provide wound healing environment by preventing water loss and also had 
bactericidal properties that are essential for ‘ideal’ wound dressing material [29]. 
Figure 7 shows histological section of tissue samples isolated from the saline con-
trol group and chitosan–agarose hydrogel. The presence of hydrogel led to com-
plete re-epithelialization of the wound without signs of acute inflammation.

Fluorinated methacrylamide chitosan hydrogels are developed as oxygen car-
riers that can uptake oxygen and supply them at an optimum level to promote 
wound healing. The hydrogels, based on perfluorocarbon substitution, were capa-
ble of taking up oxygen for 2–6  h and releasing them for 12–120  h, which can 
help in enhancing the wound-healing process [167]. For regenerating the skin after 
third degree burns, Boucard et  al. investigated bilayered chitosan hydrogels in 
which the first rigid layer was for providing protection as well as exchange of gas, 
and the second soft layer was for wound healing. Experiments were performed on 
pig dorsal deep burn model, and results showed that the chitosan hydrogel was 
capable of regenerating new skin with vascularized skin tissue [168]. Kiyozumi 
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et  al. compared the efficiency of a photocrosslinked chitosan hydrogel and col-
lagen sponge for treating deep dermal burns. The experiment was conducted in 
wistar rats, and chitosan hydrogel showed neovascularization and degradability 
and helped in forming thicker granulation tissue compared to the collagen sponge 
[169].

With regards to drug delivery applications, it has been reported that the hydro-
gel made of chitosan and PVA can enhance wound healing by delivering silver 
sulfadiazine in vivo. The results showed excellent wound healing property in 
hydrogel containing 7.5 % PVA, 0.75 % chitosan, and 1 % silver sulfadiazine [90]. 
Similarly, Cui et al. demonstrated the delivery of lysostaphin using chitosan–colla-
gen hydrogel to prevent methicillin-resistant staphylococcus aureus infection. The 
study showed that the hydrogel was effective in wound healing by delivering the 

Fig.  7   Hematoxylin and eosin-stained sections of tissue samples after 7, 14, and 21  days a 
treated with saline solution b treated with CAH (3 % ag–1.5 % Ch) [29]
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drug to the third degree burn area and that there was no trace of bacteria in the 
wound site by the second week [170].

Growth factors play important roles in different stages of wound healing. To 
promote skin regeneration, growth factors such as IGF, basicFGF (bFGF), EGF, 
VEGF, and PDGF have been investigated [171]. Fujitha et al. reported the poten-
tial of chitosan hydrogel for the delivery of FGF-2 to induce angiogenesis [172]. 
Similarly, bFGF/heparin incorporated in chitosan and pluronic hydrogel has been 
reported for fibroblast encapsulation and protein delivery [173]. Apart from this, 
hydrogels based on chitosan and polyacrylamide were investigated for the con-
trolled delivery of the antibiotic piperacillin–tazobactam and EGF to promote 
wound healing [174].

3.11 � Ligament Regenerative Engineering

Ligaments are fibrous connective tissue and connect bones with one another. 
Ligaments are known to have poor regeneration capacity. Strategies currently 
under investigation include artificial ligaments, use of biodegradable materi-
als that can mimic the natural environment of ligaments, stem cell-based treat-
ments, and growth factor-mediated therapy [175]. However, artificial ligament 
replacements present challenges due to less than optimal long-term behavior. 
Hayami et al. investigated the potential of a cell-based therapy using a biodegrad-
able composite scaffold composed of electrospun poly(ε-caprolactone-co-D,L-
lactide) (PCLDLLA) fibers in photocrosslinked N-methacrylated glycol chitosan 
(MeGC) hydrogel containing cells. MeGC is non-cell adherent, so for improving 
cell adhesion, base etching was performed on PCLDLLA fibers. In vitro study 
showed that ligamentum fibroblast cells attached on to the aligned PCLDLLA fib-
ers and also maintained ligament-cell phenotype inside the hydrogel. The study 
indicates that composite scaffold design may help in generating in vivo natu-
ral environment for the cells in vitro [176]. Deepthi et al. used another approach 
for designing scaffolds for ligament regeneration. In this study, a bilayered 
poly(caprolactone) scaffold was coated with chitosan–hyaluronic hydrogel. 
Coating the poly(caprolactone) fibers with the hydrogel provided an environment 
that can mimic natural ECM and can also hold the cells on the fibers. The study 
reported high cell survival, cell elongation, and protein adsorption, demonstrating 
the potential of the hydrogel carrier for ligament regeneration [177].

4 � Conclusions

Chitosan hydrogels have been widely researched in the field of regenerative engi-
neering due to its favorable properties such as biocompatibility, biodegradabil-
ity, antimicrobial activity, mucoadhesivity, and low toxicity. The development of 
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water-soluble chitosan derivatives led to the development of wide range of chi-
tosan hydrogels as cell and/protein/drug delivery vehicles. As discussed in the 
chapter, chitosan-based hydrogels have been investigated as potential biomaterials 
for a wide range of tissues, indicating the versatility of the polymer system. There 
is still ample scope for research to be conducted on chitosan hydrogels, especially 
with regards to the development of injectable hydrogels to develop biologically 
active substrates to support efficient tissue regeneration.
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Abstract  Chitosan, a natural-based polymer obtained by alkaline deacetylation of 
chitin, is non-toxic, biocompatible, and biodegradable. Due to its desired proper-
ties, chitosan-based materials are widely considered to fabricate scaffolds for tis-
sue engineering and regenerative medicine. These scaffolds provide characteristic 
advantages, such as preservation of cellular phenotype, binding and enhancement 
of bioactive factors, control of gene expression, and synthesis and deposition of 
tissue-specific extracellular matrix (ECM), to tissue regeneration. Therefore, the 
scaffolds based on chitosan and its composites have potential to be used in bone, 
cartilage, liver, nerve, and musculoskeletal tissue engineering.

Keywords  Chitosan  ·  Scaffolds  ·  Tissue engineering  ·  Bioactivity  ·  Regenerative 
medicine

1 � Introduction

The objective of tissue engineering is to regenerate and repair damaged tissues and 
organs of the human and animal body. In tissue engineering, three-dimensional 
(3-D) porous scaffolds are used for cell adhesion, proliferation, and differentia-
tion and development of an extracellular matrix (ECM) [1]. The tissue scaffolds 
may have an ability to load bioactive/therapeutic substances and to release them 
at a controlled manner in the defected sites. This phenomenon can be used to 
improve the bioactivity of the scaffolds and therapeutic effects in the injured tis-
sues [2]. For the betterment of tissue engineering approaches, more appropriate 
materials with the suitable cells and bioactive molecules need to be considered for 
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the fabrication of scaffolds. In this regard, chitosan, a biopolymer consisting of 
glucosamine and N-acetylglucosamine repeating units, has received much atten-
tion to develop the scaffolds due to its desired properties such as low cost, large-
scale availability, antimicrobial activity, low toxicity, and biodegradability. Using 
chitosan, a range of scaffolds with different microstructures (hydrogels, open-
pore structures, fibrous matrices, etc.) have been prepared for the specific tissue 
engineering application. These scaffolds permit the development of normal tissue 
regeneration due to their minimal foreign body reaction and ability to attain hemo-
stasis [3, 4].

In recent years, a variety of hybrid scaffolds based on chitosan and other bio-
degradable and/or biocompatible materials have been developed. These hybrid 
scaffolds have an improved microstructure, swelling ability, mechanical strength, 
compression modulus, and biocompatibility due to their counter part of chitosan. 
The materials used for the preparation of hybrid scaffolds play an important role 
on the properties and applications of hybrid scaffolds in tissue engineering. The 
objective of this chapter is to consolidate and discuss the recent advancements of 
chitosan-based materials as scaffolds for bone, cartilage, liver, nerve, and muscu-
loskeletal tissue regeneration.

2 � In Bone Tissue Engineering

Bone tissue engineering is an important field of research for developing new three-
dimensional (3D) scaffolds with highly interconnected porous structure. These 
scaffolds should match the characteristics of the tissue that is to be replaced. The 
tissue engineering scaffolds need to be biocompatible, osteoinductive, osteocon-
ductive, and mechanically well-suited in order to restore bones which have been 
lost or damaged. In this respect, artificial scaffolds based on chitosan, inorganic 
materials, and/or synthetics polymers have received much attention in recent years 
due to their desirable properties for bone tissue engineering application.

2.1 � Chitosan–Synthetic Polymer Hybrid Scaffolds

Poly(L-lactic acid) (PLLA)/chitosan hybrid scaffolds were developed using chi-
tosan solution and previously prepared PLLA scaffolds for bone tissue engineering 
as shown in Fig.  1 [5]. The shape and size of microstructure of the hybrid scaf-
folds were found to be depended on the concentration of chitosan solution used 
to soak the PLLA scaffolds. It was found that PLLA/chitosan hybrid scaffolds can 
produce calcium phosphate precursors on its structure on dipping them into alter-
nate phosphorous and calcium solutions. The formation of apatite layers within the 
hybrid scaffolds was also observed by bioactivity tests. Santo et  al. [6] prepared 
a hybrid scaffolds based on poly (D, L-lactic acid) (PDLLA) impregnated with 
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chitosan/chondroitin sulfate nanoparticles (NPs) with drug release capabilities. Due 
to the presence of chitosan/chondroitin sulfate NPs, these hybrid scaffolds showed 
higher swelling characters and adequate mechanical properties for cell adhesion 
and support for bone tissue engineering. Using thermally induced phase separa-
tion and lyophilization techniques, hybrid scaffolds based on chitosan and PDLLA-
co-glycolide were developed for bone tissue engineering applications [7]. FT-IR 
and field-emission SEM studies confirmed the formation of apatite layers on the 
hybrid scaffolds after impregnated with stimulated body fluid (SBF). These studies 
revealed the potential of chitosan-based hybrid scaffolds in bone tissue engineering.

Niu et  al. [8] reported the properties of chitosan microsphere-loaded porous 
PLLA scaffolds as a carrier for BMP-2-derived synthetic peptide. There were 
strong hydrogen bonds between the PLLA and chitosan component observed by 
FT-IR. When the chitosan microspheres’ contents increased from 0 to 50  %, the 
compressive strength of the PLLA scaffolds was increased from 0.48 to 0.66 MPa, 
while the compressive modulus increased from 7.29 to 8.23 MPa. The insertion of 
chitosan microspheres into the PLLA scaffolds was found to neutralize the acidity 
of PLLA degradation products. Release studies showed that PLLA /chitosan hybrid 
scaffolds presented a controlled release of loaded peptide when compared with con-
trol chitosan microspheres. The release pattern was found to be depending on the 
degradation of PLLA matrix. This result indicates that PLLA/chitosan scaffolds can 
be used to deliver bioactive factors for a range of non-loaded bone regeneration.

Santo et al. [9] developed a hybrid scaffolds based on PDLLA containing chitosan–
chondroitin sulfate NPs loaded with Platelet Lysate (PL) by supercritical fluid foam-
ing technique as shown in Fig. 2. Release studies demonstrated that PL was released 
in a sustained manner from the hybrid scaffolds. Due to the presence of PL and 
hASCs, this hybrid scaffolds can be used as multi-functional materials for bone tissue 
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engineering applications. Recently, L-lactide-methoxy PEG–tetrandrine nanosphere-
loaded chitosan–gelatin hybrid scaffolds were prepared using freeze-drying method 
for bone tissue engineering [10]. Tetrandrine is a plant derivative, which can be used 
as a modifier to hybrid scaffolds to promote chondrocyte differentiation and secrete 
type-II collagen. Since tetrandrine-loaded nanospheres implanted within chitosan–gel-
atin scaffolds, sustained release of tetrandrine was observed from the hybrid scaffolds.

2.2 � Chitosan–Calcium Phosphate Hybrid Scaffolds

Hybrid scaffolds based on calcium phosphate cements (CPCs) and chitosan 
have been widely used as bone graft substitutes due to their in situ-setting abil-
ity and bioactivity. Zhao et  al. [11] studied human umbilical cord mesenchymal 
stem cells (hUCMSCs) delivery of CPC–chitosan–polyglactin fiber scaffolds for 
bone tissue engineering. The fatigue resistance of CPC–chitosan–polyglactin fiber 
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scaffolds was found to be increased due to the presence of chitosan and polyglac-
tin fibers. In addition, it was found that the CPC–chitosan–polyglactin fiber scaf-
folds supported hUCMSCs attachment and proliferation. hUCMSCs showed well 
distribution and anchored on the polyglactin fibers in scaffolds via cytoplasmic 
extensions. These results propose that CPC–chitosan–polyglactin fiber scaffold 
may be appropriate for stem cell delivery and bone tissue engineering. Wen et al. 
[12] fabricated an iron foam coated with calcium phosphate/chitosan using elec-
trophoretic deposition method for bone tissue engineering. The deposition of cal-
cium phosphate/chitosan on iron foam improved the interfacial bonding strength 
and the in vitro bone-forming bioactivity. Moreover, it was observed that the 
bioactivity of the implant was not affected by the iron foam coated with calcium 
phosphate/chitosan. Recently, Meng et  al. [13] prepared bioactive cement based 
on CPC containing chitosan microspheres as an injectable material for the bone 
regeneration. The bioactive cement containing 10 % (w/w) chitosan microspheres 
had a compressive strength of 14.78 ±  0.67  MPa. In this study, CPC/chitosan 
microsphere and α-TCP/CPC (control group) were implanted into the bone defects 
in both femoral condylar regions of New Zealand white rabbits. SEM and histo-
logical examination after implantation showed the formation of more new bones 
and degradation of the bioactive cement in the bone defects. These studies show 
the potential application of CPC/chitosan hybrid scaffolds in bone regeneration.

2.3 � Chitosan–Bioactive Glass Hybrid Scaffolds

Bioactive glasses are used for bone regeneration due to their osteoconductive and 
biodegradable properties. Degradation products of bioactive glasses could stimu-
late the production of growth factors and cell proliferation, and activate the gene 
expression of osteoblast [14]. In recent years, bioactive glasses combined with chi-
tosan have been extensively considered to fabricate hybrid macroporous scaffolds 
for the improved bone repair. Mansur and Costa studied the physical, mechanical, 
and biological properties of hybrid scaffolds consisting of poly(vinyl alcohol), chi-
tosan, and bioactive glass [15]. The results revealed that these hybrid scaffolds can 
be used for bone tissue engineering applications due to their appropriate mechani-
cal, morphological, and cell viability properties. Couto et al. [16] developed inject-
able hybrid scaffolds based on chitosan–β-glycerophosphate and bioactive glass 
NPs for orthopedic reconstructive and regenerative medicine applications. The for-
mation of apatite layers on the hybrid scaffold was observed after soaking them 
with SBF solution due to the presence of bioactive glass NPs in the scaffolds. The 
thickness of the apatite layer formed on the scaffold was found to be increased 
with increasing bioactive glass content and soaking time in SBF.

A hybrid scaffold composed of chitosan and bioactive glass ceramic NPs 
(nBGC) was fabricated by blending nBGC with chitosan solution using freeze-
drying technique [17]. This hybrid scaffold showed adequate swelling and deg-
radation properties due to the presence of hydrophilic chitosan and nBGC. The 
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bioactivity of chitosan/nBGC hybrid scaffold was confirmed by the biominer-
alization studies. Peter et  al. [18] developed composite scaffolds with pore size 
ranging from 150 to 300 μm based on chitosan–gelatin/nBGC for alveolar bone 
tissue engineering (Fig.  3). In this study, the scaffold properties and biocompat-
ibility were analyzed in order to understand the role nBGC in the scaffold matrix. 
The results showed that the degradation and swelling behavior of the composite 
scaffolds were decreased with the addition of nBGC. Biomineralization studies 
showed that mineral deposits on the nano-composite scaffold were increased with 
the increase in time of incubation. In vitro studies demonstrated that the composite 
scaffolds are capable to provide a healthier environment for cell attachment and 
spreading. Yang et  al. [19] fabricated alginate and chitosan-reinforced bioactive 
glass scaffolds with superior mechanical properties and structural stability. In this 
study, the bioactive glass scaffolds were developed using microsphere replication 
method. Alginate- and chitosan-reinforced bioactive glass scaffolds showed an 
enormous improvement in compressive strength and nearly 30 % of shrinkage in 
wet state when compared to blank bioactive glass scaffold. This biopolymer-rein-
forced bioactive glass scaffolds presented an excellent strain tolerance during the 
prolonged immersion in simulated body fluid. These results indicated that biopoly-
mer-reinforced bioactive glass scaffolds can be used for bone repair.

Multi-functional hybrid scaffolds with drug loading and releasing abilities 
have received considerable interest for bone tissue engineering due to their effi-
cacy to improve drug delivery, healing, and regeneration. A scaffold with con-
trolled drug release ability can be developed by integrating biomolecules within 
biodegradable carriers and further inclusion of such carriers into tissue-engineered 
scaffolds. Nazemi et al. [20] developed chitosan–bioactive glass scaffolds loaded 

Fig. 3   SEM images of chitosan–gelatin (a, b) and chitosan–gelatin/nBGC composite scaffolds (c, d)
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with poly(lactic-co-glycolic acid) NPs by freeze-drying method. In this study, the 
mechanical properties of the hybrid scaffolds were found to be improved due to 
the presence of poly(lactic-co-glycolic acid) NPs in the scaffolds. It was observed 
that the presence of poly(lactic-co-glycolic acid) NPs did not affect the morphol-
ogy of the hybrid scaffolds. Recently, porous poly(caprolactone) and vancomycin-
loaded chitosan-coated hybrid scaffolds have been developed by the replication 
technique using 45S5 Bioglass® (BG) powder [21]. The mechanical properties 
and compressive strength of the poly(caprolactone) and vancomycin-loaded chi-
tosan-coated scaffolds were found to be improved when compared with uncoated 
scaffolds. The coated scaffolds presented a sustained release of encapsulated 
drug for a period of 11 days. This result suggests the potential of the caprolac-
tone and vancomycin-loaded chitosan-coated scaffolds as bone tissue scaffolds. 
Soundrapandian et al. [22] formulated porous scaffolds based on BGZ and MBG 
bioactive glasses. In this study, these scaffolds were loaded with the model drug, 
gatifloxacin, by vacuum infiltration technique. Thereafter, the drug-loaded scaf-
folds were coated with 0.5–1 % chitosan solution. The results demonstrated that 
63–66 % porous and 5–50 μm porous MBG and BGZ bioactive glass scaffolds 
were capable of releasing drugs effectively for prolonged periods. In addition, the 
coating of chitosan on the scaffolds decreased the release of drug. The scaffolds 
based on MBG bioactive glass were found to be bioactive, biocompatible, non-
cytotoxic, and exhibited excellent wound healing potential.

Pon-On et  al. [23] fabricated poly(vinyl alcohol)–chitosan–collagen hybrid 
scaffolds loaded with bioactive glass by three mechanical freeze–thaw followed 
by freeze-drying methods. The porosity and compressive strength of the hybrid 
scaffolds were found to be controlled by the weight ratio of poly(vinyl alcohol) 
and mixtures of chitosan–collagen. Formation of apatite layers on the scaffold 
surface was observed after seven days of incubation in SBF. MTT assay revealed 
that there is no cytotoxicity of hybrid scaffolds on UMR-106 cells. The drug 
release studies showed that poly(vinyl alcohol)–chitosan–collagen hybrid scaf-
folds loaded with bioactive glass hybrid scaffolds presented a controlled release 
for about a month. The effect of poly(lactic-co-glycolic) acid NPs on a chitosan–
bioactive glass scaffold was reported recently [24]. In this work, two types of chi-
tosan–bioactive glass scaffolds, with and without poly(lactic-co-glycolic) acid 
NPs, were prepared. The mechanical strength of the hybrid scaffolds was found 
to be improved while adding the poly(lactic-co-glycolic) acid NPs. However, the 
swelling behavior of the hybrid scaffolds was marginally decreased as a result of 
adding NPs. The results demonstrated that these hybrid scaffolds can be used as a 
controlled-release platform of model drugs to the bone regeneration.

2.4 � Chitosan–Hydroxyapatite Hybrid Scaffolds

The ECM present in bone tissue contains a porous composite of interpenetrat-
ing phases of type-I and type-III collagen and hydroxyapatite. In recent years, 
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chitosan, gelatin, and hydroxyapatite in different combinations have been devel-
oped as hybrid scaffolds for bone regeneration because of their chemical simi-
larity to natural bone ECM. Oliveira et  al. [25] prepared hybrid scaffolds based 
on dexamethasone-loaded carboxymethyl chitosan/poly(amidoamine) den-
drimer NPs and the mixture of hydroxyapatite and starch–poly(caprolactone). 
In this work, the effect of these hybrid scaffolds on the proliferation and osteo-
genic differentiation of rat bone marrow stromal cells (RBMSCs) was studied. It 
was observed that RBMSCs seeded onto the surface of both hydroxyapatite and 
starch–poly(caprolactone) scaffolds differentiate into osteoblasts when cultured 
in the presence of 0.01 mg ml−1 dexamethasone-loaded carboxymethyl chitosan/
poly(amidoamine) dendrimer NPs. The dexamethasone-loaded carboxymethyl chi-
tosan/poly(amidoamine) dendrimer NPs combined with the hydroxyapatite was 
also found to enhance osteogenesis by increasing alkaline phosphatase activity and 
mineralization of the ECM.

Olad and Azhar developed highly porous chitosan–gelatin/nanohydroxyapatite–
montmorillonite hybrid scaffolds with the pore size of 100–350 μm using freeze–
drying method for use in bone tissue engineering [3]. Bioactivity study conducted 
with the SBF showed a decreased degradation rate and increased biomineralization 
of the hybrid scaffolds due to the presence of nanohydroxyapatite and montmoril-
lonite as shown in Fig. 4. Recently, Zhu et al. [26] developed a biomimetic hybrid 
scaffolds which consists of hydroxyapatite and human bone marrow mesenchymal 
stem cells (BMSCs)-loaded chitosan hydrogel. The breast cancer adhesion and 
proliferation of the hybrid scaffolds were found to be influenced by the amount of 
nanohydroxyapatite present in the scaffolds. The maximum breast cancer adhesion 
and proliferation was found on 10 % nanohydroxyapatite–chitosan scaffold.

3 � In Cartilage Tissue Engineering

In recent years, a wide variety of chitosan-based biomaterials have been developed 
as scaffolds for cartilage tissue engineering due to their desirable properties such 
as biocompatible, biodegradable, highly porous, suitable for cell attachment, pro-
liferation and differentiation, osteoconductive, non-cytotoxic, flexible and elastic, 
and nonantigenic.

(a) (b) (c)

Fig.  4   SEM images for showing the mineralization of a chitosan–gelatin, b chitosan–
gelatin/nanohydroxyapatite and c chitosan–gelatin/nanohydroxyapatite–montmorillonite com-
posite scaffolds immersed in SBF after 14 days of incubation
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3.1 � Chitosan-Based Fibrous Scaffolds

Iwasaki et al. [27] fabricated alginate–chitosan hybrid fibrous scaffolds for carti-
lage tissue engineering. These scaffolds presented superior adhesion ability with 
chondrocytes when compared with alginate fiber. SEM studies showed that the 
presence of the distinctive round morphology of the chondrocyte and the for-
mation of type-II collagen fibers by the chondrocytes in the hybrid scaffolds. A 
stratified composite scaffold based on chitosan nanofibrous layer on a porous 45S5 
bioactive glass was developed for osteochondral segment regeneration by Liverani 
et al. [28]. In this study, chitosan and alginate were used for constructing the inter-
face between the scaffold and the soft cartilage. A chitosan-based electrospun 
nanofibrous membrane was used for constructing the upper layer of the scaffold. 
This composite scaffold had good resistance to layer delamination, preservation of 
the bioactivity, and improvement of the mechanical properties.

3.2 � Chitosan-Based Scaffolds

Chitosan-based scaffolds can deliver ECM components such as type-II collagen 
and chondroitin sulfate in a controlled fashion, which endorses the in-growth and 
biosynthetic capability of chondrocytes. Choi et al. [29] developed chitosan hydro-
gel containing type-II collagen and chondroitin sulfate for the management of 
cartilage defects. The addition of type-II collagen and chondroitin sulfate into chi-
tosan hydrogels was found to increase chondrogenesis. In particular, type-II colla-
gen was found to be responsible for the improved chondrogenesis. Kim et al. [30] 
stabilized transforming growth factor (TGF-β1) signaling in the chitosan hydrogel 
for use in cartilage regeneration. In this study, TGF-β1 was linked to chitosan with 
preserving type-II collagen in order to reduce the burst release of protein in a com-
plex biological environment of serum and cells. The ability of TGF-β1 linked chi-
tosan to promote cartilage regeneration in a rat partial-thickness chondral defect 
model was confirmed.

3.3 � Chitosan-Based Composite Scaffolds

Bi et  al. [31] prepared a biphasic scaffold based on collagen–chitosan and bio-
active glass collagen by combination of sol–gel, freeze-drying, and cross-link-
ing techniques. In this scaffold, cross-linking agents were used to connect the 
collagen–chitosan and bioactive glass collagen phases. This scaffold presented 
interconnected porous structures and precipitation of hydroxyapatite grains 
after being immersed into SBF. As shown in Fig.  5, BMSCs were found to be 
anchored on this scaffold with healthy spreading. This result shows that this 
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biphasic scaffold can be used for osteochondral tissue engineering. Silva et  al. 
[32] developed chitosan and chondroitin sulfate 3-D nanostructures to support 
the attachment and proliferation of bovine chondrocytes. The obtained 3-D nano-
structure had a high porosity and water uptake capacity of about 300  %. The 
results of this study showed that cells were attached, proliferated, and metabol-
ically active over the entire 3-D chitosan and chondroitin sulfate nanostructure 
scaffold.

Porous scaffolds composed of poly(L-glutamic acid) and chitosan was pre-
pared for the repair of articular  cartilage  defects using a freeze-drying method 
[33]. The scaffolds fabricated from 2  % poly(L-glutamic acid)/chitosan content 
and at a freezing temperature of −20 °C exhibited an interconnected porous struc-
ture with average pore size between 150 and 200 μm, the contact angle of less 
than 75°, and high swelling ratio about 700 %. In vitro culture of rabbit adipose-
derived stem cells indicated that poly(l-glutamic acid)/chitosan porous scaffolds 
supported cell attachment and growth. Lee et  al. [34] developed macroporous 
poly(vinyl alcohol)-carboxylmethyl  chitosan–poly(ethylene glycol) hybrid scaf-
folds for cartilage  tissue  engineering. The MTT, immunohistochemistry, SEM, 
and TEM analyses confirmed that these scaffolds promoted cell attachment and 
proliferation in vitro. It was observed that the chondrocyte-poly(vinyl alcohol)-
carboxylmethyl  chitosan–poly(ethylene glycol) scaffolds secreted glycosamino-
glycan (GAG) and collagen type-II. Moreover, these scaffolds were not shown any 
adverse effects on the host tissue.

(a) (b)

(c) (d)

Fig.  5   Fluorescence and SEM images of BMSCs on the biphasic scaffold a chandral phase 
(fluorescence of 7th day), b osseous phase (fluorescence of 7th day), c chandral phase (SEM of 
7th day), and d osseous phase (SEM of 7th day)
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Chen et al. [35] prepared histidine-graft-chitosan/PLLA scaffolds using a dual-
phase separation technique by changing the weight ratio of histidine-graft-chitosan 
and PLLA. In this study, the chemical structure, morphology, and mechanical prop-
erties of NHCS/PLLA hybrid scaffolds were characterized through FT-IR, WXRD, 
thermal gravimetric analyzer, and field-emission SEM. The results showed that 
the pore size of histidine-graft-chitosan/PLLA hybrid scaffolds decreased with the 
decrease of the weight ratio of histidine-graft-chitosan and PLLA. The pore size 
and porosity of the scaffolds were found to be about 12–25 μm and >92 %, respec-
tively. The comprehensive strength and the comprehensive modulus were found 
to be 0.33–0.78 MPa and 1.75–5.28 MPa, respectively, which indicates the poten-
tial application of histidine-graft-chitosan/PLLA hybrid scaffolds in cartilage  tis-
sue  engineering. Kamoun et  al. [36] developed an injectable hydrogel based on 
N-succinyl  chitosan  cross-linked with water-soluble dialdehyde starch (DAS) for 
tissue  engineering  and  cartilage  repair. In this study, N-succinyl  chitosan  content 
was found to have an important role for the formation of highly cross-linked hybrid 
hydrogels. However, the strength of the cross-linked hybrid hydrogels was found 
to be decreased when increasing the concentration of DAS. It was found that the 
content of N-succinyl chitosan in the hybrid hydrogels influenced the model drug, 
curcumin, release profile, and adherence of HGF cells on the hydrogels.

4 � In Liver Tissue Engineering

The objective of liver tissue engineering is to construct an artificial liver tissue for 
the replacement of the failure liver function in patients. Liver tissue engineering 
strategies can be used to overcome the drawbacks of liver transplantation such as 
requirement of immunosuppressive drugs, donor organ and its storage and high 
cost, etc. Using chitosan-based materials, a variety of scaffold systems were devel-
oped for liver tissue engineering applications.

4.1 � Chitosan–Collagen Matrices

Chitosan–collagen composite system was synthesized using coupling agents 
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and N-hydroxysuccinimide 
as implantable artificial livers by Wang et  al. [37]. The platelet deposition and 
hepatocyte culture studies revealed that chitosan–collagen composite had ade-
quate mechanical properties, outstanding blood, and cell compatibility. The 
highly porous hybrid scaffolds with adequate blood compatibility based on 
collagen/chitosan/heparin were also fabricated by Wang et  al. [38]. Hepatocytes 
cultured on these hybrid scaffolds presented maximum urea and triglycer-
ide discharge after 25  days from their seeding, which indicates the potential of 
collagen/chitosan/heparin hybrid scaffolds in liver tissue engineering.
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4.2 � Alginate–Chitosan Composite Matrices

Yang et  al. [39] fabricated porous alginate/galactosylated chitosan hybrid scaf-
folds for liver tissue engineering. The hybrid scaffolds seeded with primary hepato-
cytes presented greater cell attachment and viability due to the definite interactions 
between the asialoglycoprotein receptors on hepatocyte and galactose ligands on 
hybrid scaffolds. Recently, Chen et al. [40] reported a scaffold with average pore 
size of 50–150 μm and interconnected pore structure based on galactosylated chi-
tosan cross-linked with oxidized alginate for liver tissue engineering. The porosity 
and compressive modulus of the scaffolds was determined as about 70 % and 4.2–
6.3 kPa, respectively. The equilibrium swelling and in vitro degradation rate of the 
scaffolds were found to be decreased with the increase of the oxidized alginate con-
tent. The hepatocytes seeded on the scaffolds showed multi-cellular aggregates with 
a characteristic spheroidal morphology and great interactions with the scaffolds.

4.3 � Chitosan-Based Microfibers

Lee et al. [41] reported the chemical, mechanical, and diffusion properties of micro-
fluidic chitosan microfibers for  liver  tissue engineering applications. In order to 
assess the potential of the chitosan microfibers as scaffolds for liver tissue regenera-
tion, hepatoma HepG2 cells were seeded onto microfibers. These microfibers pre-
sented albumin secretion and urea synthesis. Fan et al. [42] fabricated highly porous 
hybrid scaffolds which consist of galactosylated hyaluronic acid and chitosan using 
freeze-drying method for the enhanced function of hepatocytes in vitro. Due to the 
presence of hyaluronic acid, the hybrid scaffolds had an improved hydrophilicity 
and mechanical strength. In this study, rat primary hepatocytes seeded in the hybrid 
scaffolds demonstrated the multi-cellular spheroid morphologies.

5 � In Nerve Tissue Engineering

In recent years, a wide variety of biocompatible materials have been considered for 
the construction of artificial tubes for nerve repair. Among these, chitosan-based 
materials are more promising for nerve regeneration due to their desired properties 
such as biocompatibility and biodegradability, and ability to provide a cellular and 
molecular framework for Schwann cells and neurite migration across the nerve gap.

5.1 � Chitosan-Based Membranes

Yang et  al. [43] studied the effects of chitosan–collagen hybrid membrane on the 
behavior of rat neural stem cells. The hybrid membranes were found to be more 
appropriate for the co-culture with rat neural stem cells because of their low 
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cytotoxicity and supporting ability for the cell survival. Recently, tissue  engineer-
ing scaffolds based on conductive polymers combined with electrical stimulation are 
considered as prospective materials for the treatment of neural injuries. Huang et al. 
[44] reported a conductive hybrid membrane based on polypyrrole (2.5 %) and chi-
tosan (97.5 %) in order to electrically stimulate Schwann cells. These membranes 
showed superior cell adhesion, spreading, and proliferation with or without electri-
cal stimulation. Due to the electrical stimulation, these hybrid membranes expressed 
the emission of NGF and BDNF when compared with control cells. Wrobel et al. 
[45] developed chitosan film for nerve tissue engineering application. To study the 
biocompatibility of film, various types of Schwann cells were seeded onto chitosan 
film and found that all cell types were viable on the chitosan film. Moreover, differ-
ent types of metabolic activities and proliferation behavior were observed on the of 
Schwann cell-seeded chitosan films. Recently, Morelli et  al. [46] prepared hybrid 
membranes which consist of chitosan, poly(caprolactone), and poly(urethane) using 
phase-inversion techniques. The efficacy of these membranes to enhance the adhe-
sion and differentiation of neuronal cells was determined. The results showed that 
neural cell responses of the hybrid membrane were found to be depending on the 
type and properties of the polymers used for the fabrication of membranes.

5.2 � Chitosan-Based Hydrogels

Hydrogels based on chitosan can be suitable for neural tissue engineering due to 
their physicochemical and mechanical properties to hold  neurite  extension and 
assist transplantation of  cells. Freier et  al. [47] developed chitin and chitosan 
hydrogel tubes using mold casting method. Both chitin and chitosan hydrogel 
tubes facilitated adhesion and differentiation of primary chick dorsal root ganglion 
neurons in vitro. However, chitosan hydrogel tube showed improved nerve cell 
adhesion and neurite outgrowth, which represents the potential of this material in 
nerve tissue engineering. Valmikinathan et al. [48] prepared a photo cross-linked 
chitosan hydrogel as shown in Fig.  6. This hydrogel showed less cytotoxicity 
against hMSCs. An improved neurite differentiation from primary cortical  neu-
rons and neurite extension from dorsal root ganglia was observed on the chitosan 
hydrogel when compared to the control agarose hydrogen under similar condi-
tions. Moreover, neural stem cells seeded on the chitosan hydrogels assisted dif-
ferentiation into tubulin-positive neurons and astrocytes.

6 � In Musculoskeletal Tissue Engineering

In the recent years, chitosan-based functional materials are widely considered to 
fabricate the scaffolds for regeneration of severely damaged tissues. Masuko et al. 
[49] prepared chitosan-RGDSGGC peptide complex by reacting thiolated chitosan 
with RGDSGGC peptide containing RGDS groups as shown in Fig.  7. In this 
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study, the effects of RGDSGGC peptide to thiolated chitosan on cell adhesion and 
proliferation activity of chondrocytes and fibroblasts were determined. The results 
showed that chitosan-RGDSGGC peptide complex can improve both cell adhesion 
and cell proliferation of chondrocytes and fibroblasts.

Fig. 6   Synthesis of photo cross-linkable hydrogel

Fig. 7   Synthesis of chitosan–RGDSGGC conjugates
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Rinki and Dutta fabricated supercritical carbon dioxide-assisted porous chi-
tosan scaffolds using chitosan in aqueous acetic acid and genipin by as a cross-
linking agent (Fig.  8) [50]. These scaffolds showed an improved bioactivity in 
SBF and cellular attachment with MG63 osteoblastic cells. These results indicate 
that supercritical carbon dioxide-assisted porous chitosan scaffolds can be used 
for musculoskeletal tissue engineering application. Zhang et al. [51] recently pre-
pared conducting glutaraldehyde cross-linked hydrogels based on carboxymethyl 
chitosan and aniline. These hydrogels presented a controlled release of encap-
sulated model drug diclofenac sodium. Live/Dead assay and Alamar blue assay 
proved the biocompatibility of the conducting hydrogels by C2C12 myoblast 
cells.

Adipose tissue engineering is considered as a promising technique for recon-
structive and cosmetic applications in plastic surgery. In this context, Cheung 
et al. [52] developed photo cross-linked methacrylated glycol chitosan and meth-
acrylated chondroitin sulfate scaffolds integrated with bioactive decellularized 
adipose tissue. The results showed that these scaffolds improved hASCs viabil-
ity due to the presence of adipose tissue as a cell-supportive matrix. In addition, 
methacrylated chondroitin sulfate-based scaffolds presented a better implant 
integration and adipogenesis, with allogenic hASCs promoting cell infiltration, 
angiogenesis and eventually, fat formation. Recently, Martel-Estrada et  al. [53] 
prepared porous chitosan/mimosa tenuiflora hybrid scaffolds by thermally induced 

Fig. 8   Preparation of chitosan–genipin scaffold



56 M. Prabaharan and P.R. Sivashankari

phase separation and lyophilization methods. Due to the existence of more amine 
groups, apatite layer was formed efficiently on the hybrid scaffolds, indicating the 
potential application of these hybrid scaffolds in tissue regeneration.

7 � Concluding Remarks

Using chitosan and its composites with inorganic and/or polymeric materials, a 
variety of porous scaffolds have been fabricated for tissue engineering and regen-
erative medicine. These chitosan-based scaffolds are non-toxic, biocompatible, 
and biodegradable. Due to the desirable physicochemical and biological proper-
ties, chitosan-based scaffolds are widely considered as potential biomaterials for 
bone, cartilage, liver, nerve, and musculoskeletal tissue regeneration. However, 
for the efficient bone and cartilage tissue engineering applications, chitosan-based 
scaffolds still require adequate stability and mechanical strength. To fulfill these 
requirements, different types of hybrid scaffolds based on chitosan and other bio-
compatible materials have been developed. These hybrid scaffolds have highly 
porous structure with inter-connectivity and enough mechanical properties for cell 
adhesion and support for bone and cartilage tissue engineering. Due to the pres-
ence of bioactive and functional materials, chitosan-based hybrid scaffolds are 
bioactive and can be used to deliver bioactive materials for exciting cell differen-
tiation and proliferation or drug molecules to provoke therapeutic effects in tissue 
engineering approaches.
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Abstract  Intra-joint trauma often accompanies cartilage damage, as one of the 
main reasons of osteoarthritis, which often induce severe pain and limited joint func-
tion in the final stage. Because of the poor regenerative capacity, cartilage repair 
has been on the top list of regenerative medicine from decades ago. Recently, the 
researches of cartilage regeneration are mainly focused on the development of novel 
scaffolds, which can provide spatial frame and logistic template for stem cells, other 
progenitor cells, or chondrocytes to proliferate or differentiate into cartilage-like 
tissues. Among the dazzling scaffolds, chitosan-based systems, including physi-
cal hydrogels, chemically cross-linked hydrogels, or porous scaffolds, show great 
potential in cartilage tissue regeneration. Chitosan possesses superior characteris-
tics, such as biocompatibility, biodegradability, bioabsorbability, low immunogenic-
ity, and intrinsic antibacterial nature, for potential applications in tissue engineering. 
Specially, the chemical structure of chitosan is similar with various glycosamino-
glycans (GAGs), which play important roles in chondrocyte morphology modula-
tion, differentiation, and function. In addition, appropriate mechanical properties 
and porosity, excellent cell adhesion, and even control release of functional growth 
factors are achieved in chitosan-based scaffolds. In this chapter, the advancements 
of different types of chitosan-based scaffolds for cartilage regeneration are systemi-
cally summarized, and the future directions are predicted.
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1 � Introduction

The features of cartilage, such as avascularity and low cellularity, make the dam-
aged cartilage hard to spontaneously repair [1]. Therefore, even the tiny lesion 
can further aggravate the degeneration of articular cartilage, which results in pro-
gressive osteoarthritis, and cause severe pain and disability. Owing to the serious 
consequences caused by cartilage damage, interventions must be taken to control 
or restore the damage. The mostly used clinical intervening strategies include 
microfracture (MF), autologous chondrocyte implantation (ACI), and biomaterials 
implantation.

As a highly cost-effective, minimally invasive, and relatively simple proce-
dure, the MF technic under arthroscopy has become to be the most widely used 
strategy for cartilage defect repair [2]. First, focal cleaning is applied, that is, the 
damaged cartilage tissues are cleared until to the subchondral bone. Then, several 
holes are drilled to bone marrow, which allow the progenitor cells in bone mar-
row to go through and arrive at the defect area to repair the  defective cartilage. 
However, most of the new tissues are fibrous ones under the administration of MF, 
which cannot compensate for the damaged compact cartilage. The early prognosis 
of cartilage after MF treatment looks fine, while the outcome cannot satisfy the 
patients as the follow-up is prolonged [3]. Besides MF, ACI is also introduced to 
treat cartilage defect. ACI emphasizes the effect of implanted normal autologous 
cartilage, which is harvested from the non-weight bearing area. Although better 
outcomes are observed, ACI cannot be used in the large defect of articular carti-
lage due to the limitation of available normal cartilage for implantation [2].

The biomimetic scaffolds of cartilage tissue engineering can be fabricated by 
physical or chemical methods from natural or synthetic polymers. The biomi-
metic implants can provide better cell intergrowth spatial structure and proper 
mechanical support. Compared with those originated from synthetic polymers, the 
scaffolds made of natural macromolecules are more attractive due to their good 
biocompatibility, unique chemical structures, and some inherent biological activi-
ties. These scaffolds have been widely used in cartilage restoration in the forms of 
hydrogels [4] and three-dimensional (3D) porous scaffolds [5].

Among so many natural polymers, chitosan is particularly impressive. As 
depicted in Fig.  1, chitosan is a deacetylated derivative of chitin, and the sec-
ond most abundant natural biopolymer commonly found in the shells of marine 
crustaceans and cell walls of fungi. Chitosan exhibits similar structure to gly-
cosaminoglycans (GAGs) and possesses many superior characteristics, including 
biocompatibility, biodegradability,  bioabsorbability, intrinsic antibacterial nature, 
and chondro-conducive and chondro-integrative properties [6]. Comparative stud-
ies demonstrate that the chitosan hydrogels can promote and maintain a better 
chondrogenic phenotype in mesenchymal stem cells (MSCs) compared to  those 
originated from alginate and fibrin [7]. Also as a composite platform, the chitosan-
based scaffold seeding chondrocytes have the greatest cell surface enhancement 
compared to that from hyaluronic acid (HA), fibrin, or collagen type I (Col I) [8].



63Chitosan-Based Scaffolds for Cartilage Regeneration

Chitosan also bears several drawbacks, including low water solubility due to its 
rigid structure and crystallinity, poor mechanical strength, instability, and so on [6, 
9–13]. The scaffolds based on chitosan can inherit its advantages and overcome 
the drawbacks through the complexation with other materials, such as gelatin [14], 
alginate [15], collagen [16], and blood clot [17], or special processing procedures. 
As for processing procedures, different scaffolds, such as hydrogels [18–20], 3D 
porous scaffolds [21–23], 3D printed scaffolds [24, 25], or coating technology [26, 
27], are designed and fabricated.

According to the merits of chitosan, the chitosan-based scaffolds have been 
widely applied in the regeneration of various tissues, for example, nervous system 
[28–30], bone tissue [31–35], and wounds healing [36]. Especially for cartilage 
repairing, chitosan has the biggest space to play. It is not just because of its struc-
tural similarity to GAGs, which are one of the major extracellular matrix (ECM) 
components, but also due to their “shapeshifter magic”, which means they can be 
easily manufactured into many phases under mild condition.

In this chapter, the characteristics of cartilage damage and reconstruction, 
and  the superiorities and development of chitosan-based scaffolds for cartilage 
tissue engineering are summarized, and also the challenges and opportunities are 
discussed.

2 � Characteristics of Cartilage Damage and Reconstruction

Cartilage injury means the incomplete of cartilage structure. For fabrication of 
biomimetic scaffolds, attentions must be paid to the components and ingredients 
of cartilage and their mechanical properties. Hyaline cartilage is the most 
abundant type of cartilage in human body, especially in joints. It is composed of 
chondrocytes dispersed in an abundant ECM, which mainly consists of collagen 
type II (Col II) and proteoglycan (aggrecan).

As described above, the defect of cartilage is an acute loss of partial or whole 
layer of cartilage. All of the ingredients, including chondrocytes and ECM, need 

Fig. 1   Synthesis of chitosan from deacetylation of chitin
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to  be gradually repaired. As  aforementioned the traditional therapeutic methods, 
like bone marrow stimulation and osteochondral grafting, all cannot provide sat-
isfied prognosis [2]. With the development of  tissue engineering, it provides an 
alternative way to realize the reconstruction. Three essential elements are needed 
for all the tissue engineering reconstruction, that is,  cells, scaffolds, and growth 
factors. Scaffold as spatial structure provides support for cell proliferation, migra-
tion, and differentiation. All the biological factors to realize their functions must 
be on the basis of scaffold support. So the exploration of biomimetic, cartilage 
strength similar, biocompatible, and biodegradable scaffolds grab enormous atten-
tion of researchers.

3 � Superiorities of Chitosan-Based Scaffolds  
for Cartilage Regeneration

Chitosan, as a suitable candidate for cartilage regeneration, is known for its good 
biocompatibility, biodegradability, bioabsorbability, intrinsic antibacterial nature, 
and structural similarity to GAGs, which are the basic ingredients of ECM.

The most important property of tissue engineering scaffolds is biocompatibil-
ity. Only in this way, it can be used as a spatial support for cell migration in vitro 
and implanted into body. The biocompatibility of chitosan has been well studied 
in numerous studies. The results show that the chitosan-based biomaterials did not 
cause serious inflammatory or allergic reaction following implantation, injection, 
topical application, or ingestion in preclinical studies or human body [12, 37, 38].

As for the degradation dynamics, chitosan can be degraded in vivo by enzy-
matic hydrolysis [39, 40]. The degradability of chitosan-based scaffolds can 
promise a suitable process of cell growth and replacement to achieve tissue regen-
eration. Different tissues need various repair times, so the scaffolds should be 
capable of an adjustable degradability, that is, indeed one of the advantages of chi-
tosan-based scaffolds. First, the deacetylation degree of chitosan directly decides 
the degree of crystallinity and inversely affects the degradation rate. A low deg-
radation rate, even last for several months, can be obtained in the scaffold with 
highly deacetylated chitosan. In contrast, lowly deacetylated chitosan-based scaf-
fold exhibits a shorter degradation period [41]. Second, when chitosan is com-
bined with different other materials, the degradation rate can also be adjusted by 
the supplemented materials and their interactions. It is worth noting that the degra-
dation rate inherently affects both solubility and mechanical properties.

The antibacterial property of chitosan or chitosan derivatives makes them suit-
able for tissue healing. Machul et al. reported that chitosan occurred to be effective 
in the reduction of bacterial populations for both planktonic- and biofilm-related 
Pseudomonas cells [42]. In addition, the chitosan-based scaffolds are also found 
to inhibit Escherichia coli, Proteus mirabilis, and Pseudomonas aeruginosa 
[43]. The antibacterial mechanism of chitosan is still not clearly confirmed. One 
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possible way of antibacterial capability is the electrostatic interaction between 
polycationic chitosan and negatively charged bacteria membrane components, 
which can lead to loosening of bacteria membrane and consequent leakage of 
internal components, and finally cause the death of bacteria [44]. Moreover, chi-
tosan may directly penetrate into bacteria and interact with DNA to inhibit the 
transcription of DNA and the subsequential protein synthesis [45, 46].

Previous studies demonstrated that the carboxymethylated chitosan can sup-
press the mRNA expression of matrix metalloproteinase-1/-3 (MMP-1/-3) dur-
ing the early stage of osteoarthritis by intra-articular injection [47]. It also can 
inhibit the activation and expression of MMP-2 in primary human dermal fibro-
blasts, which all can lead to the inhibition of local inflammation [48]. Besides, 
the thermo-sensitive hydrogels made by chitosan are injectable, which can be 
delivered into particular tissues or organs by a minimal invasive manner [49, 50]. 
Furthermore, the covalent and ionic modifications allow extensive adjustment of 
mechanical and biological properties of chitosan-based scaffolds.

Although chitosan exhibits several drawbacks, the choice of chitosan as a tissue 
support matrix is governed among others by multiple ways.

4 � Chitosan-Based Hydrogels for Cartilage Regeneration

Hydrogels are networks of hydrophilic polymers cross-linked by physical interac-
tions or chemical bonds, which can swell but do not dissolve in water. Chitosan, as 
one of the mostly used matrices, can form hydrogels under mild condition.

4.1 � Physically Cross-Linked Hydrogels  
with Chitosan as Matrix

The physical cross-linking for preparation of hydrogels can avoid introducing of 
exogenous cross-linking agents, which may bear potential toxicity. Although phys-
ical cross-linking may sacrifice a part of mechanical strength, it is easy to be pro-
cessed without complex synthesis steps compared with the chemical one.

Thermo-sensitive chitosan-based hydrogel is one of the most commonly used 
scaffolds for tissue engineering. Researchers usually set the trigger temperatures 
between 30 and 37  °C. When below trigger temperature, the liquid sol allows 
for the encapsulation of cells and/or growth factors. Once injected into animal or 
human body, the liquid solution can transform into gel status with the ascent of 
temperature to provide spatial structure for cell proliferation and differentiation. 
Previous studies showed that several synergistic forces were favorable to thermo-
gel formation, such as hydrogen bonding, electrostatic interaction, and hydropho-
bic interaction [51].
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Chitosan-based thermogel have been widely applied  in cartilage repair. For 
fabrication process, chitosan is dissolved in acetic acid to obtain chitosan solu-
tion and blended with β-glycerophosphate solution to  obtain a final chitosan–β-
glycerophosphate solution. The trigger temperature is adjusted to 37  °C by 
regulating the ratio of the two solutions for a proper gel formation in vivo [52]. 
In addition, other materials, like gelatin, can be dissolved with chitosan in acetic 
acid, and then β-glycerophosphate solution is added to form chitosan/gelatin/β-
glycerophosphate hydrogel. The gelation temperature of this gel at neutral pH can 
be controlled at around 33 °C. Cells, like nucleus pulposus cells, can be encapsu-
lated into above hydrogel. After periods of culture in vitro, the scaffold showed 
good production of sulfated GAGs, up-regulation of relative gene expression, and 
high synthesis of ECM in nucleus pulposus [53].

Pure chitosan hydrogel also can be formulated to be the support of other deliv-
ery carriers, such as nanoparticles [54] or nanofibers [55]. The combination can 
improve the mechanical property of composite scaffolds and provide a better 
control release behavior.

Another great advantage of thermo-sensitive chitosan-based hydrogel is inject-
able. The injectable hydrogels allow for minimally invasive implantation, filling a 
desired shape, and easy incorporation of various therapeutic agents [49]. Chenite 
et  al. found that polyol salt can transform purely pH-dependent chitosan solu-
tion into temperature-controlled pH-dependent chitosan hydrogel, which could be 
injected into tissues for biological compound delivery [51]. Furthermore, the ther-
mogel can deliver active growth factor leading to neo-cartilage formation in vivo.

4.2 � Chitosan-Based Chemically Cross-Linked Hydrogels

Chemical cross-linking will formulate the scaffolds with the bridges of covalent 
bonds, so more tough scaffolds with low degradation rate can be obtained to 
meet the demand of cartilage repair. Cross-linker, as the spirit agent of whole 
chemical cross-linking procedure, plays an important role in the binding pro-
cess. The widely used chemical cross-linking agents in chitosan-based hydrogels 
include genipin [56–58], glutaraldehyde [59, 60], and acrylate group [61], which 
react with amine group in chitosan. Moreover, many abnormal cross-linkers are 
explored in cross-linking of chitosan-based hydrogels, like sodium tripolyphos-
phate [62], citrate [63], horseradish peroxidase (HRP) and hydrogen peroxide 
(H2O2) [64], and water-soluble carbodiimide (WSC) [65].

Among them, citrate-cross-linked chitosan hydrogels possess strain revers-
ibility and viscoelastic behavior. The results demonstrate early cartilage forma-
tion and woven bone deposition after being implanted into a rabbit osteochondral 
defect model [63]. Tripolyphosphate, as a polyanionic cross-linker with quick gel-
ling capability and non-toxic property, can cross-link the amino groups at the C-2 
site of chitosan unit [62]. The HRP- and H2O2-based enzymatic cross-linking of 
glycolic acid (GA)- and phloretic acid (PA)-grafted chitosan can provide a fast and 
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efficient way to obtain an in situ  formed hydrogel under physiological condition 
[64]. WSC is also found to be the most suitable cross-linker, and chondrocytes are 
able to proliferate well and secrete abundant ECM in the chitosan–gelatin complex 
scaffold cross-linked by WSC compared to the non-cross-linked one [65].

The photo-cross-linked chitosan-based hydrogels are also widely applied in 
cartilage tissue engineering. Similar as thermogel, this kind of hydrogel is micro-
environment friendly without any small molecule cross-linking agents.

Fig.  2   Design of VBL cross-linked chitosan/ECM composite hydrogels [19]. a Chitosan 
hydrogel is prepared by cross-linking of MeGC via VBL irradiation with RF. b The mixture of 
MeGC with Col II and RF is pH neutralized for initiating Col II gelation and followed by VBL 
cross-linking to form a hydrogel (MeGC/Col II). The fibrous structure of hydrogel can be varied 
in a Col II concentration-dependent manner. c The ionically interacted MeGC and CS are cross-
linked using VBL irradiation with RF (MeGC/CS). d 1H NMR spectrum and structure of MeGC 
in D2O. Structure of RF
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Hu et  al. combined photo-polymerizable chitosan (i.e., methacrylated glycol 
chitosan  (MeGC)) and riboflavin (RF) to achieve gelation in situ by visible blue 
light (VBL) irradiation, and this hydrogel was injectable [66]. Recently, the for-
mulation of photo-cross-linked hydrogel is improved by adding Col II (Fig.  2), 
which is the natural compound of cartilage. The modified hydrogels are proved 
to further increase chondrogenesis by encapsulating both chondrocytes and MSCs 
[19]. When injected into superficial tissues, the mixed solution of MeGC and HA 
can be triggered into gels by photo-cross-linking with a riboflavin photo-initia-
tor under visible light [67]. Furthermore, to provide high modulus scaffolds, an 
two-phase and bicontinuous scaffold was synthesized from MeGC and a hydro-
lyzable, hydrophobic, and acrylated poly(ε-caprolactone-co-d,l-lactide) or poly(ε-
caprolactone-co-trimethylene carbonate). By chondrocyte seeding test, the author 
found that the chitosan-based poly(ε-caprolactone-co-trimethylene carbonate) 
bicontinuous scaffold accumulated more ECM after 56  days of culture in vitro 
[68].

Although various cross-linkers are applied in hydrogel formation, the most 
important property of them is non-toxic. Only based on this principle, the chemi-
cally cross-linked hydrogels can be used as implants in vivo for tissue regeneration 
or scaffolds in vitro for cells culture.

5 � 3D Porous Chitosan-Based Scaffolds

As aforementioned, the 3D porous chitosan-based scaffold is one of the most 
important implant for cartilage repair. It can provide porous structure to load cells 
and support their proliferation and migration. When compared to soft hydrogel, 
the solid porous scaffolds possess more mechanical strength for repairing carti-
lage. The 3D porous chitosan-based scaffolds are fabricated in various phases 
(Fig. 3).

Fig. 3   Typical SEM micrographs of 3D porous chitosan-based scaffolds: (Left) chitosan sponge 
scaffold and (Right) chitosan fibrous scaffold [13]. Magnification: 100×
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5.1 � Normal 3D Porous Chitosan-Based Scaffolds

The normal 3D porous chitosan-based scaffolds can be obtained by freeze-drying 
method without or with chemical cross-linking. The most used chemical cross-
linking agents include 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC·HCl) and N-hydroxysulfosuccinimide (NHS) [69, 70], genipin [71, 
72], and calcium chloride [73], and the choice of cross-linkers is based on the type 
of chemical reaction and the demand of mechanical property.

To overcome the drawbacks and enhance the physical properties, chitosan often 
be blended with other nature materials, like alginate [74, 75], HA [76], collagen 
[77, 78], and gelation [79]. Collagen is a natural ECM, which possesses good cell-
binding property. HA is also one important component of ECM and can enhance 
cell adhesion, proliferation, and differentiation. Gelatin is a partial derivative of 
collagen, which exhibits better nonimmunogenic property compared to its precur-
sor and also can promote cell behaviors. Through the combination, the composite 
scaffolds can achieve better cross-linking strength and biocompatibility.

Tri-copolymer scaffolds, like the ones based on collagen–chitosan–hyaluronan 
[77, 80–82], gelatin–chitosan–GAG [69], and chitosan–alginate-hyaluronate [80], 
also are created to combine more advantages from other natural materials.

5.2 � Fibrous Scaffolds with Chitosan as Matrix

The nanofiber-based scaffolds possess adjustable and highly interconnected 
porous structures, which is similar to the ECM of  articular cartilage. The inter-
connected open porous structure allows the migration of cells into the core of the 
scaffolds. Microfibers have high surface to volume ratio, which can enhance the 
interaction between cells and material. Further, fibrous scaffolds elicit compressive 
mechanical strength, and it is not easy to be damaged due to their flexible nature 
and structural integrity. Chitosan as the versatile material for different phasic scaf-
fold syntheses can also be used in fibrous scaffolds fabrication.

To fabricate fibrous scaffolds, the chitosan singly or combined with other mate-
rials, like alginate [83], HA [84], and  synthetic polymers [85], was dissolved in 
solvent. Then, electrospinning technique was applied to spin the nanofiber into 
scaffold layer by layer. The combination was not just to improve the mechanical 
strength, but also could impair the inherent drawbacks that chitosan possessed. 
The fibrous scaffolds could be fabricated in oriented and chaotic phases, and both 
of the phases would affect the behaviors of cells seeded on them. To change the 
condition of electrospinning technique, different diameters of fibers and various 
porous scaffolds could be obtained according to the demands.
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It is reported that the GAG quantification and Col II mRNA expression of chi-
tosan fibrous scaffolds were superior to chitosan sponge scaffolds [13]. Noriega 
et al. also found that cells cultured on chitosan fibrous scaffold with a mean fiber 
diameter of 300  nm was 2 folds higher than the cells cultured on sponge-like 
scaffold fabricated by lyophilization [86]. Usually, chitosan often combines 
polymer materials to fabricate fibrous scaffolds, because the polymers, like 
poly(ε-caprolactone) (PCL) and poly(lactide-co-glycolide) (PLGA), can provide 
better tension strength, and the ratios between them will affect the tension strength 
of scaffolds and the efficiency of neo-cartilage formation [87].

5.3 � Chitosan–Silk Scaffolds

Silk fibroin (SF) is an attractive natural fibrous protein, which possesses excel-
lent biological compatibility, mechanical strength, and biodegradation. It has been 
used as a promising biomaterial for a number of biomedical and biotechnological 
applications.

To overcome the insufficient mechanical properties of chitosan scaffolds, SF as 
a material with robust mechanical strength can be added into chitosan-based scaf-
folds. After being blended, the scaffolds showed higher compressive strength and 
modulus than the  ones with individual components. SF facilitates cell adhesion 
and growth to overcome the chitosan’s drawbacks of lower cell adhesion. Besides, 
highly crystallized SF possesses low protease susceptibility, which can prolong the 
degradation times of blended scaffolds according to the ratio of chitosan to SF [88].

A lot of studies have been performed on the chitosan–SF porous scaffolds. The 
blended scaffolds can be chemically cross-linked, and the widely used cross-link-
ers include of poly(ethylene glycol) dimethacrylate [89], EDC·HCl and NHS [90], 
genipin [91], etc. The solid-phase porous blended scaffolds of chitosan and SF 
also can be achieved by freeze-drying method [22, 23, 88, 92, 93]. Before lyophi-
lization, SF must be degummed firstly. Besides the solid-phase porous scaffolds, 
the thermo-sensitive hydrogels made of chitosan and silk also have been studied. 
Mirahmadi et  al. dispersed chopped degummed silk fiber into the  pre-prepared 
chitosan-based thermo-sensitive hydrogel solution to enhance the mechanical 
strength of blended scaffold and prolong its degradation time [94].

The cross-linked scaffold of chitosan and SF was applied in cartilage defect 
models of rabbit. After the estimations of gross observation, hematoxylin–eosin 
and toluidine blue staining, Col II immunohistochemistry, and Wakitani histology, 
the results showed that the cartilage defect was nearly repaired, the scaffold was 
absorbed, and immunohistochemistry was positive [90]. The  DNA content and 
GAG quantification of ATDC5 cells seeded on genipin-cross-linked SF-chitosan 
scaffold were higher than those of  control group [91]. The blended lyophilized 
scaffold of chitosan and SF can support cell attachment and proliferation. There 
were more accumulation of GAGs, and collagens were observed in the blended 
scaffolds [92] (Fig.  4). Real-time polymerase chain reaction (RT-PCR) showed 
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well-chondrogenic differentiation of MSCs seeded on the scaffolds in vitro 
[22,  23]. In Mirahmadi’s study, the scaffold was evaluated by assessing the cell 
viability and  proliferation, and the  production of GAGs and Col II. The results 
showed that the scaffold can serve as a promising agent for cartilage repair [94].

5.4 � 3D Printed Chitosan Scaffolds

3D printing also known as a rapid prototyping (RP) technology has been used in 
scaffold fabrication. The 3D printing technique was applied in scaffold fabrication 
mainly in two forms: first, printing dissolvable molds [25], and second, fabricating 
spatial scaffolds directly [24] (Fig. 5).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig.  4   ECM deposition by chondrocytes in SF-CS scaffold in vitro. (Left) Representative 
images of Movat’s staining of cell-scaffold constructs at different time points: a 1  week; b 
3 weeks; c 6 weeks (the scaffold was stained red, and the GAG was dyed blue). (Right) Immu-
nostaining with anti-Col II of cell–scaffold constructs: e 1 week; f 3 weeks; g 6 weeks (Col II 
was detected as brown) [92]

Fig. 5   3D printed chitosan scaffolds: a macroscopic image of a 3D printed chitosan scaffold and 
b SEM microimage showing the lattice network of chitosan fiber [24]
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Modeling dissolvable molds by 3D printing is easy to be achieved, and a lot of 
materials are available for the printing of molds. Build wax (protobuild) and sup-
port wax (protosupport) both can serve as dissolvable molds for fabrication mate-
rials [25]. As for directly fabricating scaffolds, different materials have been tested 
in various printers to create ideal compatible and mimetic spatial scaffolds used in 
the reconstruction of various tissues. Most of them are made up of polymers, such 
as PCL, PLGA, etc. Chitosan as material for 3D printing possesses some attractive 
advantages, and the most important one is plasticity. Ye et al. created a 3D printing 
method to directly fabricate scaffolds by extruding chitosan solution onto a glass 
slide immersed in a precipitating bath of isopropyl alcohol, and infrapatellar fat 
pad adipose stem cells can successfully undergo chondrogenesis on the surface of 
the scaffolds [24].

Bio 3D printing as a novel technology has not been well developed, and the 
source of materials are the main limitation. Chitosan-based materials may provide 
a possible option by processing further.

5.5 � Dynamic Compression Chitosan Scaffolds

A novel way of tissue engineering for cartilage regeneration is dynamic compres-
sion culture, which plays an important role in stem cell proliferation and chondro-
genic differentiation (Fig. 6). It also can stimulate the synthesis and deposition of 
ECM and lead to better reconstruction of articular cartilage [95].

Chitosan is already applied in the fabrication of dynamic compression support-
ing scaffolds [57, 78, 96, 97]. Almost all of the scaffolds are chemically cross-
linked for more compression strength. In 2008, Jung et al. reported that dynamic 
compression of elastic scaffolds could encourage chondrocytes to maintain their 
phenotypes and enhance the production of GAGs, which would improve the qual-
ity of cartilaginous tissue formation both in vitro and in vivo [98]. Chitosan/gelatin 
scaffolds cross-linked by EDC·HCl/NHS combined insulin-like growth factor-
I (IGF-I) elicited good elastic property. It can induce the chondrogenesis of rabbit 
adipose-derived stem cells (rADSCs) by activating calcium signaling pathway and 

Fig. 6   Resilience test of culture medium-presoaked chitosan/gelatin scaffolds [97]
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up-regulating the expressions of Sox-9, Col II, and aggrecan. Besides, it also can 
promote cell proliferation and depositions of proteoglycan and collagen, which 
benefit articular cartilage regeneration [96]. Chitosan–collagen scaffold cross-
linked by genipin was also tested by loading rabbit chondrocytes and cultured 
under cyclic compression of 40 % strain, 0.1 Hz, and 30 min/day for 2 weeks. Cell 
proliferation and total GAG deposition were enhanced [57].

5.6 � Aggregated Chitosan–Particle Scaffolds

Particle agglomeration method is an innovative methodology based on the random 
package of microsphere with further aggregation by physical or thermal mean to 
create a 3D porous structure. Chitosan particle-agglomerated scaffolds are not the 
mainstream in the whole scaffold research for cartilage regeneration, but they also 
showed possibility in cartilage regeneration.

Malafaya et al. reported a method to create a chitosan-based particle-agglom-
erated scaffold  [99]. First, non-sintered hydroxylapatite was homogeneously dis-
persed in chitosan solution. The prepared solution was extruded to form chitosan 
droplet into a sodium hydroxide (NaOH) precipitation bath where particle with 
regular diameter formed. After cross-linked by glutaraldehyde, the particle  was 
subsequently pressed into mold and left to dry. Finally, the  cylinder-shaped 

Fig.  7   3D virtual models of chitosan particle-aggregated scaffolds: a gradual transition, 
b, c inverse 3D model, and d porous morphology [101]
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scaffold was obtained. The chitosan solution can also be mixed with other solu-
tions, like insulin protein solution, to obtain a composite particle-aggregated 
scaffold [100]. The interconnected porous structure was obtained  using particle 
agglomeration, because the particle  was sphere and they cannot paste together 
tightly. The interconnected interspace allows cell intergrowth and can provide bet-
ter cartilage integration [101] (Fig. 7). For cartilage regeneration repair test, higher 
DNA and GAG contents, and up-regulated Sox-9 and aggrecan were observed in 
the insulin-loaded chitosan-agglomerated scaffold after 4 weeks of culture [100].

6 � Other Scaffolds with Chitosan as Matrix

Furthermore, the following novel chitosan-based scaffolds are also applied in 
cartilage repair.

6.1 � Blood Implant in Marrow Stimulation

Based on the blood coagulation property, the  autologous blood clot serves as a 
scaffold, which can be safely implanted into host body. But the low intensity and 
easy degradation limit  its applications. The chitosan-based hybrid clot  is dem-
onstrated to possess practical advantages over normal blood clot. Chitosan can 
physically stabilize the blood clot from lysis and rapid degradation in serum after 
clot [102].

There are two main kinds of chitosan-based implants for now, chitosan–sodium 
chloride (NaCl)/blood implants and chitosan–glycerol phosphate (GP)/blood 
implants, both of which are applied in cartilage regeneration. The thrombogenic 
mixture of chitosan–GP solution and peripheral whole blood of sheep was first 
reported in 2005 by Hoemann [103], and the solidification mechanism of chi-
tosan–GP/blood implant was studied deeply by Marchand [102]. It demonstrated 
that thrombin generation, platelet activation, and fibrin polymerization led to 
dual fibrin-polysaccharide clot scaffold. Chitosan–NaCl/blood implant was found 
to be a more rapid coagulation than chitosan–GP/blood mixture in vitro, and the 
detailed mechanism  was still not clear [104]. The pre-solidified chitosan–NaCl/
blood implant elicited reproducible early osteochondral wound repair, promoted 
bone plate resorption, enhanced repair tissue integration, and delayed matrix depo-
sition [17, 104]. Besides, chitosan implants solidified with thrombin elicit shorter 
coagulation time and long-term durability [105].

Since 2005, the chitosan–GP/blood implant has been demonstrated to improve 
cartilage regeneration compared with MF alone, and the following studies also 
proved the results that the chitosan-based blood implant could produce hyaline and 
structurally integrated osteochondral unit [17, 104–108].
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6.2 � Chitosan-Based Cryogels

Cryogels are gel matrices that are synthesized at subzero temperatures using 
monomeric or polymeric precursors, and they are well summarized by Lozinsky 
[109] (Fig. 8). The properties of cryogels, such as osmotic, chemical, and mechan-
ical stabilities, make them to be ideal agents in bioseparation. Besides, polymeric 
cryogels are also efficient carriers of biomolecules and cells in tissue regeneration.

Chitosan-based cryogels can provide efficient cell adhesion  and proliferation, 
and ECM secretion. The scaffolds possess excellent biocompatibility, biodegrada-
bility, interconnected macroporous structure, mechanical stability, and elasticity, 
which are all urgently needed in cartilage regeneration [110]. In animal studies, 
chitosan combined with gelatin [110], HA [111], or agarose [14, 112] to fabricate 
scaffolds and was tested for cartilage repair. After freeze-drying, the cryogels 
could be implanted into the focal cartilage defect without or with cells and/or 
growth factors. After proper healing time, the cartilage-defected femoral condyles 
were harvested and evaluated by histology and morphology methods. The results 
showed that cryogel scaffolds can promote the repair of osteochondral defect at a 
load-bearing site [14], the syntheses of GAGs, and COL II, and providing elastic 
modulus neo-cartilage similar to the native one [111].

6.3 � Chitosan-Coated Scaffolds

Another alternative application way of chitosan in preparing scaffolds is coating. 
If the researchers do not want to change the mechanical properties of initial scaf-
folds from polymers, but want to obtain a surface of good biocompatibility, hydro-
philicity, and biological interactions, the technique of chitosan coating provides a 
possible option.

Magalhaes et  al. reported that chitosan-coated poly(l-lactide) scaffold exhib-
ited a better water uptake capacity and elastic modulus [113]. Two chitosan forms 
were used to coat the surface, that is, hydrogel-like coating and nanofiber coat-
ing. The results showed that the hydrogel-like coating supported the formation 

Fig.  8   Conceptual diagram of polymeric cryogel formation. 1 macromolecule in a solution; 
2  solvent; 3, low-molecular solute; 4, polycrystal of frozen solvent; 5 unfrozen liquid micro-
phase; 6 polymeric framework of cryogel; 7 macropore; 8 solvent [109]
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of heterogeneous tissue, whereas the fiber-like coating produced a more stable 
hyaline-like cartilage tissue. Chen et  al. also reported that the chitosan-modified 
PLGA scaffold had the significantly enhanced properties [26]. When cultured in 
vitro, the scaffold surface was covered by galectin-1 efficiently and spontaneously, 
which can promote the adhesion and intergrowth of chondrocytes compared to the 
control group. All the results indicated that the chitosan coating technique could 
be a promising method for surface modification of hydrophobic materials.

7 � Summary and Future Directions

Chitosan, as one of the promising materials for cartilage tissue engineering, pos-
sesses outstanding properties compared to the synthetic polymers. Although chi-
tosan also bears several drawbacks, the chitosan-based scaffolds combined with 
other natural or synthetic materials really have achieved great advances as we 
summarized. In this chapter, we reveal various chitosan-based scaffolds in the 
forms of hydrogels, porous solid scaffolds, and nanofibrous scaffolds and films. 
Chitosan can also serve as an ingredient of 3D printing materials. Although poor 
mechanical property of chitosan limit its application to some extent, the draw-
backs can be minimized or diminished by chemical modification or blending other 
robust mechanical materials. In future, it is sure that chitosan will still be one of 
the main candidates in cartilage tissue engineering.

Acknowledgments  This work was financially supported by the National Natural Science 
Foundation of China (Nos. 51303174, 51273196, 51203153, 51233004, 51390484, and 
51321062), the Scientific Development Program of Jilin Province (Nos. 20140520050JH  and 
20140309005GX), and the Science and Technology Planning Project of Changchun City (No. 
14KG045).

References

	 1.	Huey DJ, Hu JC, Athanasiou KA (2012) Unlike bone, cartilage regeneration remains elu-
sive. Science 338:917–921

	 2.	Oussedik S, Tsitskaris K, Parker D (2015) treatment of articular cartilage lesions of the knee 
by microfracture or autologous chondrocyte implantation: A systematic review. Arthrosc J 
Arthrosc Relat Surg Off Publ Arthrosc Assoc North Am Int Arthrosc Assoc 31:732–744

	 3.	Goyal D, Keyhani S, Lee EH, Hui JHP (2013) Evidence-based status of microfracture 
technique: A systematic review of level I and II studies. Arthrosc J Arthrosc Relat Surg 
29:1579–1588

	 4.	Qi BW, Yu AX, Zhu SB, Zhou M, Wu G (2013) Chitosan/poly(vinyl alcohol) hydrogel com-
bined with Ad-hTGF-beta 1 transfected mesenchymal stem cells to repair rabbit articular 
cartilage defects. Exp Biol Med 238:23–30

	 5.	Wang W, Li B, Li Y, Jiang Y, Ouyang H, Gao C (2010) In vivo restoration of full-thickness 
cartilage defects by poly(lactide-co-glycolide) sponges filled with fibrin gel, bone marrow 
mesenchymal stem cells and DNA complexes. Biomaterials 31:5953–5965



77Chitosan-Based Scaffolds for Cartilage Regeneration

	 6.	Dutta PK, Rinki K, Dutta J (2011) Chitosan: A promising biomaterial for tissue engineering 
scaffolds. Chitosan Biomater II 244:45–79

	 7.	Sheehy EJ, Mesallati T, Vinardell T, Kelly DJ (2014) Engineering cartilage or endochondral 
bone: A comparison of different naturally derived hydrogels. Acta Biomater 13:245–253

	 8.	Schagemann JC, Kurz H, Casper ME, Stone JS, Dadsetan M, Yu-Long S, Mrosek EH, 
Fitzsimmons JS, O’Driscoll SW, Reinholz GG (2010) The effect of scaffold composition on 
the early structural characteristics of chondrocytes and expression of adhesion molecules. 
Biomaterials 31:2798–2805

	 9.	El Kadib A, Bousmina M, Brunel D (2014) Recent progress in chitosan bio-based soft nano-
materials. J Nanosci Nanotechnol 14:308–331

	 10.	Sarvaiya J, Agrawal YK (2014) Chitosan as a suitable nanocarrier material for anti-Alzhei-
mer drug delivery. Int J Biol Macromol 72C:454–465

	 11.	Kim IY, Seo SJ, Moon HS, Yoo MK, Park IY, Kim BC, Cho CS (2008) Chitosan and its 
derivatives for tissue engineering applications. Biotechnol Adv 26:1–21

	 12.	Wan AC, Tai BC (2013) CHITIN–a promising biomaterial for tissue engineering and stem 
cell technologies. Biotechnol Adv 31:1776–1785

	 13.	Ragetly GR, Griffon DJ, Lee HB, Fredericks LP, Gordon-Evans W, Chung YS (2010) 
Effect of chitosan scaffold microstructure on mesenchymal stem cell chondrogenesis. Acta 
Biomater 6:1430–1436

	 14.	Gupta A, Bhat S, Jagdale PR, Chaudhari BP, Lidgren L, Gupta KC, Kumar A (2014) 
Evaluation of three-dimensional chitosan-agarose-gelatin cryogel scaffold for the repair 
of subchondral cartilage defects: an in vivo study in a rabbit model. Tissue Eng Part A 
20:3101–3111

	 15.	Tigli RS, Guemuesderelioglu M (2009) Evaluation of alginate-chitosan semi IPNs as carti-
lage scaffolds. J Mater Sci-Mater Med 20:699–709

	 16.	Bi L, Cao Z, Hu Y, Song Y, Yu L, Yang B, Mu J, Huang Z, Han Y (2011) Effects of different 
cross-linking conditions on the properties of genipin-cross-linked chitosan/collagen scaf-
folds for cartilage tissue engineering. Journal of materials science. Mater Med 22:51–62

	 17.	Guzman-Morales J, Lafantaisie-Favreau CH, Chen G, Hoemann CD (2014) Subchondral 
chitosan/blood implant-guided bone plate resorption and woven bone repair is coupled to 
hyaline cartilage regeneration from microdrill holes in aged rabbit knees. Osteoarthr Cartil/
OARS, Osteoarthr Res Soc 22:323–333

	 18.	Walker KJ, Madihally SV (2015) Anisotropic temperature sensitive chitosan-based 
injectable hydrogels mimicking cartilage matrix. J Biomed Mater Res Part B, Appl 
Biomater  103B:1149–1160

	 19.	Choi B, Kim S, Lin B, Wu BM, Lee M (2014) Cartilaginous extracellular matrix-mod-
ified chitosan hydrogels for cartilage tissue engineering. ACS Appl Mater Interfaces 
6:20110–20121

	 20.	Zhang J, Yang Z, Li C, Dou Y, Li Y, Thote T, Wang DA, Ge Z (2013) Cells behave distinctly 
within sponges and hydrogels due to differences of internal structure. Tissue Eng Part A 
19:2166–2175

	 21.	Fang J, Zhang Y, Yan S, Liu Z, He S, Cui L, Yin J (2014) Poly(L-glutamic acid)/chitosan 
polyelectrolyte complex porous microspheres as cell microcarriers for cartilage regenera-
tion. Acta Biomater 10:276–288

	 22.	Bhardwaj N, Kundu SC (2012) Chondrogenic differentiation of rat MSCs on porous scaf-
folds of silk fibroin/chitosan blends. Biomaterials 33:2848–2857

	 23.	Bhardwaj N, Nguyen QT, Chen AC, Kaplan DL, Sah RL, Kundu SC (2011) Potential of 3-D 
tissue constructs engineered from bovine chondrocytes/silk fibroin-chitosan for in vitro car-
tilage tissue engineering. Biomaterials 32:5773–5781

	 24.	Ye K, Felimban R, Traianedes K, Moulton SE, Wallace GG, Chung J, Quigley A, Choong 
PFM, Myers DE (2014) Chondrogenesis of infrapatellar fat pad derived adipose stem cells 
in 3D Printed Chitosan Scaffold. PloS ONE 9:e99410



78 X. Li et al.

	 25.	Manjubala I, Woesz A, Pilz C, Rumpler M, Fratzl-Zelman N, Roschger P, Stampfl J, Fratzl 
P (2005) Biomimetic mineral-organic composite scaffolds with controlled internal architec-
ture. J Mater Sci-Mater Med 16:1111–1119

	 26.	Chen SJ, Lin CC, Tuan WC, Tseng CS, Huang RN (2010) Effect of recombinant galectin-1 
on the growth of immortal rat chondrocyte on chitosan-coated PLGA scaffold. J Biomed 
Mater Res Part A 93A:1482–1492

	 27.	Wu YC, Shaw SY, Lin HR, Lee TM, Yang CY (2006) Bone tissue engineering evaluation 
based on rat calvaria stromal cells cultured on modified PLGA scaffolds. Biomaterials 
27:896–904

	 28.	Yu LMY, Kazazian K, Shoichet MS (2007) Peptide surface modification of methacryla-
mide chitosan for neural tissue engineering applications. J Biomed Mater Res Part A 
82A:243–255

	 29.	Kuo YC, Chiu KH (2011) Inverted colloidal crystal scaffolds with laminin-derived peptides 
for neuronal differentiation of bone marrow stromal cells. Biomaterials 32:819–831

	 30.	Kuo YC, Yeh CF (2011) Effect of surface-modified collagen on the adhesion, biocompatibil-
ity and differentiation of bone marrow stromal cells in poly(lactide-co-glycolide)/chitosan 
scaffolds. Colloids Surf B-Biointerfaces 82:624–631

	 31.	Jiang L, Li Y, Wang X, Zhang L, Wen J, Gong M (2008) Preparation and properties of nano-
hydroxyapatite/chitosan/carboxymethyl cellulose composite scaffold. Carbohydr Polym 
74:680–684

	 32.	Jiang L, Li Y, Xiong C (2009) Preparation and biological properties of a novel composite 
scaffold of nano-hydroxyapatite/chitosan/carboxymethyl cellulose for bone tissue engineer-
ing. J Biomed Sci 16:65

	 33.	Oliveira JM, Costa SA, Leonor IB, Malafaya PB, Mano JF, Reis RL (2009) Novel hydrox
yapatite/carboxymethylchitosan composite scaffolds prepared through an innovative “auto-
catalytic” electroless coprecipitation route. J Biomed Mater Res Part A 88A:470–480

	 34.	Thein-Han WW, Misra RDK (2009) Biomimetic chitosan-nanohydroxyapatite composite 
scaffolds for bone tissue engineering. Acta Biomater 5:1182–1197

	 35.	Tigli RS, Akman AC, Guemuesderelioglu M, Nohutcu RM (2009) In vitro release of dex-
amethasone or bfgf from chitosan/hydroxyapatite scaffolds. J Biomater Sci-Polym Ed 
20:1899–1914

	 36.	Miguel SP, Ribeiro MP, Brancal H, Coutinho P, Correia IJ (2014) Thermoresponsive chi-
tosan-agarose hydrogel for skin regeneration. Carbohydr Polym 111:366–373

	 37.	Venkatesan J, Kim SK (2010) Chitosan composites for bone tissue engineering–an over-
view. Mar Drugs 8:2252–2266

	 38.	Shukla SK, Mishra AK, Arotiba OA, Mamba BB (2013) Chitosan-based nanomaterials: a 
state-of-the-art review. Int J Biol Macromol 59:46–58

	 39.	Zainol I, Ghani SM, Mastor A, Derman MA, Yahya MF (2009) Enzymatic degradation 
study of porous chitosan membrane. Mater Res Innovations 13:316–319

	 40.	Pechsrichuang P, Yoohat K, Yamabhai M (2013) Production of recombinant Bacillus sub-
tilis chitosanase, suitable for biosynthesis of chitosan-oligosaccharides. Bioresour Technol 
127:407–414

	 41.	Lee KY, Ha WS, Park WH (1995) Blood compatibility and biodegradability of partially 
N-acylated chitosan derivatives. Biomaterials 16:1211–1216

	 42.	Machul A, Mikolajczyk D, Regiel-Futyra A, Heczko PB, Strus M, Arruebo M, 
Stochel G, Kyziol A (2015) Study on inhibitory activity of chitosan-based materi-
als against biofilm producing Pseudomonas aeruginosa strains. J Biomater Appl    doi: 
10.1177/0885328215578781

	 43.	Wang R, Neoh KG, Kang ET (2015) Integration of antifouling and bactericidal moieties for 
optimizing the efficacy of antibacterial coatings. J Colloid Interface Sci 438:138–148

	 44.	Martinez LR, Mihu MR, Han G, Frases S, Cordero RJ, Casadevall A, Friedman AJ, 
Friedman JM, Nosanchuk JD (2010) The use of chitosan to damage Cryptococcus neofor-
mans biofilms. Biomaterials 31:669–679

http://dx.doi.org/10.1177/0885328215578781


79Chitosan-Based Scaffolds for Cartilage Regeneration

	 45.	Goy RC, Britto Dd, Assis OBG (2009) A review of the antimicrobial activity of chitosan. 
Polímeros 19:241–247

	 46.	Martins AF, Facchi SP, Follmann HD, Pereira AG, Rubira AF, Muniz EC (2014) 
Antimicrobial activity of chitosan derivatives containing N-quaternized moieties in its back-
bone: A review. Int J Mol Sci 15:20800–20832

	 47.	Liu SQ, Qiu B, Chen LY, Peng H, Du YM (2005) The effects of carboxymethylated chitosan 
on metalloproteinase-1, -3 and tissue inhibitor of metalloproteinase-1 gene expression in 
cartilage of experimental osteoarthritis. Rheumatol Int 26:52–57

	 48.	Muzzarelli RAA (2009) Chitins and chitosans for the repair of wounded skin, nerve, carti-
lage and bone. Carbohydr Polym 76:167–182

	 49.	Gutowska A, Jeong B, Jasionowski M (2001) Injectable gels for tissue engineering. Anat 
Rec 263:342–349

	 50.	Lu JX, Prudhommeaux F, Meunier A, Sedel L, Guillemin G (1999) Effects of chitosan on 
rat knee cartilages. Biomaterials 20:1937–1944

	 51.	Chenite A, Chaput C, Wang D, Combes C, Buschmann MD, Hoemann CD, Leroux JC, 
Atkinson BL, Binette F, Selmani A (2000) Novel injectable neutral solutions of chitosan 
form biodegradable gels in situ. Biomaterials 21:2155–2161

	 52.	Huang H, Zhang X, Hu X, Dai L, Zhu J, Man Z, Chen H, Zhou C, Ao Y (2014) Directing 
chondrogenic differentiation of mesenchymal stem cells with a solid-supported chitosan 
thermogel for cartilage tissue engineering. Biomed Mater 9:035008

	 53.	Cheng YH, Yang SH, Su WY, Chen YC, Yang KC, Cheng WT, Wu SC, Lin FH (2010) 
Thermosensitive chitosan-gelatin-glycerol phosphate hydrogels as a cell carrier for nucleus 
pulposus regeneration: An in vitro study. Tissue Eng Part A 16:695–703

	 54.	Zhu M, Zhu Y, Zhang L, Shi J (2013) Preparation of chitosan/mesoporous silica nanoparti-
cle composite hydrogels for sustained co-delivery of biomacromolecules and small chemical 
drugs. Sci Technol Adv Mater 14:045005

	 55.	Cui Z, Wright LD, Guzzo R, Freeman JW, Drissi H, Nair LS (2013) Poly(d-lactide)/
poly(caprolactone) nanofiber-thermogelling chitosan gel composite scaffolds for osteochon-
dral tissue regeneration in a rat model. J Bioact Compat Polym 28:115–125

	 56.	Zheng L, Lu HQ, Fan HS, Zhang XD (2013) Reinforcement and chemical cross-linking in 
collagen-based scaffolds in cartilage tissue engineering: A comparative study. Iran Polym J 
22:833–842

	 57.	Wang PY, Tsai WB (2013) Modulation of the proliferation and matrix synthesis of chon-
drocytes by dynamic compression on genipin-crosslinked chitosan/collagen scaffolds. J 
Biomater Sci-Polym Ed 24:507–519

	 58.	Sarem M, Moztarzadeh F, Mozafari M (2013) How can genipin assist gelatin/carbohydrate 
chitosan scaffolds to act as replacements of load-bearing soft tissues? Carbohydr Polym 
93:635–643

	 59.	Fabela-Sanchez O, Zarate-Trivino DG, Elizalde-Pena EA, Garcia-Carvajal Z, Sanchez 
IC, Parra-Cid C, Gomez-Garcia R, Ibarra C, Garcia-Gaitan B, Zavala R, Guevara-Olvera 
L, Villasenor-Ortega F, Munoz-Sanchez CI, Perez-Perez C, Herrera-Perez S, Velasquillo 
C, Luna-Barcenas G, Solis L (2009) Mammalian Cell Culture on a Novel Chitosan-Based 
Biomaterial Crosslinked with Gluteraldehyde. Macromol Symp 283–284:181–190

	 60.	Chen H, Liu Y, Jiang Z, Chen W, Yu Y, Hu Q (2014) Cell-scaffold interaction within engi-
neered tissue. Exp Cell Res 323:346–351

	 61.	Hong Y, Song H, Gong Y, Mao Z, Gao C, Shen J (2007) Covalently crosslinked chitosan 
hydrogel: properties of in vitro degradation and chondrocyte encapsulation. Acta Biomater 
3:23–31

	 62.	Zhu Y, Wan Y, Zhang J, Yin D, Cheng W (2014) Manufacture of layered collagen/chitosan-
polycaprolactone scaffolds with biomimetic microarchitecture. Coll Surf B-Biointerfaces 
113:352–360

	 63.	Ghosh P, Rameshbabu AP, Dhara S (2014) Citrate cross-linked gels with strain reversibil-
ity and viscoelastic behavior accelerate healing of osteochondral defects in a rabbit model. 
Langmuir 30:8442–8451



80 X. Li et al.

	 64.	Jin R, Moreira Teixeira LS, Dijkstra PJ, Karperien M, van Blitterswijk CA, Zhong ZY, 
Feijen J (2009) Injectable chitosan-based hydrogels for cartilage tissue engineering. 
Biomaterials 30:2544–2551

	 65.	Whu SW, Hung KC, Hsieh KH, Chen CH, Tsai CL, Hsu SH (2013) In vitro and in vivo 
evaluation of chitosan-gelatin scaffolds for cartilage tissue engineering. Mater Sci Eng 
C-Mater Biol Appl 33:2855–2863

	 66.	Hu J, Hou Y, Park H, Choi B, Hou S, Chung A, Lee M (2012) Visible light crosslinkable 
chitosan hydrogels for tissue engineering. Acta Biomater 8:1730–1738

	 67.	Park H, Choi B, Hu J, Lee M (2013) Injectable chitosan hyaluronic acid hydrogels for carti-
lage tissue engineering. Acta Biomater 9:4779–4786

	 68.	Hayami JWS, Waldman SD, Amsden BG (2013) Injectable, high modulus, and fatigue 
resistant composite scaffold for load-bearing soft tissue regeneration. Biomacromolecules 
14:4236–4247

	 69.	Yan J, Qi N, Zhang Q (2007) Rabbit articular chondrocytes seeded on collagen-chitosan-
GAG scaffold for cartilage tissue engineering in vivo. Artif Cells Blood Substit Biotechnol 
35:333–344

	 70.	Wu YN, Yang Z, Hui JH, Ouyang HW, Lee EH (2007) Cartilaginous ECM component-mod-
ification of the micro-bead culture system for chondrogenic differentiation of mesenchymal 
stem cells. Biomaterials 28:4056–4067

	 71.	Kuo YC, Hsu YR (2009) Tissue-engineered polyethylene oxide/chitosan scaffolds as poten-
tial substitutes for articular cartilage. J Biomed Mater Res Part A 91A:277–287

	 72.	Kuo YC, Ku IN (2008) Cartilage regeneration by novel polyethylene oxide/chitin/chitosan 
scaffolds. Biomacromolecules 9:2662–2669

	 73.	Li Z, Gunn J, Chen MH, Cooper A, Zhang M (2008) On-site alginate gelation for enhanced 
cell proliferation and uniform distribution in porous scaffolds. J Biomed Mater Res Part A 
86A:552–559

	 74.	Li ZS, Zhang MQ (2005) Chitosan-alginate as scaffolding material for cartilage tissue engi-
neering. J Biomed Mater Res Part A 75A:485–493

	 75.	Pound JC, Green DW, Roach HI, Mann S, Oreffo ROC (2007) An ex vivo model for chon-
drogenesis and osteogenesis. Biomaterials 28:2839–2849

	 76.	Frenkel SR, Bradica G, Brekke JH, Goldman SM, Ieska K, Issack P, Bong MR, Tian H, 
Gokhale J, Coutts RD, Kronengold RT (2005) Regeneration of articular cartilage—
Evaluation of osteochondral defect repair in the rabbit using multiphasic implants. 
Osteoarthr Cartil 13:798–807

	 77.	Yan J, Li X, Liu L, Wang F, Zhu TW, Zhang Q (2006) Potential use of collagen-chitosan-
hyaluronan tri-copolymer scaffold for cartilage tissue engineering. Artif Cells Blood Substit 
Immobil Biotechnol 34:27–39

	 78.	Wang PY, Tsai WB (2013) Modulation of the proliferation and matrix synthesis of chon-
drocytes by dynamic compression on genipin-crosslinked chitosan/collagen scaffolds. J 
Biomater Sci Polym Ed 24:507–519

	 79.	Guo T, Zhao JN, Chang JB, Ding Z, Hong H, Chen JN, Zhang JF (2006) Porous chitosan-
gelatin scaffold containing plasmid DNA encoding transforming growth factor-beta 1 for 
chondrocytes proliferation. Biomaterials 27:1095–1103

	 80.	Hsu SH, Whu SW, Hsieh SC, Tsai CL, Chen DC, Tan TS (2004) Evaluation of chitosan-alg-
inate-hyaluronate complexes modified by an RGD-containing protein as tissue-engineering 
scaffolds for cartilage regeneration. Artif Organs 28:693–703

	 81.	Yan JH, Li XM, Liu LR, Wang FJ, Zhu TW, Zhang QQ (2006) Potential use of collagen-
chitosan-hyaluronan tri-copolymer scaffold for cartilage tissue engineering. Artif Cells 
Blood Substit Biotechnol 34:27–39

	 82.	Tan H, Gong Y, Lao L, Mao Z, Gao C (2007) Gelatin/chitosan/hyaluronan ternary complex 
scaffold containing basic fibroblast growth factor for cartilage tissue engineering. J Mater 
Sci-Mater Med 18:1961–1968



81Chitosan-Based Scaffolds for Cartilage Regeneration

	 83.	Iwasaki N, Yamane ST, Majima T, Kasahara Y, Minami A, Harada K, Nonaka S, Maekawa 
N, Tamura H, Tokura S, Shiono M, Monde K, Nishimura SI (2004) Feasibility of poly-
saccharide hybrid materials for scaffolds in cartilage tissue engineering: Evaluation of 
chondrocyte adhesion to polyion complex fibers prepared from alginate and chitosan. 
Biomacromolecules 5:828–833

	 84.	Yamane S, Iwasaki N, Majima T, Funakoshi T, Masuko T, Harada K, Minami A, Monde K, 
Nishimura S (2005) Feasibility of chitosan-based hyaluronic acid hybrid biomaterial for a 
novel scaffold in cartilage tissue engineering. Biomaterials 26:611–619

	 85.	Shim IK, Lee SY, Park YJ, Lee MC, Lee SH, Lee JY, Lee SJ (2008) Homogeneous chi-
tosan-PLGA composite fibrous scaffolds for tissue regeneration. J Biomed Mater Res Part A 
84A:247–255

	 86.	Noriega SE, Hasanova GI, Schneider MJ, Larsen GF, Subramanian A (2012) Effect of fiber 
diameter on the spreading, proliferation and differentiation of chondrocytes on electrospun 
chitosan matrices. Cells Tissues Organs 195:207–221

	 87.	Neves SC, Teixeira LSM, Moroni L, Reis RL, Van Blitterswijk CA, Alves NM, Karperien 
M, Mano JF (2011) Chitosan/Poly(epsilon-caprolactone) blend scaffolds for cartilage repair. 
Biomaterials 32:1068–1079

	 88.	Bhardwaj N, Kundu SC (2011) Silk fibroin protein and chitosan polyelectrolyte complex 
porous scaffolds for tissue engineering applications. Carbohydr Polym 85:325–333

	 89.	Saengthong S, Piroonpan T, Tangthong T, Pasanphan W (2014) Fabrication of microporous 
chitosan/silk fibroin as a scaffold material using electron beam. Macromol Res 22:717–724

	 90.	Deng J, She R, Huang W, Dong Z, Mo G, Liu B (2013) A silk fibroin/chitosan scaffold in 
combination with bone marrow-derived mesenchymal stem cells to repair cartilage defects 
in the rabbit knee. J Mater Sci-Mater Med 24:2037–2046

	 91.	Silva SS, Motta A, Rodrigues MT, Pinheiro AFM, Gomes ME, Mano JF, Reis RL, 
Migliaresi C (2008) Novel genipin-cross-linked chitosan/silk fibroin sponges for cartilage 
engineering strategies. Biomacromolecules 9:2764–2774

	 92.	Zang M, Zhang Q, Davis G, Huang G, Jaffari M, Rios CN, Gupta V, Yu P, Mathur AB 
(2011) Perichondrium directed cartilage formation in silk fibroin and chitosan blend scaf-
folds for tracheal transplantation. Acta Biomater 7:3422–3431

	 93.	She Z, Zhang B, Jin C, Feng Q, Xu Y (2008) Preparation and in vitro degradation of porous 
three-dimensional silk fibroin/chitosan scaffold. Polym Degrad Stab 93:1316–1322

	 94.	Mirahmadi F, Tafazzoli-Shadpour M, Shokrgozar MA, Bonakdar S (2013) Enhanced 
mechanical properties of thermosensitive chitosan hydrogel by silk fibers for cartilage tissue 
engineering. Mater Sci Eng C, Mater Biol Appl 33:4786–4794

	 95.	Waldman SD, Couto DC, Grynpas MD, Pilliar RM, Kandel RA (2007) Multi-axial mechan-
ical stimulation of tissue engineered cartilage: Review. Eur Cells Mater 13:66–73; discus-
sion 73–74

	 96.	Li J, Zhao Q, Wang E, Zhang C, Wang G, Yuan Q (2012) Dynamic compression of rabbit 
adipose-derived stem cells transfected with insulin-like growth factor 1 in chitosan/gelatin 
scaffolds induces chondrogenesis and matrix biosynthesis. J Cell Physiol 227:2003–2012

	 97.	Wang PY, Chow HH, Lai JY, Liu HL, Tsai WB (2009) Dynamic compression modulates 
chondrocyte proliferation and matrix biosynthesis in chitosan/gelatin scaffolds. J Biomed 
Mater Res Part B-Appl Biomater 91B:143–152

	 98.	Jung Y, Kim SH, Kim SH, Kim YH, Xie J, Matsuda T, Min BG (2008) Cartilaginous tis-
sue formation using a mechano-active scaffold and dynamic compressive stimulation. J 
Biomater Sci Polym Ed 19:61–74

	 99.	Pp BM, Pedro AJ, Peterbauer A, Gabriel C, Redl H, Reis RL (2005) Chitosan particles 
agglomerated scaffolds for cartilage and osteochondral tissue engineering approaches with 
adipose tissue derived stem cells. J Mater Sci-Mater Med 16:1077–1085

	100.	Malafaya PB, Oliveira JT, Reis RL (2010) The effect of insulin-loaded chitosan particle-
aggregated scaffolds in chondrogenic differentiation. Tissue Eng Part A 16:735–747



82 X. Li et al.

	101.	Malafaya PB, Santos TC, van Griensven M, Reis RL (2008) Morphology, mechanical char-
acterization and in vivo neo-vascularization of chitosan particle aggregated scaffolds archi-
tectures. Biomaterials 29:3914–3926

	102.	Marchand C, Rivard GE, Sun J, Hoemann CD (2009) Solidification mechanisms of chi-
tosan-glycerol phosphate/blood implant for articular cartilage repair. Osteoarthr Cartil/
OARS, Osteoarthr Res Soc 17:953–960

	103.	Hoemann CD, Hurtig M, Rossomacha E, Sun J, Chevrier A, Shive MS, Buschmann MD 
(2005) Chitosan-glycerol phosphate/blood implants improve hyaline cartilage repair in 
ovine microfracture defects. J Bone Joint Surg Am 87:2671–2686

	104.	Lafantaisie-Favreau CH, Guzman-Morales J, Sun J, Chen G, Harris A, Smith TD, Carli A, 
Henderson J, Stanish WD, Hoemann CD (2013) Subchondral pre-solidified chitosan/blood 
implants elicit reproducible early osteochondral wound-repair responses including neutro-
phil and stromal cell chemotaxis, bone resorption and repair, enhanced repair tissue integra-
tion and delayed matrix deposition. BMC Musculoskelet Disord 14:27

	105.	Marchand C, Chen G, Tran-Khanh N, Sun J, Chen H, Buschmann MD, Hoemann CD 
(2012) Microdrilled cartilage defects treated with thrombin-solidified chitosan/blood 
implant regenerate a more hyaline, stable, and structurally integrated osteochondral unit 
compared to drilled controls. Tissue Eng Part A 18:508–519

	106.	Chevrier A, Hoemann CD, Sun J, Buschmann MD (2011) Temporal and spatial modulation 
of chondrogenic foci in subchondral microdrill holes by chitosan-glycerol phosphate/blood 
implants. Osteoarthr Cartil/OARS, Osteoarthr Res Soc 19:136–144

	107.	Hoemann CD, Sun J, McKee MD, Chevrier A, Rossomacha E, Rivard GE, Hurtig M, 
Buschmann MD (2007) Chitosan-glycerol phosphate/blood implants elicit hyaline cartilage 
repair integrated with porous subchondral bone in microdrilled rabbit defects. Osteoarthr 
Cartil/OARS, Osteoarthr Res Soc 15:78–89

	108.	Chevrier A, Hoemann CD, Sun J, Buschmann MD (2007) Chitosan-glycerol phosphate/
blood implants increase cell recruitment, transient vascularization and subchondral bone 
remodeling in drilled cartilage defects. Osteoarthr Cartil/OARS, Osteoarthr Res Soc 
15:316–327

	109.	Lozinsky VI, Galaev IY, Plieva FM, Savina IN, Jungvid H, Mattiasson B (2003) Polymeric 
cryogels as promising materials of biotechnological interest. Trends Biotechnol 21:445–451

	110.	Kathuria N, Tripathi A, Kar KK, Kumar A (2009) Synthesis and characterization of elastic 
and macroporous chitosan-gelatin cryogels for tissue engineering. Acta Biomater 5:406–418

	111.	Kuo CY, Chen CH, Hsiao CY, Chen JP (2015) Incorporation of chitosan in biomimetic gela-
tin/chondroitin-6-sulfate/hyaluronan cryogel for cartilage tissue engineering. Carbohydr 
Polym 117:722–730

	112.	Bhat S, Tripathi A, Kumar A (2011) Supermacroprous chitosan-agarose-gelatin cryogels: In 
vitro characterization and in vivo assessment for cartilage tissue engineering. J Royal Soc, 
Interf/Royal Soc 8:540–554

	113.	Magalhaes J, Lebourg M, Deplaine H, Gomez Ribelles JL, Blanco FJ (2015) Effect of the 
physicochemical properties of pure or chitosan-coated poly(L-lactic acid)scaffolds on the 
chondrogenic differentiation of mesenchymal stem cells from osteoarthritic patients. Tissue 
Eng Part A 21:716–728



83

Composite Chitosan-Calcium Phosphate 
Scaffolds for Cartilage Tissue Engineering

Anuhya Gottipati and Steven H. Elder

© Springer India 2016 
P.K. Dutta (ed.), Chitin and Chitosan for Regenerative Medicine, Springer Series  
on Polymer and Composite Materials, DOI 10.1007/978-81-322-2511-9_4

Abstract  Cartilage covering the articulating surfaces of bones in diarthrodial 
joints provides for almost frictionless motion. If this tissue is damaged either due 
to traumatic injury or disease, it lacks the ability of self-repair. The goal of car-
tilage tissue engineering is to regenerate healthy hyaline cartilage by combining 
chondrocytes or stem cells with a variety of natural and synthetic scaffold mate-
rials. Chitin is one of the most abundant naturally occurring polysaccharides. Its 
deacetylated derivative chitosan is biocompatible, biodegradable, and may retain 
functional characteristics that promote site-appropriate tissue reconstruction. This 
chapter includes methods for fabrication of chitosan-calcium phosphate (CHI–
CaP) composite scaffolds, scaffold physical characteristics, as well as techniques 
for creation of cartilage/CHI–CaP biphasic constructs. Coating CHI–CaP scaffolds 
with type I collagen facilitates formation of a continuous layer of neocartilage 
with approximately uniform thickness over the cell-seeded area. Aspects of the 
scaffold’s degradation are also discussed.

Keywords  Chitosan  ·  Calcium phosphate  ·  Biphasic constructs  ·  Cartilage tissue  
engineering

1 � Articular Cartilage

Articular cartilage, also known as hyaline cartilage, is one of the three types of 
cartilages found in the human body. It is the smooth, white tissue that covers the 
articular surface of bones in synovial joints. It absorbs shock, distributes load, and 
provides a smooth lubricating surface for nearly frictionless joint movements. The 
extracellular matrix of articular cartilage is mainly composed of water, collagen 
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type II, and the large, aggregating proteoglycan called aggrecan. The relative con-
centrations of these components, as well as their organization, vary with tissue 
depth from the articular surface. Compressive loading causes some matrix consoli-
dation and fluid flow out of the tissue in the regions closest to the articular surface, 
which contributes to joint lubrication. Under loading of short duration, the tissue 
in the deeper region adjacent to bone experiences almost no deformation as load 
is supported by interstitial fluid pressure. The structure of the extracellular matrix 
must be preserved in order to maintain this functionality. Unfortunately, carti-
lage is susceptible to injury through a number of mechanisms, including trauma 
(e.g., patellar dislocation or hyperflexion) and congenital anatomical abnormality. 
Articular cartilage is devoid of blood vessels, lymphatics, and nerves. The normal 
wound-healing process is not provoked and the tissue has a limited capacity of 
intrinsic healing due to the absence of a vascular system. Not only can injuries 
to articular cartilage be symptomatic (e.g., pain and swelling), but also they can 
advance to osteoarthritis if left untreated. Osteoarthritis is one of the leading dis-
abilities in United States, and there is no reliable treatment. Current therapies for 
articular cartilage lesions, such as microfracture, often result in the formation of 
mechanically inferior fibrocartilage. The emerging field of cartilage tissue engi-
neering shows promising results in regenerating healthy hyaline cartilage, which 
can alleviate pain and restore the functions of normal tissue.

2 � Tissue Engineering

The loss or failure of an organ or tissue is one of the most frequent, disastrous, and 
costly problems in human healthcare. A new field, tissue engineering, applies the 
principles of biology and engineering to the development of functional substitutes 
for damaged repair [1]. Most tissue engineering approaches involve the combination 
of two main components—cells to regenerate the lost or damaged tissue and scaf-
folds (or matrices) that organize the regenerated tissue in three dimensions. Tissue 
engineering is quite challenging where the engineered tissue should contain the 
extracellular matrix components of the target native tissue in similar proportions and 
structural arrangements and also provide similar biomechanical functions. Major 
research is being conducted to engineer cartilage tissue using various scaffold mate-
rials [2–4]. The typical cartilage tissue engineering strategy is to form new tissue 
and allow for some maturation in vitro so that it will be able to withstand joint load-
ing upon implantation. In this chapter, we will discuss the formation of cartilage by 
chondrocytes and marrow-derived mesenchymal stem cells on a chitosan-calcium 
phosphate (CHI–CaP) scaffold. The scaffold is intended to provide a mechanism for 
anchorage of the cartilage within the joint and also to serve as a platform for regen-
eration of subchondral bone. The cartilage itself is formed through self-assembly on 
top of, rather than within, the CHI–CaP phase. Thus, we refer to a biphasic con-
struct, where the CHI–CaP phase is designed to support the formation of bone in 
vivo and the cells constitute the second phase and form new cartilage in vitro.
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3 � Chitosan-Calcium Phosphate Scaffold

Chitosan is a deacetylated derivative of chitin, which is found in the exoskeleton 
of marine crustaceans. It is a biocompatible and osteoconductive polymer with 
enhanced wound-healing capability. Chitosan is biodegradable and even the oligo-
saccharide degradation products, liberated primarily by enzymatic hydrolysis of the 
acetylated residues, do not cause any damage. Chitosan exhibits antimicrobial prop-
erties which could reduce the potential for bacterial infection upon implantation  
[5, 6]. Chitosan has been widely used in various biomedical applications—tissue 
engineering, wound dressing, drug delivery, and cancer diagnosis [7]. Previous 
research also revealed that chitosan has hemostatic and cholesterol lowering proper-
ties [8]. Furthermore the material properties of chitosan can be regulated by varying 
the molecular weight and degree of deacetylation (DDA) [9–11]. Combining chi-
tosan with calcium phosphate, a calcium salt found in the inorganic phase of bone 
mainly as hydroxyapatite (Ca10(PO4)6(OH)2), improves osteoconductivity, strength, 
and hardness of the scaffold [12]. With all these advantages added to chitosan, it 
was used as a scaffold material for cartilage tissue engineering [13, 14]. Chitosan 
and its mixtures have been shown to support cell attachment for various cell types 
including human fetal osteoblast cells [15], human embryonic palatal mesenchymal 
cells [16], chondrocytes [17], and human umbilical cord stem cells [18]. We have 
previously demonstrated that composite CHI–CaP scaffolds can support attachment 
and chondrogenesis of chondrocytes and mesenchymal stem cells [19].

Composite CHI–CaP scaffolds are fabricated using a co-precipitation method 
[16]. Chitosan solution is prepared by dissolving 3.57  gm of 78.7  % DDA chi-
tosan powder (Vanson Halosource, Remond, WA) in 84 ml of 2 wt% acetic acid. 
This chitosan solution is left for overnight on an electromagnetic stirrer to obtain 
a homogeneous solution. 10 ml of 1 M CaCl2 in 2 % acetic acid and 6 ml of 1 M 
NaH2PO4 in 2 % acetic acid is added to the chitosan solution to achieve a final 
Ca:P ratio of 1.67, which is approximately the Ca:P ratio in healthy bone [20]. The 
precipitation solution is made of 20 % NaOH, 30 % methanol, and 50 % DI water 
at a pH 13. The chitosan solution is added drop-wise to the stirred precipitation 
solution by means of a syringe pump (30 cc syringe with 18 G needle) at rate of 
15 ml per hour as shown in Fig. 1. Each drop forms an individual CHI–CaP bead. 
The beads are left in stirring in the precipitating solution for 24 h to allow for the 
formation of crystalline hydroxyapatite as proposed by Rusu et al. [21].

After 24 h the precipitation solution is replaced by DI water. The beads are washed 
regularly in DI water until the pH reaches 7. Transmission electron microscopy 
has been used to demonstrate that CaP crystal formation is evident within 10 min 
of stirring in the precipitating solution (Fig. 1). This CaP deposition was similar to 
those shown by Chesnutt et al. [16].

10CaHPO4 + 12OH
−
→ Ca10(PO4)6(OH)2 + 10H2O+ 4PO

3−

4

PO
3−

4
+ ACP+ OH

−
→ Ca10(PO4)6(OH)2
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Neutralized beads are spaced apart on a Pyrex dish and air dried overnight at 
room temperature. As they dry, they shrink to about 60 % of their original size. 
Once dry, the beads formed in this are typically 800–900 µm in diameter. The size 
of the beads can be varied by varying the size of CHI–CaP drop (Fig. 2). This can 
be achieved by changing needle sizes and/or by focusing a jet of air directly at the 
tip of the needle in order to dislodge each CHI–CaP droplet from the needle before 

Fig.  1   Transmission electron micrograph of CHI–CaP scaffolds showing the presence of cal-
cium phosphate crystals at a 10,000× after 10 min in precipitate solution; b 10,000× after 24 h 
in precipitate solution; c 50,000× after 10 min in precipitate solution; d 50,000× after 24 h in 
precipitate solution
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it grows large enough to fall under its own weight. Dried beads are packed into 
custom cylindrical molds (Fig.  3). The fixture consists of two separate plates, a 
solid flat plate clamped to another 7 mm-thick plate containing an array of 6.5 mm 
diameter holes. Beads are packed into the holes and fused into scaffolds by brief 
exposure to 1 % acetic acid for 30 s under manually applied pressure. Scaffolds 
are immediately rinsed with DI water to remove residual acetic acid and then 
allowed to air dry for 24 h at room temperature. They are then frozen at −20°C 
and lyophilized overnight. Previous study has shown that lyophilization enhances 
porosity, surface texture, and protein adsorption [12]. Lyophilized scaffolds can be 
sterilized using ethylene oxide. Incubation of the scaffolds in culture medium for 
up to 28 days had no noticeable effect on their compressive modulus of approxi-
mately 5 MPa, which approaches the lower range of modulus for human trabecular 
bone, as shown in Fig. 4.

Solid composite disks can be created if a smooth surface is desired, for exam-
ple to measure the water contact angle. They have the same composition as porous 
scaffolds and are fabricated by adding the chitosan-phosphate solution to a tran-
swell culture insert and exposing the top and bottom surfaces to the precipitation 
solution in a 6-well plate. The solidified disk is held in a custom sandwich press 
during drying to prevent wrapping.

Fig. 2   CHI–CaP beads of various sizes
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4 � Formation of Biphasic Constructs

Two techniques for creating biphasic constructs have been investigated. The first 
technique involved the use of a transwell tissue culture insert and placement of 
the scaffold on top of a layer of cells. A suspension containing 107 first passage 
primary porcine chondrocytes was pipetted into a Ø6.5  mm transwell culture 
insert with polyethylene terephthalate filter and 3  µm pores (Millicell Hanging 
Cell Culture Insert, Millipore, Billerica, MA). They were cultured in defined 
chondrogenic medium: high glucose DMEM containing 1 % ITS + Premix (BD 
Biosciences, San Jose, CA), 0.1 mM dexamethasone, 50 µg/mL ascorbate-2 phos-
phate, 1  mM sodium pyruvate, 40  µg/mL L-proline, 1  % antibiotic-antimycotic 
solution (Sigma-Aldrich, St. Louis, MO), and 10 ng/ml human recombinant trans-
forming growth factor-β3 (PeproTech, Rock Hill, NJ) [22]. After 14 days of cul-
ture, additional 107 chondrocytes were added to each insert. As soon as the cells 

Fig.  3   CHI–CaP scaffold fabrication. a Formation of CHI–CaP beads in precipitate solution; 
b fusing CHI–CaP beads in a cylindrical mold to form scaffolds; c top view rehydrated scaffold; 
d side view of rehydrated scaffold
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had settled, a CHI–CaP scaffold which had been rehydrated for 24 h in DMEM 
and 10  % fetal bovine serum was gently pressed into the bottom of the insert 
(Fig. 5a). The constructs were cultured for an additional 42 days to allow for tis-
sue maturation and integration with the scaffold. The cells formed a dense, hyaline 
cartilage-like tissue which did not tightly adhere to CHI–CaP scaffold (Fig. 6). It 
required minimal force to completely detach the cartilage layer from the scaffold. 
We obtained similar results using porcine bone marrow mesenchymal stem cells 
and a similar technique [19]. Thus, an alternative technique designed to promote 
better scaffold tissue-scaffold integration was devised.

Fig. 4   Compressive modulus of rehydrated scaffolds in unconfined compression (n = 5). Differ-
ences among groups were not statistically significant by one-way ANOVA (p > 0.05)

Fig. 5   Schematic diagram showing the formation of biphasic constructs using a articular chon-
drocytes in a Millicell hanging transwell and b human mesenchymal stem cells seeded on top of 
a scaffold resting in agarose well
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The second technique involves seeding the cells directly on top of the CHI–CaP 
scaffold. Agarose is used to confine the cells to an area on the scaffold’s flat sur-
face. In addition, collagen type I coating of the scaffold was explored as a means 
to further improve cell adhesion. Collagen is roughly a third of the total body pro-
tein, and abundant in cartilage, bone, blood vessels, skin, and many other tissues. 
It has both mechanical and physiological functions. Stem cells have receptors for 
collagen attachment. α2β1 and α11β1 integrins, transmembrane proteins, play an 
important role in mesenchymal stem cell adhesion and proliferation on collagen 
type I [23]. The scaffolds were fabricated as mentioned earlier and were soaked in 
0.05 % of collagen type I in PBS for 3 h and air dried overnight. These scaffolds 
were then EtO gas sterilized before cell seeding.

Frozen human bone marrow mesenchymal stem cells of passage 1 from a 
22 year-old healthy male donor were expanded in monolayer culture to the fourth 
passage. Dry scaffolds were buried in 1.5 % low gelling temperature in a 6-well 
culture plate. Once the agarose had solidified, a 4 mm biopsy punch was used to 
cut a cylindrical-shaped hole right above the scaffold (Fig. 5b). The overlying aga-
rose was removed by Pasteur pipette under vacuum. Approximately, 4 × 106 cells 
were pipetted onto each scaffold. They were allowed to settle for 60 min before 

Fig.  6   Biphasic constructs formed using porcine chondrocytes and CHI–CaP scaffolds in a  
Millicell transwell. a A scaffold free layer of cartilage tissue on a CHI–CaP scaffold; b top and  
c side view of cartilage tissue and scaffold
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the wells were flooded with medium. The constructs were cultured for 28 days in 
defined chondrogenic medium. A tissue similar to hyaline cartilage was formed 
on all scaffolds. The tissue on collagen-coated scaffolds extended between the 
pores, covered the initial cell-seeded area, and was also well integrated with the 
CHI–CaP scaffold (Fig. 7). However, the tissue formed on uncoated scaffolds was 
contracted into a bolus at one place. The area of the tissue covered on collagen-
coated scaffolds (11.09 ± 2.25 mm2) was five times more than the area covered on 
uncoated scaffolds (2.76 ± 0.38 mm2).

Fig. 7   Engineered cartilage tissue formed using human mesenchymal stem cells after culturing 
for 28 days in DCM on uncoated CHI–CaP scaffold got contracted into a circular shape whereas 
the tissue on collagen-coated CHI–CaP scaffold, extended into the pores of the scaffold

Fig.  8   Toluidine blue staining of histological sections of engineered cartilage formed from 
human mesenchymal stem cells on top of a uncoated and b collagen-coated CHI–CaP scaffolds 
at 10× magnification
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Formalin fixed biphasic constructs were processed for histology. Paraffin- 
and plastic-embedded sections were stained with toluidine blue for proteoglycan 
detection and with picro-sirius red to stain collagen. The tissue on both collagen-
coated and uncoated scaffolds demonstrated strong metachromatic toluidine blue 
staining, especially in the deep zone (Fig. 8). The tissue contained abundant col-
lagen (Fig. 9), but immunostaining revealed that only the collagen in the coated 
constructs contained a much higher proportion of collagen type II. Furthermore, 
the collagen in the tissue on coated constructs displayed a preferential fiber align-
ment in the superficial and deep zones (0.30° vs. 95.5° with respect to the top 
surface, p < 0.05), a pattern which is similar to that observed in native articular 
cartilage.

Fig.  9   Picrosirius red staining of histological sections of engineered cartilage formed from 
human mesenchymal stem cells on top of a uncoated and b collagen-coated CHI–CaP scaffolds 
at 5× magnification. Collagen fiber orientation varies with depth of the tissue formed on colla-
gen-coated scaffold

Fig.  10   Scanning electron micrograph of uncoated and collagen-coated CHI–CaP scaffold at 
5,000× magnification
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5 � Collagen-Coated Scaffold Characteristics

Because coating the CHI–CaP scaffold with type I collagen had such a pro-
found influence on cell adhesion and chondrogenesis, the effects of the coating 
were more thoroughly investigated. Scanning electron microscopy of CHI–CaP 
scaffolds showed a slightly bumpy surface, which was not significantly affected 
by collagen coating (Fig.  10). Porosity, as determined by the displacement of 
methanol, was approximately 37 % for both coated and uncoated scaffolds. Micro-
computed tomography confirmed the interconnected porous structure  (Fig.  11). 

Fig. 11   Micro-CT image of CHI–CaP beads fused into a cylindrical-shaped scaffold
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Swelling ratio was around 75 % and was likewise unaffected by coating. The water 
contact angle for collagen-coated scaffolds was more hydrophilic (78.20 ± 8.71)  
compared to uncoated scaffolds (107.81 ± 13.09).

6 � Degradation

In vivo, the CHI–CaP scaffold would be embedded in bone and would ideally 
degrade at the same rate as new bone formation takes place. Lysozyme plays an 
important role in chitosan degradation. The rate of degradation will depend on 

Fig.  12   a Total amount of calcium released and b percentage of weight loss after incubating 
CHI–CaP beads in 1 mg/ml of lysozyme solution in PBS (n = 1)
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several factors like DDA, crystalline nature, and pore size [16]. CHI–CaP beads 
made from chitosan with a 77  % DDA were incubated in a 1  mg/ml lysozyme 
solution in PBS for up to 9 days. The rate of calcium release and weight loss are 
shown in Fig. 12. This translates to a very slow rate of degradation in vivo.

CHI–CaP scaffolds were tightly fit into surgically created defects in the sti-
fle joints of skeletally mature rabbits. There were no obvious signs of degrada-
tion 12  weeks postoperatively. However, it did appear that many beads were 
no longer fused to the scaffolds, which might be an initial stage of degradation 
(Fig. 13).

7 � Conclusion

Chitosan is a widely used scaffold material for tissue engineering. Our goal was 
to combine chitosan with calcium phosphate to enhance its strength and osteocon-
ductivity. Microbeads were made by co-precipitating chitosan with calcium and 
phosphate. These beads were fused together to form cylindrically shaped scaffolds 
with sufficient mechanical strength and porosity for skeletal tissue engineering 
applications. Coating the scaffold with type I collagen made the surface hydro-
philic and improved cell adhesion. Biphasic cartilage/CHI–CaP constructs were 
successfully created by high-density seeding of human bone marrow mesenchymal 
stem cells onto coated scaffolds. Observation of degradation in vivo, as well as in 
vitro experimentation using lysozyme, suggests that a slow rate of scaffold degra-
dation is a current limitation of the composite scaffold.

Fig. 13   CHI–CaP beads start 
falling apart after 12 weeks 
of implantation of biphasic 
constructs containing 
engineered cartilage on 
collagen-coated CHI–CaP 
scaffold in a rabbit knee 
defect
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Abstract  Regenerative medicine focuses on repair/replacement of the damaged 
tissue or organ in our body. This is done by growing cells on scaffold materials 
which help in its attachment, migration and proliferation. Chitosan being natural 
polymer has many unique properties such as being biocompatible, biodegrad-
able and also has antibacterial and wound-healing abilities. Gelatin a derivative 
of collagen, which is widely present in our body, has been used as a composite 
with chitosan for promoting cell attachment, proliferation, and differentiation. 
Composite scaffolds have also shown better mechanical and functional properties 
because these composites are made of polymer and inorganic/organic blenders. 
Overall this review focuses on the role of chitosan-gelatin-based composite scaf-
folds in bone tissue engineering.
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1 � Introduction

Natural bone has a hierarchical structure consisting of organic and inorganic mate-
rials that exist in the form of nanocomposites. Collagenous protein like Type I 
collagen forms the organic part of the bone and the inorganic part is composed 
of hydroxyapatite in its carbonated form. These collagen fibrils and carbonated 
hydroxyapatite are in the range of few nanometers (Fig.  1). The arrangement of 
these carbonated hydroxyapatites parallel to the arrangement of the collagen fibrils 
provides the required structural strength to the bone [1].
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There are two types of bone structures whose properties mainly depend on the 
porosity of the bone. They are the cortical bone (compact) and cancellous bone 
(spongy) [3]. Unlike other tissues, bone has the unique property to heal when there 
is a tissue damage. An immobilized bone after fracture can heal spontaneously 
over time. But if there is a critical size defect where there is minimal tissue integ-
rity the self-healing process does not take place properly. Bone grafts such as auto 
grafts and allografts have been in use for bone regeneration. But these grafts face 
few limitations such as its limited supply, immune rejection, and cost associated 
with the use of these grafts and also the possibility to transmit diseases [4].

Bone tissue engineering has come up as an alternative to allografts and auto-
grafts-based treatments. Tissue engineering helps regeneration of the damaged tis-
sue at the site of damage by the use of constructs like scaffold along with cells and 
growth factors that will aid in tissue regeneration [5]. There are few criteria that a 
scaffold should satisfy in order to aid regeneration of the damaged tissue. This is 
mainly because the developed construct should be comparable to the native tissue 
that it replaces. The scaffold should be biocompatible and have good porosity for 
cells to attach, infiltrate, and proliferate. It should also have mechanical strength 
comparable to native tissue, good 3D shape, and biodegradability to help regener-
ate the damaged tissue [6].

Natural or synthetic materials are being subjected to different processing tech-
niques for scaffold preparation. Synthetic polymers like polycaprolactone (PCL) 
[7], poly(lactic acid) (PLA) [8], and poly(lactic-co-glycolic acid) (PLGA) [9] 
and natural polymers like collagen [10], gelatin [11], and chitosan [12] are being 
used for bone regeneration applications. Natural polymers are mostly biodegrad-
able, biocompatible, and they can easily mimic the extra cellular matrix of the 

Fig. 1   Hierarchical structure of bone [2]
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damaged tissue. The main criterion that a material should satisfy to be used for 
bone regeneration is that the material should be an osteoconductive and osteoin-
ductive material [13]. Bioceramic materials have shown good osteoconductive and 
osteoinductive properties that are mainly required for bone regeneration [14]. The 
ceramics that are commonly used for bone regeneration are bioactive ceramics 
such as hydroxyapatite (HAp) [15], tricalcium phosphate [16], and bioglass [17].

The main drawback in using bioceramics for bone regeneration is that they are 
very brittle and do not process the desired strength. Composite scaffolds which are 
developed by blending polymers and ceramics would help improve the mechanical 
stability and cell interaction property of the as-developed scaffold [18]. This com-
posite scaffold overcomes the drawbacks faced by natural polymers and bioceram-
ics. So this review mainly focuses on the contribution of natural polymer-based 
composite scaffolds for bone regeneration.

2 � Chitosan

Chitosan, deacetylated form of chitin is extracted from crustaceans’ exoskel-
etons and cell wall of fungi. Chitosan is a linear polysaccharide composed of 
β(1–4) linked glucosamine and N-acetyl glucosamine, whose ratio determines its 
degree of deacetylation (Fig. 2). Molecular weight of chitosan ranges from 30 to 
1000 kDa and degree of deacetylation from 50 to 95 %; this mostly depends on its 
source and the method of preparation. Chitosan is soluble in acidic medium due 
to the protonation of its free amino group in the glucosamine component. Being 

Fig. 2   Structure of chitin and chitosan [20]
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cationic in nature chitosan electrostatically binds to glycosaminoglycan (GAG) 
molecules that are predominantly linked to many cytokines and growth factors 
present in our body [19].

It possesses various properties such as biocompatibility, biodegradability, due 
to its cationic nature it possesses hemostatic property that can help in wound heal-
ing. It has also got antimicrobial activity [20]. Chitosan together with other natural 
polymers and bioceramics has been in use for bone tissue regeneration.

Zhensheng et  al. has developed chitosan/alginate scaffold for tissue engineer-
ing of bone. Highly porous chitosan/alginate scaffold was prepared by coacer-
vation followed by liquid solid separation. It has been reported that addition of 
alginate to chitosan has increased the mechanical strength of the scaffold which 
is due to the stable bond formation between alginate and chitosan. In vivo study 
showed the deposition of calcified matrix after 4 weeks of scaffold implantation 
[21]. Qiao et al. has developed an injectable cell paste. This group has reported the 
development and implantation of an injectable calcium phosphate cement (CPC) 
containing alginate-chitosan-coated (AC) microspheres encapsulating osteoblast 
(MC3T3-E1) (Fig. 3). The construct (AC microcapsules in CPC) was injected into 
a nude mice at the dorsal subcutaneous area where it showed new bone formation, 
collagen deposition, and angiogenesis within 4 weeks. This study reports the use 
of chitosan-coated cell encapsulating microspheres for successful bone regenera-
tion [22].

Calcium phosphate (CaP) has been in use for reconstruction of bone defects. 
Fabrication of CaP bioceramics with macro-porous that contain chitosan sponge 
has been reported by Zhang et al. CaP bioceramics of 300–600 microns was devel-
oped using porogen burn out technique and then the pores were filled with chi-
tosan solution. This upon lyophilization yielded the final construct [23].

Osteoblastic cells were seeded on to the construct and cell attachment and 
differentiation was studied. The results showed that the ALP levels of the cells 

Fig. 3   AC microcapsules in CPC a Photographic image. b SEM image of the construct [22]
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seeded on to the construct were comparable to the control (cells alone) proving 
its biocompatibility and osteoconductive nature due to the presence of CaP in the 
developed construct [23]. Composite scaffold of CaP-chitosan for bone regen-
eration has been developed by Zhang et  al. Here CaP glass in soluble form is 
mixed with chitosan to form the composite scaffold. This construct has shown an 
enhanced level of ALP and osteocalcin within 7 days of culture compared to cells 
alone. It was also reported that the addition of CaP glass to chitosan has reduced 
its fast degradation leading to enhanced osteodifferentiation of cells seeded on the 
construct [24]. Tanase et al. have developed a CaP-chitosan scaffold by co-precip-
itation technique and have shown that the scaffold has got a compressive strength 
comparable to the native human trabecular bone. The scaffold was found to be 
biocompatible and has also caused an increase in the level of vascular endothe-
lial growth factor (VEGF) during osteoblastic differentiation showing its feature 
of inducing osteogenesis and angiogenesis for an effective bone regeneration [25].

Growth factors play a major role in cell proliferation and differentiation. 
Growth factors incorporated in scaffold can aid in their control release leading 
to better cell proliferation. Transforming growth factor (TGF-β1) plays a major 
role in osteoblast cell proliferation. Lee et al. have developed a collagen/chitosan-
micro-granule containing TGF-β1 for bone regeneration. The sustained release of 
this growth factor enhanced osteoblast proliferation. The ALP level was enhanced 
in the growth factor incorporated scaffold. In vitro cell attachment study has 
shown good attachment of cells on the micro-granules. In vivo study on rabbit 
calvarial defeat showed better bone regeneration within 4  weeks in the scaffold 
implanted site compared to control [26].

Park et al. have developed chitosan scaffold with platelet-derived growth factor-
BB (PDGF-BB) for periodontal bone regeneration. PDGF-BB has been reported 
to enhance bone regeneration. This chitosan scaffold with PDGF-BB has shown 
better osteoblast proliferation due to the sustained release of this growth factor 
from the scaffold. In rat calvarial defeat, increased ossification was observed in the 
defeat site at 4 weeks [27]. This group has also developed a chitosan-chondroitin 
sulfate sponge containing PDGF-BB for guided bone regeneration [28]. Similarly, 
Lee et al. have developed a PDGF-BB-loaded chitosan-tricalcium phosphate scaf-
fold which showed enhanced bone regeneration when implanted in vivo in a rat 
calvarial model [29]. Poly(epsilon-caprolactone) (PCL)/chitosan scaffold with 
PDGF-BB was developed by Im et  al. and the results showed better healing of 
bone defeat. Chitosan increased the hydrophilicity of the scaffold [30].

Application of bioceramics in nano(n)-form such as the use of nanoparticles of 
CaP [31], hydroxyapatite (HAp) [32], and bioglass (BG) [7] for bone tissue engi-
neering has increased in the past few years. Bioceramics in nanoparticulate form 
possess high surface area to volume ratio which improves its osteoconductive and 
osteoinductive nature. Sowjanya et  al. have developed a chitosan/alginate/nSiO2 
composite scaffold for bone tissue engineering. Chitosan and alginate was blended 
with nSiO2 and was freeze dried to make the composite scaffold. The porosity of 
the scaffold is about 20–100 microns. Due to the presence of nSiO2, the composite 
scaffold showed better apatite formation on its surface [33]. Kavitha et al. developed 
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a titanium-chitosan nano-composite scaffold of 4.5–10.5  nm using sol-gel tech-
nique. The developed nano-composite has good cell attachment, better apatite 
formation, and also shows antibacterial activity [34]. Nano-CaP (nCaP)-chitosan 
composite scaffold formed by fusion of microspheres was developed by Chesnutt 
et al. It was reported that better mechanical strength, cell attachment, and prolifera-
tion were observed in the composite scaffold due to the presence of nCaP [35].

HAp crystals are naturally present in the native bone. Scaffold containing HAp 
has improved the scaffold’s osteoconductive property and hence aids in bone 
regeneration. Nanoparticles of hydroxyapatite (nHAp) due to its increased surface 
area to volume ratio have been widely used in bone tissue engineering. Thein-
Han et al. have developed chitosan-nHAp composite scaffold of 50–120 microns 
porosity. This composite scaffold has increased compressive strength, better pre-
osteoblast cell attachment, and proliferation than chitosan scaffold; thus, it acts as 
a potential candidate for bone regeneration [32]. Chestnutt et al. have reported that 
the chitosan-nHaP composite scaffold showed increase in osteocalcin level (late 
marker of osteoblastic differentiation) when human fetal osteoblasts were cultured 
for 21 days on the scaffold [36]. The composite scaffold has also reported to have 
better cell attachment.

Jiang et  al. have proposed a spiral-cylindrical scaffold made of chitsan-
cellulose containing nHAp, and in vivo studies have shown good cell attach-
ment and infiltration leading to good osteointegration at the defeat site [37]. 
The efficiency of chitosan-nHAp and chitosan-micro-HAp scaffolds (Fig.  4) 
for bone regeneration was examined in vivo by Lee et  al. Of the two scaffolds, 

Fig. 4   SEM images of a micro-HAp b nHAp c chitosan-micro-Hap scaffold d chitosan-nHAp 
scaffold [38]
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chitosan-nHAp scaffold showed more trabecular number, thickness, and volume 
proving that the HAp in nano-form has better osteoconductive property [38].

HAp-polymer composite scaffolds were developed by Xiao et al. [39]. In this 
study, poly(ε-caprolactone) (PCL)-chitosan scaffold containing nHAp—poly(vinyl 
alcohol) (PVA) was prepared. Similarly, Wang et al. evaluate the osteogenic differ-
entiation of human umbilical cord mesenchymal stem cells in vitro and in vivo on 
nHaP-chitosan-poly(lactide-co-glycolide) scaffolds [40].

Venkatesan et  al. have developed chitosan-HAp composite scaffold grafted 
with multi walled carbon nanotube (MWCNT-chitosan/HAp) for bone regenera-
tion (Fig. 5). The composite scaffold showed interconnected porosity with uniform 

Fig.  5   SEM images of a chitosan scaffold b chitosan with HAp scaffold c MWCNT grafted 
chitosan-HAp scaffold d HAp dispersed in chitosan scaffold [41]
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distribution of MWCNT and HAp which was confirmed by SEM. The water reten-
tion and degradation rates of the scaffold have decreased due to the addition of 
MWCNT. MG-63 cells attached and proliferated well on the composite scaffold 
showing its biocompatibility [41].

Electrospun membranes with bioceramics have shown promising results 
in bone regeneration. Mohammadi et  al. developed nanofibrous membrane of 
PCL-PVA-chitosan hybrid scaffolds and observed the osteoblastic differentia-
tion of mesenchymal stem cells on this scaffold [42]. Shalumon et al. have com-
pared nano-fibrous scaffold (100–200  nm) of PCL-chitosan-incorporated nHap 
and nano-bioglass (nBG) for bone regeneration. Osteoblast cells cultured on this 
membrane showed enhanced ALP level. Of the two, PCL-chitosan nBG-incor-
porated nano-fibrous scaffold was found to be a better candidate for bone tissue 
engineering. Surface modification of bone implants with chitosan coating has 
been reported to increase HaP formation on these surfaces that would aid in better 
regeneration of bone [7].

Implants used for bone tissue engineering have been modified by surface coat-
ing to increase its efficiency in healing bone defeats. Sutha et al. have coated 316 
L stainless steel implants with chitosan-silicon-HAp nanoparticulate composite. 
Results showed that in stimulated body fluid (SBF) the apatite formation was more 
on the coated samples compared to uncoated implant [43].

Lin et  al. studied the osteoblastic differentiation on chitosan, alginate-chi-
tosan, and pectin-chitosan coated on Ti-6Al-4V surface (Ti64). ALP levels were 
more in the coated samples when compared to bare Ti64. The coating increased 
the wettability of the surface further enhancing cell attachment and proliferation 
(Fig. 6) [44].

The ECM mimicking properties of chitosan has remarkably improved the com-
patibility of it being used alone or as composites for bone regeneration. Being the 
second most abundant natural polymer, the room for modification by blending or 
surface modifications can be widely explored. The platform for scaffold fabrica-
tion, in vitro and in vivo studies, can be greatly exploited to understand the role of 
this natural polymer, chitosan, in reducing the gap between the wound and injury 
to complete tissue regeneration. Moreover, this polymer has also found significant 
place in scaffold fabrication for not only bone tissue regeneration but also soft tis-
sues like cartilage, ocular, and nerve.

3 � Gelatin

Gelatin is a natural polymer obtained by the hydrolysis of collagen. It is biocom-
patible and biodegradable in physiological conditions. Degradation products of 
gelatin are found to show low antigenicity than collagen. It is a low cost natural 
polymer that is soluble in aqueous solvent. Due to the presence of RGD sequence 
in gelatin, it promotes attachment and proliferation of cells. Gelatin when 
crosslinked with other polymers the mechanical property of it may get altered 
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[45]. Gelatin has aided bone regeneration and along with bioceramics it has shown 
better results. Most commonly used bioceramics along with gelatin are calcium 
sulfate, biphasic calcium phosphate, β tricalcium phosphate, hydroxyapatite, bio-
glass, etc. These bioceramics increase the mechanical strength of the polymer and 
also increases the osteoconductive property of the polymer.

Gelatin-calcium sulfate composite scaffold was developed by Gao et al. and the 
scaffold showed human osteoblast cells attached and spread over the entire scaf-
fold. Preliminary in vivo study showed new bone formation [46]. Gelatin-pectin 
scaffold (GE-P-BCP) with nano-biphasic calcium phosphate (BCP) was developed 
and studied by Nguyen et  al. Developed scaffold showed enhanced compressive 
strength, and increased ALP and osteopontin levels in vitro after 21 days culture. 
Also in vivo studies by micro-computed tomography and histology showed new 
bone formation in rabbit models [47]. The same group has also developed a gela-
tin-hyaluronic acid-BCP composite scaffold for bone regeneration. This composite 
scaffold has also shown better bone regeneration in vivo [48]. In vivo studies using 
gelatin-coated HAp foams (Fig.  7) have been reported by Gil-Albarova et  al. to 
enhance osteointegration of the scaffold and complete healing of the defeat when 
the foam is applied to bone defeat in rabbit femur [49].

Rodriguez et  al. have reported gelatin sponge with chitin whiskers, HAp, 
and platelet-rich plasma (PRP) (PHCE) for bone regeneration. 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) cross-linking was 

Fig.  6   SEM images of cells attached on Ti-6Al-4 V, chitosan, chitosan-alginate, and pectin-
chitosan-coated Ti-6Al-4V surfaces for 3 weeks [44]
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done to control gelatin scaffold’s degradation rate. MG-63 cells seeded on to 
PHCE scaffold showed better cell attachment and matrix production. Chitin 
and HAp were intended to increase the mechanical strength of the scaffold, 
and the addition of PRP was to enhance angiogenesis and new bone regenera-
tion [50]. Nano-HAp- gelatin composite scaffold with somatic stem cells was 
developed by Tavakol et al., and the results showed that this composite scaffold 
enhanced the osteogenic differentiation in vitro and in vivo [51]. Nair et al. have 
reported the development of graphine oxide (GO)-loaded gelatin-HAp compos-
ite scaffold by lyophilization technique. The addition of GO has increased the 
mechanical strength and it also induced the osteogenic differentiation of human 
adipose-derived stem cells [52].

For calvaria bone regeneration, Ferreira et  al. have developed macroporous 
gelatin scaffold with titanium dioxide (TiO2) and HAp along with osteogenically 
differentiated multipotent progenitor cells. They have reported that the addition 
of TiO2 an osteoinductive material along with osteogenically differentiated cells 
has enhanced the bone formation and osteointegration after 8 and 12 weeks post-
implantation in rat calvaria bone defeat [53]. Kovtun et al. performed in vivo stud-
ies of critical size defeat in rabbit femur using gelatin-HAp foam enriched with 
soybean extract. The studies showed that the effect of soybean extract reduced the 
scaffold’s degradation rate and aided bone formation at the defect site [54].

Fig. 7   a SEM image of 
uncoated HAP foam. b 
Photograph of the hydrated 
Hap foam [49]
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Liu et al. have reported the development of recombinant human bone morpho-
genetic protein 2 (rhBMP-2)/gelatin/HAp/fibrin glue hybrid scaffold for effective 
bone regeneration. The hybrid scaffold enhanced the osteogenic differentiation of 
human bone marrow mesenchymal cells with a sustained release of rhBMP-2 for 
40 days. In vivo, this hybrid scaffold aided bone regeneration within 12 weeks [55]. 
Bioglass, an osteoinductive material, in gelatin composite scaffold has enhanced 
osteogenic differentiation of human dental pulp stem cells showing increased ALP 
and matrix deposition. This has been reported by Nadeem et al. [56].

Takaoka et al. have reported about gelatin hydrogel containing lactoferrin and 
observed that the retention of lactoferrin when this hydrogel was injected sub-
cutaneously was better than it given as injection. In vivo studies showed that the 
release of lactoferrin from the hydrogel was in a sustained manner and the gelatin 
hydrogel containing lactoferrin showed better bone regeneration when implanted 
in defeat created on rat skull bone [57].

Fukui et al. have proposed simvastatin-loaded gelatin hydrogel. After 8 weeks 
of study, the gelatin hydrogel with simvastatin showed greater angiogenesis and 
osteogenesis which aided the healing of nonunion femoral fracture in 70 % of the 
rat model [58]. Similarly, Tanabe et al. developed fluvastatin loaded gelatin hydro-
gel for bone regeneration [59].

Minocycline (antibacterial agent) releasing HAp-containing gelatin nanocom-
posite was successfully developed by Doc et  al. and was tested in vitro. The in 
vitro studies showed the possibility of developing an antibacterial agent-loaded 
gelatin-HAp nanocomposite for bone regeneration [60]. Growth factors-incorpo-
rated gelatins scaffold has been used for the treatment of bone damage. Omata 
et al. have developed gelatin-β tricalcium phosphate composite loaded with bFGF 
for bone regeneration [61]. Colloidal gelatin gel for the dual delivery of angio-
genic (bFGF) and osteoblastic (BMP-2) growth factors has been successfully 
developed by Wang et al. Gelatin gel was incorporated with cationic nanospheres 
that were loaded with bFGF and anionic nanospheres that were loaded with BMP-
2. The crosslinking density of these nanospheres in the gel matrix controlled the 
release kinetics of the growth factors. In vivo study in rat femoral condyle defeat 
was performed and it was reported that the gel with both the growth factors 
showed an inhibitory effect in the process of osteogenesis [62].

Similarly, Van der stok et al. developed a porous titanium scaffold loaded with 
nanostructured gelatin gel incorporated with BMP-2, FGF-2, and both in 5:1 ratio. 
Growth factor release was in a sustained manner from all the three scaffolds. In 
vivo studies on rat femur were done. BMP-2-loaded scaffold showed early bone 
formation and FGF-2-loaded scaffold showed late bone regeneration. Scaffold 
with BMP/FGF showed enhanced bone implant integrity [63].

Nagae et al. showed that gelatin hydrogel with microspheres of platelet-derived 
growth factor (PRP) promoted the intervertebral disk regeneration in vivo [64].

Hybrid scaffold of PRP in gelatin-hyaluronic acid (HA) gel was loaded on 
to a biphasic calcium phosphate scaffold which was developed by Son et  al. In 
vitro studies showed better osteoblastic cell attachment and proliferation on the 
hybrid scaffold [65]. Kim et al. have reported gelatin hydrogel incorporated with 
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macrophage recruitment agent (SEW2871) and PRP for effective bone regenera-
tion. SEW2871 was encapsulated as a micelle with the help of gelatin grafted 
with l-lactic acid. In vivo study showed increased levels of pro-inflammatory and 
anti-inflammatory cytokines after 10 days [66]. Gelatin-Poly(L-lactic acid) sponge 
was developed and its potential for bone regeneration by differentiation of human 
meshenchymal stromal cells was studied by Mattii et al. [67].

Electrospun fibers containing gelatin and bioceramics materials have aided 
bone to regenerate. Poly(lactide-co-caprolactone) nanofibers with gelatin-apatite 
composite electrospun scaffold for bone regeneration were developed by Jegal 
et al. They have observed that the addition of gelatin-apatite on to the nanofibers 
improved its tensile strength and cell growth. When implanted into the calvarium 
of rat model, 6 weeks after implantation, the composite nanofibrous electrospun 
scaffold when observed under micro-computed tomography showed enhanced 
bone regeneration [68].

PCL-gelatin electrospun membrane incorporated with stromal cell-derived 
factor-1α developed by Ji et  al. was placed in rat cranial defect. SEM image of 
the PCL-gelatin membrane showed that the fiber diameter was in the range of 
312 ± 146 nm (Fig. 8). After eight weeks, the study showed that membrane with 
growth factor helped the recruitment of cells to the defect site and helped in the 
bone regeneration compared to bare membrane [69]. There was a sustained release 
of the stromal cell-derived factor from the electrospun membrane.

Alvarez Perez et  al. developed PCL-gelatin nanofibers for bone regeneration. 
The nanofibrous scaffold showed better attachment, proliferation, and differen-
tiation of human mesenchymal stem cells to osteoblasts. Increased level of ALP, 
osteopontin (OPN), osteocalcin, and bone sialoproteins (BSP) in the PCL-gelatin 
nanofibers was observed after 3 weeks of culture in osteogenic medium [70].

A poly(ε-caprolactone) (PCL)-gelatin electrospun fiber loaded with metronida-
zole (MNA) was developed by Xue et al. Their study has showed that this electro-
spun membrane can be used as anti-infective-guided tissue regeneration membrane. 

Fig. 8   SEM image of PCL/
gelatin membrane [69]
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Sustained release of MNA was observed and the PCL-gelatin membrane with MNA 
showed very less inflammatory response for 8 months from subcutaneously implanted 
membrane in rabbit model [71]. Non-collagenous protein from bone extra cellular 
matrix was distributed evenly on gelatin nanofibrous membrane and when osteoblas-
tic cells were cultured on this membrane there was a significant increase in ALP and 
other osteogenic genes within 14 days of culture in vitro. In vivo study on calvarial 
defeat has shown new bone formation within 6 weeks post implantation [72].

Linh et  al. reported the development of polyvinyl alcohol-gelatin nanofibrous 
membrane with biphasic calcium phosphate nanoparticles for rat calvaria defeat 
[73]. Nanofibrous gelatin-apatite composite scaffold was developed by Liu et al. 
for bone regeneration. Composite scaffold showed enhanced porosity, mechanical 
strength, and also aided differentiation of osteoblastic cells within 4 weeks [74].

Titanium fabrics was also modified by coating with hydroxyapatite-loaded-
gelatin microspheres containing FGF-2 which was reported by Ichinohe et al. The 
modified titanium implant was then placed on skull defects created in rabbits, and 
after 6 weeks of implantation the results showed that the Ti-HAp-Gelatin-loaded 
FGF-2 aided osteointegration of Ti and it also enhanced the bone formation [75].

So far various studies have been reported which demonstrates the use of gelatin 
for enhancing the biocompatibility of scaffolds and aid in bone regeneration. The 
use and effect of composites based on chitosan and gelatin for bone regeneration 
have not been widely explored or compared. Our major goal is to fill these lacunae 
and throw light upon the use and application of chitosan-gelatin composites.

4 � Chitosan-Gelatin Composite Scaffolds

Composite scaffolds are generally made of two or more polymers to produce a 
new system that will have a property that is unique to both the polymers. Chitosan 
and gelatin being natural polymers have more advantages such as low cost, abun-
dant in nature, non-immunogenic, and being biocompatible. Composite scaffold 
has been used for bone tissue regeneration. Both have its own merits for being 
used in bone regeneration.

Huang et  al. have developed a chitosan-gelatin composite scaffold with and 
without glutaraldehyde cross-linking (Fig.  9) and have also evaluated its poten-
tial in vitro for tissue engineering applications. The cell attachment and spread 
of fibroblast and human umbilical vein endothelial cells on the composite scaf-
fold were studied. The composite scaffold showed better cell attachment and cell 
spreading than the chitosan scaffold [76].

Chitosan-gelatin scaffold modified with poly(DL-lactic acid) dichloromethane 
solution in different ratios was developed by Liu et al. The scaffold upon immer-
sion in water after solvent evaporation will swell and finally it is freeze dried to 
get the final construct. The modified scaffold increased the tensile strength but the 
attachment and proliferation of human fibroblast cells were comparable to unmod-
ified chitosan-gelatin scaffolds [77].
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Chitosan gel containing BMP-2 with gelatin microspheres containing IGF-1 
was developed by Kim et  al. It was reported that there was an initial release of 
BMP-2 from the chitosan gel followed by a slow release of IGF-1 from the gela-
tin microspheres. In the presence of W-20-17 cells, the chitosan gel with gelatin 
microspheres has showed enhanced ALP level indicating an early osteoblastic dif-
ferentiation [78].

Chitosan-gelatin composite scaffold with β-tricalcium phosphate was devel-
oped and evaluated by Yin et  al. for bone regeneration. The porosity and the 
compressive strength of the composite scaffold were found to have increased. 
Subcutaneous implantation of the composite scaffold in rabbits was done and was 
observed for a period of 12 weeks. Results showed the importance of using this 
composite scaffold for non-load bearing applications [79].

Hydroxyapatite-chitosan-gelatin (HCG) composite scaffold was developed by 
Zhao et al. and was compared with chitosan-gelatin scaffold (CG). It was reported 
that hydroxyapatite in the HCG scaffold was dispersed uniformly in the scaffold. 

Fig. 9   SEM images of a chitosan b chitosan-gelatin (1:3) without glutaraldehyde cross-linking c 
chitosan-gelatin (3:1) with glutaraldehyde cross-linking d chitosan-gelatin (1:3) after glutaralde-
hyde cross-linking [76]
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90.6  % porosity was observed in the composite scaffold, and histology, immu-
nohistochemical staining, and scanning electron micrograph showed the attach-
ment and proliferation of rat caldaria osteoblastic cells on the composite scaffold. 
Collagen I deposition and bone matrix formation were observed during culture 
condition [80]. Same group has also evaluated the effect of hydroxyapatite in the 
composite scaffold on the attachment of human mesenchymal stem cells (hMSC) 
on to the 3D construct. SEM images of the HCG and CG scaffolds showed that the 
mean pore size was found to be 94 ± 15 and 98 ± 24 µm (Fig. 10). Higher prolif-
eration rate of hMSC was observed in the HAp-incorporated composite scaffold 
and upon osteogenic induction, osteogenic differentiation of hMSC with enhanced 
ALP level was observed [81].

Sellgren et  al. have reported the perfusion condition for hMSC cell prolifera-
tion and its osteoblastic differentiation in the 3D construct of hydroxyapatite-chi-
tosan-gelatin composite scaffold [82]. The effect of static and perfusion condition 
on protein adsorption, cell attachment, and proliferation of hMSC on to the HCG 
scaffold was analyzed.

Fig. 10   SEM images of a HCG b CG scaffold and confocal images of c HCG and d CG scaf-
folds [81]
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Hunter et  al. have evaluated the in vitro characteristics of hMSC on 
hydroxyapatite-chitosan-gelatin membrane for guided tissue regeneration [83]. 
This membrane showed mechanical and structural property to function as an effec-
tive barrier membrane and also the expression of bone marker protein and other 
specific genes were found to be elevated without any chemical induction.

Miranda et al. have developed chitosan-gelatin scaffold seeded with bone mar-
row mesenchymal stem cells (BMMSC) from transgenic rat expressing green fluo-
rescent protein (GFP). The in vivo study was done by implantation of cell seeded 
scaffold on the left socket after upper first molar extraction. BMMSC-loaded 
chitosan-gelatin scaffold showed enhanced bone mineralization at 21 and 35 days 
post-implantation [84].

5 � Chitosan-Gelatin Nanocomposite Scaffolds

Chitosan-Gelatin along with nano-structured bioceramic can easily mimic the 
ECM of bone. Nanostructured bioceramics due to their increased surface area to 
volume ratio might provide better bone regeneration ability.

Bagheri-Khoulenjani et  al. have developed micro-spheres of chitosan-gelatin-
nanohydroxyapatite nanocomposite for bone regeneration. The effect of different 
parameters like nanohydroxyapatite to biopolymer ratio, chitosan, gelatin concen-
tration on the surface morphology of the as-developed microspheres was evalu-
ated. Cell studies on the microspheres have shown the biocompatible nature of the 
as developed microspheres [85].

Mohamed et  al. have conducted in vitro studies on chitosan-gelatin-nanohy-
droxyapatite (nHAp) composite scaffold. Composite scaffolds made with high 
content of polymer showed higher water absorption property, decreased degrada-
tion rate, and also more deposition of hydroxyapatite on the composite scaffold 
when kept in SBF solution. SEM and Fourier transform infrared spectroscopy 
(FTIR) confirmed the presence of hydroxyapatite on the surface of the chitosan-
gelatin-nHAp scaffold [86].

Peter et al. have developed a composite scaffold of chitosan-gelatin-nHAp for 
tissue engineering applications (Fig.  11). The composite scaffold showed good 
swelling property depending on the ratio of chitosan and gelatin, and its degra-
dation rate was reduced due to the addition of nHAp. nHAp also enhanced the 
attachment and spreading of MG-63 cells on to the composite scaffold. Composite 
scaffold showed increased biomineralization in stimulated body fluid compared to 
chitosan-gelatin scaffold [87].

Peter et al. have also developed microporous scaffold of porosity from 150 to 
300 µm chitosan-gelatin-nano-bioglass (nBG) scaffold for alveolar bone regenera-
tion. The developed composite scaffold showed reduced swelling rate and degra-
dation but enhanced protein adsorption and cell attachment of MG-63 cells on to 
the composite scaffold (Fig. 12) [88].
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Kavya et  al. have developed chitosan-gelatin-nano-silica (nSiO2) composite 
scaffold for bone tissue engineering. The in vitro characterizations of the com-
posite scaffold such as porosity, swelling, degradation, mechanical integrity, and 

Fig.  11   SEM image of a, b chitosan-gelatin scaffold, c, d chitosan-gelatin-nHAp composite 
scaffold [87]

Fig. 12   a, b, c Attachment of MG-63 cells on to the chitosan-gelatin scaffold. d, e, f Attachment 
of MG-63 cells on to chitosan-gelatin-nBG composite scaffold [88]
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biomineralization on scaffold surface showed the potential of this composite 
scaffold to be used for the regeneration of bone. The incorporation of nSiO2 has 
improved the osteoconductive property of the scaffold. Cell attachment and prolif-
eration was more and also there was increased ALP expression on the composite 
scaffold. These results show the possibility of using this composite scaffold for 
bone tissue engineering [89].

6 � Conclusions

Bone tissue engineering with the help of scaffold, cells, and growth factors for 
regeneration process can give better results compared to conventionally used bone 
grafts and filler materials. The literatures cited in this review show that the pro-
gress in biomaterials been used for bone regeneration.

Among the different biomaterials used for bone regeneration, composite scaf-
folds have better effect due to the presence of polymers and ceramic micro- or 
nano-scale particles. Chitosan and gelatin being natural polymers have its own 
advantages for bone tissue engineering such as biocompatibility, biodegradabil-
ity, and easy manufacturing. These natural polymers have been shown to attach 
osteoblasts and help in its proliferation. Porosity of these scaffolds plays a major 
role in cell attachment, proliferation, and infiltration. Natural polymers can be 
manufactured with different porosities. The scaffolds made of these polymers have 
good mechanical properties but they do not have much of osteoconductive prop-
erty that is required for bone regeneration. Ceramic particles like calcium phos-
phate, hydroxyapatite, and bioglass when added to polymeric scaffold improve the 
osteoconductive property of the composite scaffolds. The ionic dissolutes of these 
bioceramics induce stem cells to differentiate into osteoblasts under proper cul-
ture environment. The major challenge in bone tissue regeneration is the proper 
cellularization and vascularization of the damaged bone. To accelerate the oste-
ogenesis and vascularization of the defect site, composite scaffolds loaded with 
growth factors have shown better results. The controlled release of growth factors 
from these composite scaffolds is a main criteria to be kept in mind while design-
ing a suitable scaffold. On the other hand, bioceramics material like bioglass with 
controlled degradation rate which helps in the formation of hydroxyapatite in our 
body. Bioglass has reported to have osteoconductive and osteoinductive property 
by which it can aid in better bone regeneration. Overall composite scaffolds can 
aid bone regeneration in a better way because it possesses the beneficial properties 
of both polymer and bioceramics that constitute the scaffold. Chitosan and gelatin 
the most available natural polymer have been widely used for bone regeneration. 
These along with bioceramics and growth factors have shown promising results in 
bone tissue engineering applications.
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Abstract  Chitin and chitosan are the most widely used biodegradable and bio-
compatible materials subsequent to cellulose. Nowadays a wide range of materi-
als, including those classified as organic, inorganic, and biological are used in the 
synthesis, fabrication, and processing of nanostructures with unique physical prop-
erties. The properties of the polymer significantly improve by dispersing a few 
percentage of nanoparticle in the polymer matrix. In this context, we are focusing 
on the preparation, characterization, and bioactivity of chitin and chitosan nano-
composite in detail. The morphological changes occur in presence of nanoparti-
cle. The improvement of thermal and mechanical properties including dynamic 
mechanical behavior of chitin and chitosan in presence of different nanofillers has 
been discussed in detail with suitable example as potential material for bone and 
wound tissue engineering applications. We summarize the physicochemical and 
drug delivery properties of chitin and chitosan composites. The cytocompatibility 
of the nanocomposites is assessed with improved cell attachment and prolifera-
tion using different human cells. This chapter enhances the understanding of bio-
logical uses of chitin and chitosan with their improved properties in presence of 
nanoparticles. A new approach at the intersection of biology and nanotechnology 
is focused to develop the next promising eco-friendly biopolymer nanocomposites.

Keywords  Chitin/chitosan  ·  Nanoparticle  ·  Biomaterial  ·  Drug delivery

1 � Introduction

In recent years, tissue engineering has been widely investigated as a promis-
ing approach toward regeneration of tissue [1]. Biomaterials are required in tis-
sue engineering strategies for the cell growth, attachment, and proliferation [2, 3]. 
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Polysaccharides have the tendency to be extremely bioactive and classified as 
natural macromolecules. These polysaccharides are generally derived using dif-
ferent biotechnological approaches from agricultural feed stock or crustacean 
shell waste. In terms of availability, chitin is the second most abundant polymer 
after cellulose. Chitosan, a deacetylated derivative of chitin has multidirectional 
application such as in food and nutrition, material science, biotechnology, phar-
maceuticals, agricultural and environmental protection [4–9]. Chitin contains two 
monomeric units d-glucosamine and N-acetyl-d-glucosamine which are intercon-
nected by β-glycosidic linkages [10]. It is found in nature as ordered crystalline 
microfibrils forming structural components in the exoskeleton of arthropods or in 
the cell walls of fungi and yeast [11]. Chitosan is the most important derivative of 
chitin, obtained by (partial) deacetylation of chitin in the solid state under alka-
line condition (concentrated NaOH) or by enzymatic hydrolysis in the presence 
of chitin deacetylase [12, 13]. The structure of chitin and chitosan is presented in 
Fig.  1. Chitin exists in three different polymorphic forms, with varying proper-
ties and the different forms are α, β, and γ [14–17]. The sources of α-chitin are 
crabs and shrimps; β-chitin is squids; and γ-chitin is loligo. The different poly-
morphic forms differ in their arrangement of polymeric chains like, antiparallel 
conformation to each other in α-chitin, polymeric chains are arranged in parallel 
configuration in β-chitin, and polymeric chains are arranged in two parallel chains 
followed by one antiparallel chain in γ-chitin [17]. Chitin and chitosan are bio-
compatible, biodegradable, and nontoxic [18–21] and they offer the advantage 
of being easily processed into gels [22], membranes [23, 24], nanofibers [25], 
nanofibrils [26], beads [27], microparticles [28], nanoparticles [29, 30], scaffolds 
[31–33], and sponge-like forms [34]. Owing to their special character and easily 

Fig. 1   Chemical structure of chitin and deacetylated chitin (chitosan)
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processable nature, chitin and chitosan have versatile applications in tissue engi-
neering [34–42], wound healing [43–50], drug delivery [51–56], and gene deliv-
ery [57]. Nowadays, nanocomposite of biopolymers and bioactive materials has 
been extensively used in tissue engineering [58]. The aim of making nanocom-
posite is achieving a better interaction between the bioactive inorganic phase and 
the organic phase to get considerably enhanced properties. Nanometer size or 
nanostructure materials known as nanomaterials, where at least one dimension 
is in the nanometer scale, are the backbone of nanoscience and nanotechnology. 
They have unique physicochemical properties compared with the bulk materials of 
the same composition and capable of changing their properties and applications. 
Nanomaterials are mostly found as: (1) carbon-based material, consists of carbon 
atoms and possesses different nanostructures, e.g., single-wall or multiwall car-
bon nanotubes (CNT), graphene, and fullerene; (2) metallic nanomaterials which 
is composed of nanomaterials of metals, transition metals or their compounds 
and composites, e.g., gold, iron oxide, silver, silica, and quantum dots; (3) sili-
con nanomaterials which consist of silicon or its compound, e.g., silicon or silica 
nanoparticles and (4) organic nanomaterials, formed via agglomeration or assem-
bly of organic molecules, e.g., dendrimers, polymers biomolecules, or biomacro-
molecules [59]. Chitin and chitosan both contain hydroxyl groups at C-3 and C-6 
positions and in addition to that chitosan contains some extent of amino groups at 
C-2 position depending on the degree of deacetylation, therefore, they can interact 
with the nanomaterials through various means. There have been several reports on 
preparations and applications of chitin and chitosan nanocomposites. In this chap-
ter, an attempt has been made to focus on the application potential on chitin and 
chitosan-based nanocomposites with different filler nanomaterials for tissue engi-
neering, drug delivery, and antimicrobial activities.

2 � Composites Preparation

There are several processes to prepare nanocomposites with the advantages or 
drawbacks. Some common processes which are frequently used to prepare the chi-
tin and chitosan nanocomposites are illustrated as follows:

(a)	� Solution casting method This is the simplest technique to prepare polymer 
nanocomposites. In this technique, three steps are required to prepare the 
nanocomposites. At first, the filler is dispersed/dissolved in the appropriate 
solvent through mechanical stirring or sonication. The required polymer is 
dissolved in the same solvent or in two miscible solvents. Finally, the filler 
solution and polymer solution are mixed together at room temperature or 
other suitable temperatures. Composites are obtained either by precipitation 
or casting the solution mixture. Regiel-Futyra et al. have prepared chitosan–
gold nanocomposite film through solution casting method [60]. They have 
poured the chitosan-based gold nanoparticles dispersion into Petri dishes and 
dried in an air oven at 60 °C until the solvent was evaporated completely.
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(b)	� In situ technique This is the most efficient technique to prepare the compos-
ites with uniformly distributed filler materials. Filler materials are dispersed in 
monomer either in presence or absence of solvent followed by the addition of 
curing agents or the hardener for polymerization at experimental temperature. 
The major advantage of this technique is that the composites are obtained 
with improved properties. Sometimes nanomaterials are synthesized in reac-
tion mixture at the same reaction condition. Hebeish et al. prepared chitosan-
grafted-poly acrylonitrile silver nanocomposites via in situ chemical reduction 
of Ag ions in graft copolymerisation of acrylonitrile on to chitosan [61].

(c)	� Electro spinning technique There are three major components in electrospin-
ning instruments: a high-voltage power supply, a spinneret (a metallic needle), 
and a collector (a grounded conductor). The spinneret is connected to a syringe 
in which the mixture of polymer and nanomaterial solution is hosted. When 
high voltage (usually in the range of 1–30 kV), is applied, the pendent drop 
of solution at the nozzle of spinneret will become highly electrified and the 
induced charges are evenly distributed over the surface. When a sufficiently 
high voltage is applied the electrostatic repulsion counteracts the surface ten-
sion and the droplet is stretched. Such type of electrified jet then undergoes 
a stretching and whipping process, leading to the formation of long and thin 
thread. The threads are collected by the grounded collector placed under the 
spinneret. With the use of this relatively simple and straightforward technique 
several polymer composites have been processed as fibers with diameters rang-
ing from tens of nanometers to a few micrometers. Naseri et  al. developed 
electrospun chitosan/polyethylene oxide-based randomly oriented fiber mats 
reinforced with chitin nanocrystals using electrospinning technique [62].

(d)	� Freeze–drying technique This is another method to fabricate polymer composite 
scaffolds with variable porosity and pore size and utilizes emulsion/freeze–dry-
ing process. The homogenized mixture of polymer and filler solution is poured 
into copper mold and quenched in liquid nitrogen or in required lower tempera-
ture. After quenching, the polymer scaffold is freeze–dried to remove the sol-
vents. The obtained scaffolds have the porosity up to 90  % and median pore 
sizes in the range of 15–35 µm with an interconnected pore structure. In compar-
ison to solvent casting, the scaffolds offer much higher specific pore surface area 
as well as the ability to make thick (>1 cm) polymer scaffolds. Such types of 
scaffolds have drawn very much attention in tissue engineering. Liu et al. have 
developed novel chitosan–halloysite nanotubes (HNTs) nanocomposite (NC) 
scaffolds by combining solution-mixing and freeze–drying techniques [63].

3 � Dispersion of Nanoparticles

The properties of nanocomposites depend on the extent of dispersion of nano-
particles in polymer matrices. The dispersion can be evaluated through elec-
tron microscope; transmission electron microscope (TEM), Scanning Electron 
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Microscope (SEM), or Atomic Force Microscopy(AFM). The Ag–Fe3O4 
nanoparticles with spherical shapes having mean diameters of 10–40  nm are 
dispersed uniformly in the chitin matrix in Fig.  2a [64]. Figure  2b shows the 
typical TEM image of gold nanoparticle in chitosan–gold nanocomposites 
showing the histogram of particle size distribution [65]. The image (Fig.  2b) 

Fig. 2   TEM image of A Ag–Fe3O4/chitosan nanocomposite, [64] B gold/chitosan nanocompos-
ite, [65] and C montmorillonite/chitosan nanocomposite, [66] and D XRD patterns of a Na+-
montmorillonite, b chitosan film, and nanocomposites prepared from chitosan–clay ratios of 
c 0.25:1, d 0.5:1, e 1:1, f 2:1, g 5:1, and h 10:1 [67]
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displays monodisperse gold nanoparticles, which are homogeneously distrib-
uted in the nanocomposite. The particles are found to be spherical with a narrow 
size distribution; the average particle diameter is about 4  nm. Gold nanoparti-
cles are found to have a very stable state as no aggregation of gold particles is 
observed in TEM after 2 months. Wang et al. reported that with the lower con-
tent (2.5  wt%) of montmorillonite (MMT) the chitosan–MMT nanocomposite 
shows the coexistence of both intercalated and exfoliated structures [66]. With 
the increase in content of MMT (5 wt%) intercalated with occasional floccula-
tion morphology is observed (Fig.  2c). The formation of flocculated structure 
in chitosan/MMT nanocomposite with higher content of MMT is due to the 
hydroxylated edge–edge interaction of the silicate layers. The strong interaction 
between chitosan and MMT through the amino and hydroxyl groups of chitosan 
with the silicate hydroxylated edge groups, is believed to be the main driving 
force for the good dispersion of MMT in chitosan matrix to form flocculated 
structure.

The cationic biopolymer chitosan was intercalated in Na+-montmorillonite to 
get compact and robust three-dimensional nanocomposites with interesting func-
tional properties [67]. Figure 2d shows the XRD pattern of clay, chitosan, and chi-
tosan–clay composites. The intercalation of chitosan in clay gallery is confirmed 
by the decrease of 2θ values with the increase of chitosan–clay ratio.

4 � Morphology

The morphology of the nanocomposite is investigated using SEM, AFM, and opti-
cal microscope. Figure 3a represents the cross-sectional structure of pure chitosan 
and the chitosan–halloysite nanotubes (HNTs) nanocomposite scaffolds prepared 
by freeze–drying technique [63]. Both pure chitosan and its nanocomposites dis-
play a highly porous, open, and 3D interconnected morphology with the pore 
size around 200  µm. The chitosan–HNTs nanocomposite scaffolds show more 
uniform porous structure and less collapse of the pore walls than chitosan which 
may be attributed to the enhanced pore forming ability of chitosan by HNTs due 
to the strong interaction. In addition to that, nanocomposite scaffolds with HNTs 
have slightly larger pore size than that of pure chitosan scaffolds. The interac-
tion between chitosan and HNTs causes absorption of chitosan on the surface of 
HNTs. It is clear from Fig. 3b (a) that HNTs have cylindrical-shaped tubular mor-
phology and open-ended lumen along the nanotubes. The edge of HNTs is clear 
and sharp while the edge of chitosan–HNTs is obscure and blurred (Fig. 3b (b)). 
The SEM image of chitin and chitin–HNTs is shown in Fig.  3c [68]. Both chi-
tin and chitin–HNTs hydrogel display large interconnected pores with pore size 
of 100–200 µm. The average pore size of chitin and chitin–HNTs hybrid hydrogel 
with low HNTs concentration are about 200 µm, while the pore walls are found 
in several micrometers. The hybrid hydrogel exhibits reduced pore size with 
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Fig. 3   A SEM micrographs of freeze–dried chitosan and chitosan–HNTs NC scaffolds with dif-
ferent magnifications: pure chitosan (a–c); CS2N1 (d–f); CS1N1 (g–i); CS1N2 (j–l); and CS1N4 
(m–o). [63] B AFM images of HNTs and chitosan–HNTs (50 wt% HNTs): (a and c) HNTs; (b 
and d) chitosan–HNTs. The samples were prepared by dipping the dilute HNTs and chitosan–
HNTs aqueous dispersions on freshly clean mica, [63] and C SEM photos for freeze–dried chitin 
and chitin–HNTs hybrid hydrogels: a chitin; b CT2N1; c CT1N1; d CT1N2; e CT1N4 [68]
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high HNTs concentration (CT1N4) as a result of the decrease in water volume in 
hydrogel. Kumar et al. reported that β-chitin hydrogel/nanohydroxyapatite (nHAp) 
nanocomposite scaffolds prepared by freeze–drying are porous in nature [69]. 
They have found that the porosity of the scaffolds is decreased with the increase in 
the concentration of nHAp. The nHAp particles intact the polymer chain acting as 
filler and hence cause a reduction in the porosity. In the case of control, the pores 
were arranged uniformly and interconnected with wall.

Fig. 3   (continued)
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5 � Thermal Properties

Thermal stability of nanocomposite is assessed from the weight loss as a func-
tion of time. Novel chitosan–halloysite nanotubes (HNTs) nanocomposites (NC) 
scaffolds were developed by Liu et al. [63]. They have reported that the interac-
tion between HNTs and chitosan can affect the thermal stability of chitosan scaf-
folds. Figure 4 shows the TGA and DTG curves of chitosan and chitosan–HNTs 
nanocomposites scaffolds. Three stages of decomposition of chitosan at around 
70, 163, and 273  °C are observed, which are related to the loss of free water, 
loss of bonded water, and the degradation of the chitosan chains, respectively, 
whereas HNTs show only one peak at 483 °C due to the structural dehydroxyla-
tion of HNTs. Chitosan–HNTs nanocomposites show only two peaks which are 

Fig. 3   (continued)
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assigned to the degradation of chitosan and HNTs, respectively. It is observed 
from the DTG curves that the degradation temperature of chitosan component is 
slightly increased as compared to pure chitosan while the degradation tempera-
ture of HNTs component is slightly decreased as compared to pristine HNTs. The 
degradation temperature of chitosan and HNTs components are 277 and 477  °C 
in composites where weight ratio of chitosan (CS) and HNTs (N) was 1:4. These 
degradation temperatures are 4 °C higher and 6 °C lower than pure chitosan and 
pristine HNTs, respectively. Chitosan–montmorillonite nanocomposites prepared 
through anion exchange method between water-soluble oligomeric chitosan and a 
Na+-montmorillonite shows higher thermal stability than pure chitosan [70]. This 
thermal resistance arises from the electrostatic interaction between chitosan and 
silicate layer. Chitosan–hyaluronan (HYA)/nano-chondrotin sulfate (nCS) com-
posites show lower thermal stability than neat chitosan but high temperature resist-
ance than chitosan–HYA [71]. Marroquin et al. reported the thermal degradation 
of 5  % MWNT/chitosan and 5  % Fe3O4/MWNT/chitosan nanocomposite [72]. 
They observed three major peaks in DTG curves. The first peak around 50–120 °C 
is associated with the evaporation of physically absorbed and strongly hydrogen-
bonded water to chitosan and MWNT. 46 % drop in weight of nanocomposite was 
observed at around 120–400 °C range. This was associated with depolymerization 
of chitosan chains through deacetylation and cleavage of glycosidic linkages via 
dehydration and deamination. The thermal destruction of the pyranose ring pro-
duce formic, acetic, and butyric acids as well as a series of lower fatty acids at 
400–700  °C. Additional third stage degradation suggested at 750–800  °C corre-
sponds to the reduction of Fe3O4 by the reaction with residual carbon. The overall 
higher thermal stability of Fe3O4 containing nanocomposite is due to the incorpo-
ration of these nanoparticles into the chitosan matrix which affects the activation 
energy of the first and major stage of decomposition and also suggests a hindrance 
of depolymerisation of the main chitosan chains through chemical interactions. 
Chitosan membranes reinforced by halloysite nanotubes (HNTs) in the concentra-
tion range of 2–15 (w/w%) have been prepared by solution casting which shows 

Fig. 4   TGA (a) and DTG (b) curves for CS, HNTs, and CS–HNTs NC scaffolds [63]
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a drastic enhancement of thermal stability with increasing HNTs concentration 
in the composite [73]. Enhancement of this thermal stability might be due to two 
main reasons. The char residue of chitosan/HNTs composite may act as a barrier, 
therefore, lead to effective delay in heat transport and hinder the volatile escape 
while help improving the thermal stability. Chitosan/HNTs shows significant ther-
mal stability at higher concentration by adding 15 (w/w%) HNTs into the chitosan 
matrix. Cellulose nanocrystals (CNCs) enhance the thermal resistance of poly 
(vinyl alcohol)/chitosan (PVA/CS) bio-nanocomposites films [74]. PVA/CS/CNCs 
bio-nanocomposite with the 0.5 and 1.0 wt% CNCs show thermal degradation at 
288 and 337  °C, respectively. The interactions between the abundant hydroxyl 
groups of CNCs and the free hydroxyl groups of PVA/CS through hydrogen bond-
ing are key for increasing thermal stability of PVA/CS/CNCs bio-nanocomposite. 
It is observed that a relatively higher concentration of CNCs like 3 and 5  wt% 
show degradation at lower temperature at 322 and 311 °C. The decrease in deg-
radation temperature might be due to heterogeneous size distribution and aggre-
gation of nanocrystals within the polymer matrix. Jayakumar et  al. reported that 
with the incorporation of nano-TiO2 particle into the chitin–chitosan matrix make 
the chitin–chitosan/nano-TiO2 composite scaffolds more thermally stable than the 
control chitin–chitosan scaffolds [75].

6 � Mechanical Properties

Wang et al. have prepared nanocomposite of chitosan with the functionalized mul-
tiwalled carbon nanotubes (MWCNTs) with different wt% of MWCNTs loading 
in chitosan matrix [76]. The MWCNTs were functionalized to increase the car-
boxylic and hydroxyl groups through refluxing in a mixture of concentrated sul-
phuric acid and nitric acid. They have measured the mechanical properties through 
uniaxial extension. The typical stress–strain curves (Fig.  5a) showed that tensile 
modulus and tensile strength of the composite increase about 78 and 94 % with 
0.4  wt% loading of MWCTs filler where as it increased to about 93 and 99  %, 
respectively, with the 0.8 wt% of filler. The increase of mechanical properties of 
chitosan/MWCNTs nanocomposite as compared to those neat chitosan is due to 
(a) the reinforcement effect of finely dispersed high-performance MWCNTs nano-
fillers throughout the chitosan matrix, and, (b) strong interaction of MWCNTs 
with the chitosan through carboxylic and hydroxyl groups of functionalized 
MWCNTs with the amino, primary, and secondary hydroxyl groups of chitosan. 
Yang et  al. prepared chitosan/graphene oxide nanocomposite (CS/GO) [77]. The 
obtained mechanical properties (Fig. 5b) in uniaxial extension indicate that with 
an increase in GO loading from 0 to 1  wt% not only increase the strength but 
also elongation at break than those of pure CS. The crystallinity of the chitosan 
is changed with the addition of GO which is an important factor for the enhance-
ment of tensile properties of the polymers. Casariego et al. showed the higher ten-
sile strength of chitosan–micro/nanoclay (MNC) particle composite films with 
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the increase in chitosan concentration whereas the elongation at break decreases 
[78]. Wang et al. found that hardness and elastic modulus were gradually enhanced 
with increase in clay concentration in chitosan/montmorillonite nanocompos-
ites [66]. To improve the mechanical properties of chitosan films, chitin whisker 
is used as an additive [79]. The tensile strength is sharply increased and elonga-
tion at break has significantly reduced with the addition of chitin whiskers. It is 
observed that tensile strength increases exponentially until it reaches a threshold 
with the increase in whiskers content. Sepiolite (SP) has also been used as rein-
force nanofiller to increase the mechanical strength of chitosan (CS)/poly (vinyl 
alcohol) (PVA) matrix [80]. Tensile strength and tensile modulus were enhanced 
after introducing the SP into the CS/PVA matrix. It is observed that mechanical 
properties increase up to certain limit of nanofiller addition. This behavior can 
be explained by the fact that there exist three-dimensional (3D) network forma-
tions through the hydrogen bonds between SP and PVA, PVA and CS. The ten-
sile strength and elongation at break of nanocomposites decrease simultaneously 
with increasing the SP content. More CS was adhered to the surface of negatively 
charged SP due to the electrostatic attraction with the increment of SP content. 
These phenomena will weaken the interaction between CS and PVA, thus, the 3D 

Fig. 5   a Typical stress–strain curves of neat chitosan and its MWNTs nanocomposite at a cross-
head speed of 5 mm/min, [76] b Stress–strain behaviors for the films of CS/GO nanocomposites 
with different GO loadings [77]. Storage modulus (C) and tan δ (D) versus temperature curves 
for chitosan/HNTs nanocomposite films [83]
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hydrogen bond network destroys partly. Destruction of the three-dimensional net-
work may lead to the decrease of the mechanical properties of the nanocompos-
ite. The chitin hydrogels are relatively weak which resists their application where 
high stress is required. Chitin/halloysite nanotubes (HNTs) hybrid hydrogels 
were prepared with different ration of chitin and HNTs to improve their mechani-
cal property [81]. The Fracture stress of the chitin–HNTs hybrid hydrogels sig-
nificantly increases in comparison to the pure chitin hydrogels. The mechanical 
performance is proportional to the content of HNTs in hybrid hydrogels. It is 
observed that the maximum compressive strength of HNTs hybrid hydrogel is 
~300  % higher than pure chitin hydrogels. The chitin–HNTs hybrid hydrogels 
exhibit a significant increase in mechanical strength as compared to pure chitin 
and chitosan hydrogels due to the reinforcing effect of HNTs in chitin and the 
interfacial interactions. The rheological measurement shows that absolute val-
ues of the shear modulus (G′) for the chitin–HNTs hybrid hydrogels substan-
tially increase with the loading of HNTs especially at high HNTs loadings which 
is in good agreement with the change of compressive mechanical properties. A 
significant synergistic effect of Fe3O4 and MWNT provides enhanced mechani-
cal properties to chitosan. A 5  wt% loading of Fe3O4/MWNT in the nanocom-
posite enhances the tensile strength and tensile modulus [72]. Tensile strength of 
5  % Fe3O4/MWNT/chitosan nanocomposite was 159  % higher than that of chi-
tosan. The elastic modulus of the 5 % Fe3O4/MWNT/chitosan was 179 % higher 
than that of chitosan. Variations in storage modulus (E′) and tan δ of the 5  % 
MWNT/chitosan and 5 % Fe3O4/MWNT/chitosan nanocomposites are significant. 
It was found that the 5 % Fe3O4/MWNT/chitosan nanocomposite had a higher E′ 
than 5  % MWNT/chitosan nanocomposite which suggests that the interactions 
between chitosan, MWNT, and Fe3O4 are strong and allow an efficient load trans-
fer. The glass transition temperature (Tg) of 5 % Fe3O4/MWNT/chitosan is lower 
than 5 % MWNT/chitosan, which are 161 and 166 °C, respectively. Tg has shifted 
to lower region and elastic modulus is higher, such type of behavior of Fe3O4 is 
known as antiplasticizing effect. Silva et al. reported that chitosan membrane with 
5 (w/w%) halloysite nanotubes (HNTs) has the highest strength as compared to 
other concentration [73]. The higher strength of chitosan/HNTs is attributed to the 
interaction of HNTs with the chitosan. The hydroxyl groups on the edge and the 
surface of HNTs can interact with the hydroxyl and amino groups of the glucosa-
mine rings of the chitosan. This interaction is important for facilitating the stress 
transfer (generated in the chitosan matrix) to the HNTs which act as a reinforc-
ing agent. The unique synergistic effect of 2D nanotube (CNT) and 1D clay plate-
let on the reinforcing of chitosan has been demonstrated by Tang et al. [82]. It is 
observed that the increase of tensile strength is saturated at 3 wt% clay for chi-
tosan/clay and 0.4 wt% CNTs for chitosan/CNTs compopsite which may be influ-
enced by the aggregation of the nanofillers at higher content. The tensile strength 
and Young’s modulus of the nanocomposites are significantly improved by about 
171 and 124 %, respectively, as compared with neat chitosan with the incorpora-
tion of 3 wt% clay and 0.4 wt% CNTs. The dynamic modulus and tan δ spectra of 
pure chitosan and chitosan/HNTs nanocomposite films are compared in Fig. 5c, d. 
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[83]. The modulus of the chitosan/HNTs nanocomposite films increase with the 
increase in HNTs content until the loading of HNTs reaches at 7.5 %, due to the 
reinforcing effect of HNTs in chitosan. HNTs are known as inorganic rigid sili-
cate nanotubes with high aspect ratio and hence interfacial reactions taking place 
between HNTs and chitosan, the chitosan/HNTs nanocomposite films show higher 
modulus both in glassy as well as rubbery state. Apart from the increased storage 
modulus, the glass transition temperature of chitosan also increases using HNTs. 
Composites with 10 wt% HNTs show the maximum Tg at 172 °C, which is 12 °C 
higher than that of pure chitosan.

7 � Tissue Engineering

The cell adhesion, spreading, and cytoskeleton organization are the important 
parameters in evaluating the cellular compatibility and suitability of biomaterials 
for a required application. Singh et  al. successfully combined the biocompatible 
nature of chitin with the high electrical conductivity of carbon nanotube to create 
a biocompatible, electrically conducting scaffold permissive for mesenchymal stem 
cell (MSCs) function [84]. They have used multiwall carbon nanotubes (MWNTs) 
coated with carboxymethyl cellulose to prepare composites films with vary-
ing weight fraction of MWCNTs. They have performed MTS assay to determine 
the growth rate and number of MSCs present on the chitin–MWNT films at vari-
ous MWNT concentrations (Fig. 6a). The MSC viability on chitin–MWNT films 
was tested using the live/dead viability assay where green fluorescence indicates 
live cells and red fluorescence shows dead cells as shown in Fig. 6b. The viabil-
ity of MSCs on chitin–MWNT composite scaffolds was checked by using live and 
dead assay upto 14 days. The composite film with 0.07 weight fraction of MWNT 
revealed an increased cell binding capacity. The poor binding of cell of 0.1 weight 
fraction compared to the 0.07 weight fraction is due to increased hydrophobicity 
with higher nanotube concentrations. Peter et  al. developed chitin/bioactive glass 
ceramic nanoparticles (nBGC) composite scaffold macro porous in nature of pore 
size 150–500 µm for tissue engineering applications [85]. Cell culture studies were 
conducted with osteoblast cells like MG-63. Composites scaffold offers suitable 
environment to the cells for attachment to the wall of the scaffold composite. The 
nanocomposite scaffolds are biodegradable and biocompatible and can be used 
for tissue engineering applications. Gaharwar et  al. prepared bio-nanocomposites 
by the addition of chitosan to silicate (laponite) cross-linked poly(ethelene oxide) 
(PEO) for creating improved scaffolds for bone repair [86]. The addition of chi-
tosan retards the release of entrapped model macromolecular drug (albumin) 
from the bio-nanocomposites. The effect is prominent with higher concentration 
of chitosan and the burst release is suppressed and become sustained after 12  h. 
An increase in preosteoblast cells adhesion and spreading was observed with the 
increase in chitosan concentration in chitosan-containing silicate cross-linked PEO 
bio-nanocomposites. Jayakumar et  al. have prepared chitin–chitosan/nano-TiO2 
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composites scaffold for bone tissue engineering [75]. They have shown that the 
cell attachment increases significantly in nanocomposites scaffold as compared to 
control scaffold. Kumar et al. have prepared β-chitin hydrogel/nano-hydroxyapatite 
(nHAp) nanocomposites scaffolds with different concentration of nHAp [69]. They 
have found that more cells were found on the β-chitin composites scaffolds than 
that of β-chitin control scaffolds. Chen et al. have developed a novel chitosan–gold 
(CS–Au) hybrid hydrogel as a delivery system for anticancer drug, doxorubicin 
(DOX) [87]. Encapsulated model drug releases from the hydrogel in a sustained 
manner over 10 days and the drug releasing property is also affected by the external 
pH stimuli which showed its potential application for smart drug delivery. Kumar 
et  al. have produced pectin–chitosan nanocomposites scaffold containing CaCO3 
nanopowder with an intention to use it in biomedical application such as tissue 
engineering and drug delivery [88]. The scaffolds have adequate potential for effi-
cient cell adhesion, proliferation and also proved its potency in site-specific drug 
delivery. Nanocomposites scaffolds of chitin–chitosan with nano-ZrO2 have been 
developed by Jayakumar et al. [89]. The nanocomposite scaffold increased the cell 
attachment significantly as compared to control scaffolds due to large surface area.

8 � Drug Release

The drug release kinetics from nanocarriers depends on various factors such as 
pH, degaradation rate, particle size, and interaction between the drug and the sur-
face of the polymer [90]. Ardeshirzadeh et al. have developed polyethylene oxide 
(PEO)/chitosan (CS)/graphene oxide (GO) electrospun nanofibrous scaffolds for 
controlled release of Doxorubicin (DOX) [91]. The different content of GO (0.1, 
0.2, 0.5, and 0.7 wt%) was used to prepare the scaffolds. They have studied the 
DOX release from GO-DOX and PEO/CS/GO/DOX at a temperature of 37 °C in 
the phosphate buffer solutions (pH = 5.3 and 7.4) and is shown in Fig. 7a. DOX 
releases from GO-DOX and PEO/CS/GO/DOX nanofibers occurred at slower and 
controlled manner at pH 7.4 as compared to the release in acidic condition (pH 
5.3). Hydrogen-bonded interaction between GO and DOX become stable in neutral 
condition which results in controlled release of DOX from GO/DOX and PEO/CS/
GO/DOX. In acidic condition, such type of hydrogen-bonded interaction becomes 
weaker resulting faster release of drug. The diffusion of DOX from interconnected 

Fig.  6   a MTS assay quantifying MSC proliferation on different concentrations of chitin–
MWNT films. The positive control in this case is the tissue culture plate (plastic). A cell count 
below 250 was disregarded from the analysis due to the inherent limitation of the assay. Data are 
given as mean+standard error. b Live and dead viability assay to test the viability of MSCs on 
the chitin–MWNT film scaffolds. Cells were seeded on the scaffolds and were stained with the 
Live/Dead viability stain. Green cells showed the number of live cells and red cells showed dead 
cells due to the excitation of fluorescent dye (calcein AM) at 490 nm. The images were obtained 
after 3 d (left column) and 14 d (right column) of cells seeding [84]


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nanofibrous layer exerted an additional barrier for controlled and prolonged release 
rate. Such type of system could be a promising candidate for controlled and tar-
geted delivery. Chen et al. studied the cumulative doxorubicin (DOX) release from 
chitosan–gold (CS–Au) hybrid hydrogel at 37 °C in PBS solution (Fig. 7b) [87]. 
CS–Au hydrogel shows sustained release profile with 60  % of the loaded DOX 
to the medium within 80 h. No more DOX release was found after that due to the 
stable gel network which retards the diffusion of DOX from the deep gel pores. 
Therefore, they have increased the incubation temperature to destroy the hydrogel 
structure to accelerate the release rate. After 30 h additional incubation at 70  °C 
cumulative release did not exceed 65 %. Chitosan is in the deprotonated state at pH 
7.4 and it is negatively charged while DOX is positively charged. CS and DOX can 
form complex through the strong electrostatic interaction which is responsible for 
incomplete release of DOX from CS–Au hydrogel. A burst release was observed 
when the hydrogel was immersed in PBS with pH 3.0. More than 90 % of loaded 
DOX was released into the medium after 30 h of incubation at pH 3.0 which con-
firmed the electrostatic interaction between CS and DOX. The drug release pro-
file is also influenced by external stimuli, such as temperature and pH. So CS–Au 
hydrogel may be used as a smart drug release system. Kumar et  al. have shown 
the release of Fosamax from the pectin, chitin, and nano-CaCO3 nanocomposite 
scaffolds [88]. Sustained release of drug was observed from the scaffold. Release 
rate can be correlated with the hydrophilic nature of Fosamax which will diffuse 
out in the aqueous medium easily. Nanohydrogel composed of chitosan and mont-
morillonite (MTT) was prepared for drug release behavior following electrostim-
ulation by Liu et  al. [92]. The drug release behavior was strongly influenced by 
the concentration of MTT under an applied voltage. Vitamin B12 displays pseudo-
zero-order release kinetics and the release mechanism shifted from being diffu-
sion-controlled to swelling-controlled mode with a low MMT content (1 wt%) but 
with an MMT content exceeding 1 wt%, both the diffusion exponent ‘n’ and the 

Fig. 7   a The DOX release profiles of GO-DOX and PEO/CS/GO/DOX at pH of 5.4 and 7.3. 
[91]. b Cumulative release of DOX·HCl from CS–Au hydrogel at 37  °C and pH 7.4. Point a: 
increase temperature to 70 °C for 1 h, then reincubate the hydrogel in PBS at 37 °C; Point b: the 
pH value of PBS was changed to 3.0 [87]
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responsiveness to electrical stimulation were decreased. Nivethaa et al. synthesized 
chitosan/gold nanocomposite through simple chemical reduction method for drug 
delivery carrier for 5-fluorouracil [93]. The release of 5-fluorouracil shows two 
phase behavior; one up to 40 h and the next phase is up to 72 h. Slow, sustained, 
and prolonged release was observed in first phase and a sudden burst release was 
observed during the second phase. First phase release fitted well to the zero-order 
release kinetics which refers to the constant release of drug from a drug delivery 
device and the second phase release fitted well to the Higuchi kinetics.

9 � Antimicrobial Activity

Shariatinia et  al. have developed nanocomposite film of chitosan 
(CS)/phosphoramide (Ph)/silver nanoparicles (Ag NPs) containing 1–5  % of 
Ag NPs and investigated their antibacterial activity [94]. They have performed in 
vitro antibacterial activities of chitosan (CS), phosphoramide (Ph), Ag nanoparti-
cle (Ag NPs), nanocomposite films containing 1–5 % Ag NPs and nanocomposite 
films of 1–5 % Ag NPs (as control films without Ph) using four different bacteria: 
two Gram-positive Staphylococcus aureus, Bacillus cereus and two Gram-negative 
Escherichia coli, P. aeruginosa bacteria. The results are summarized in Table  1. 
Tested samples are much more effective against gram-positive bacteria than that 
of gram-negative one because of lack of outer membrane in gram-positive bacte-
ria. Antibacterial effect has increased by increasing the Ag NPs percent from 1 to 
5 % in the CS/Ph/Ag Nps nanocomposite films (Fig. 8) comparing zone of inhibi-
tion (mm). The control films containing 1–5 % Ag NPs showed less antibacterial 

Table  1   The inhibition zone (mm) measured for the antibacterial activities (Mean (n =  3) ± 
standard deviation) [94]

Sample Bacterium type

S. aureus B. cereus E. coli P. aeruginos

Ag NPs 10 ± 0.46 8.8 ± 0.47 7.5 ± 0.50 7.66 ± 0.48

Phosphoramide (Ph) 7.5 ± 0.45 7.2 ± 0.48 6.9 ± 0.48 6.7 ± 0.46

Chitosan (CS) 13.33 ± 0.50 11.66 ± 0.49 9.66 ± 0.49 10.33 ± 0.47

CS+Ph 14.66 ± 0.49 12.66 ± 0.48 10 ± 0.47 11 ± 0.49

CS+AgNPs 1 % 15.50 ± 0.47 13.50 ± 0.50 11.33 ± 0.48 13 ± 0.50

CS+Ag NPs 2 % 15.55 ± 0.48 13.80 ± 0.46 11.50 ± 0.50 13.10 ± 0.48

CS+Ag NPs 3 % 16 ± 0.50 14 ± 0.48 11.66 ± 0.47 13.33 ± 0.49

CS+Ag NPs 4 % 16.33 ± 0.46 14.33 ± 0.49 11.80 ± 0.49 13.50 ± 0.50

CS+AgNPs 5 % 16.66 ± 0.48 14.50 ± 0.50 12 ± 0.48 13.66 ± 0.47

Film 1 16 ± 0.46 14 ± 0.47 11.80 ± 0.50 13.33 ± 0.46

Film 2 16.66 ± 0.47 14.50 ± 0.50 12 ± 0.45 13.50 ± 0.50

Film 3 17.33 ± 0.49 14.80 ± 0.49 12.33 ± 0.48 13.66 ± 0.48

Film 4 17.66 ± 0.48 15 ± 0.48 12.50 ± 0.49 13.70 ± 0.47

Film 5 18.66 ± 0.47 15.66 ± 0.46 12.66 ± 0.48 13.80 ± 0.49
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activities than those nanocomposoites films. Sharma et  al. have prepared silver 
nanocomposite film using chitosan and alginate (1:1) blend and tested their antibac-
terial activity against gram-positive and gram-negative bacteria [95]. The blended 
nanocomposite film showed antibacterial activity against both gram-negative and 
gram-positive bacteria with more inhibition using gram-positive bacteria. Usually 
gram-positive bacteria have less negative charge on its cell wall as compared to 
gram-negative bacteria. The silver nanocomposites have shown overall negative 
charge which will interact more with the gram-positive bacteria as compared to 
higher negative charge containing gram-negative bacteria. Hebeish et al. prepared 
chitosan-grafted-poly acrylonitrile silver nanocomposites (CS-g-PAN/Ag) and per-
formed antibacterial test using E. coli and S. aureus [61]. The growth of the bacte-
ria was significantly affected in CS-g-PAN/Ag nanocomposite than that of PAN and 

Fig. 8   The digital photographs of antibacterial activities of Ag NPs, chitosan (CS), phosphora-
mide (Ph), and CS/Ph film, nanocomposite films 1–5 plus CS/1–5 % Ag Nps against S. aureus 
bacterium [94]
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CS-g-PAN copolymer. Silver nanocomposites of poly(ethylene glycol-di-aldehyde) 
cross-linked chitosan have shown good antibacterial activity toward E. coli [96]. 
Regiel-Futyra et  al. checked antibacterial activity of chitosan–gold nanocompos-
ite where chitosan of different molecular weight and different degree of deacety-
lation was used to prepare nanocomposite [60]. Nanocomposite based on chitosan 
with medium molecular weight with highest gold content had very good antibacte-
rial effect in comparison to chitosan with low and high molecular weight CS-based 
composites. Chitosan/ZnO nanocomposite films exhibit good antibacterial activity 
against gram-positive and gram-negative bacteria [97]. Han et al. have performed 
antibacterial test of pure chitosan and montmorillonite and chitosan–montmorillon-
ite nanocomposites [70]. Interestingly, chitosan–montmorillonite nanocomposites 
show higher antimicrobial activity than pure chitosan. Chitosan itself shows anti-
bacterial activity due its cationic nature. Cationic charge of chitosan is neutralized 
via an electrostatic interaction with anionic silicate layer. Hence, the enhanced anti-
microbial activity of nanocomposites is due to synergic effect because the chitosan 

Fig. 9   Photographs of an in vivo wound healing study. Note the extent of wound closure in the 
wounds treated with chitosan control and CZBs [100]
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molecules are evenly distributed through the inorganic matrix. Nanocomposite 
films of chitosan, starch, glycerin, cyclophosphamide, and Fe3O4 nanoparticles 
have shown good antibacterial activity against gram-positive bacteria as com-
pared to gram-negative one [98]. Wysokowski et al. have shown that β-chitin/ZnO 
nanocomposite scaffolds exhibit good antibacterial activity against gram-positive 
Bacillus subtilis but there is no effect on gram-negative E. coli [99].

10 � Implant Materials

Chitosan nanocomposites are widely used as implant materials. Sudheesh 
Kumar et  al. developed chitosan hydrogel/nano-ZnO nanocomposite bandages 
(CZBs) via the incorporation of ZnO nanoparticle (nZnO) into chitosan hydro-
gel [100]. In vivo study was conducted in Sprague-Dawley (SD) rats to prove the 
enhanced wound healing ability of the prepared CZBs. Figure 9 shows the digi-
tal photographs of an in vivo wound healing study. Chitosan control as well as 
nanocomposites bandages show excellent healing after 1 and 2 weeks, compared 
to Kaltostat and bare wound. Wounds treated with chitosan control and CZBs 
achieved significant closure to ~90  % after 2  weeks as compared to Kaltostat-
treated wound and bare wounds, which showed 70  % closure (Fig.  10a). There 

Fig. 10   a Evaluation of 
the wound area closure 
and b study of the collagen 
deposition area. (In both 
graphs, the star symbols  
represent the p 0.05 level, 
indicating that the means 
are significantly different, 
compared with the control) 
[100]
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was enhanced collagen deposition in the wound healing assisted by the chitosan 
controls and CZBs after 4 weeks. CZBs showed controlled degradation, enhanced 
blood clotting, excellent platelet activation ability, cytocompatibility, and antibac-
terial activity. All these properties indicate that advanced CZBs can be used for 
burn, chronic, and diabetic wound infections. The development of a CS–hyaluro-
nan/nano-chondroitin sulfate ternary composite sponge for medical use has been 
reported by Anisha et al. This nanocomposite sponges with enhanced swelling and 
blood clotting ability were cytocompatible and showed enhanced proliferation of 
human dermal fibroblast cells [101]. Nano-Ag incorporated chitosan films were 
developed which showed faster wound healing in Spraque Dawley rats [102].
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Abstract  Intensive studies have been done to a wide range of natural and synthetic 
polymeric scaffolds which have been done for the use of implantable and temporal 
devices in tissue engineering. Biodegradable and biocompatible scaffolds having 
a highly open porous structure with compatible mechanical strength are needed to 
provide an optimal microenvironment for cell proliferation, migration, differentia-
tion, and guidance for cellular in growth at host tissue. One of the most abundantly 
available biopolymer chitins and its deacetylated derivatives is chitosan which is 
non-toxic and biodegradable. It has potential biomedical applications such as tissue 
engineering scaffolds, wound dressings, separation membranes, antibacterial coat-
ings, stent coatings, and biosensors. Recent literature shows the use of chitin and 
chitosan in electrospinning to produce scaffolds with improved cytocompatibility, 
which could mimic the native extra-cellular matrix (ECM). Similarly, silk from the 
Bombyx mori silkworm, a protein-based natural fiber, having superior machina-
bility, biocompatibility, biodegradation, and bioresorbability, has evolved as an 
important candidate for biomedical porous material. This chapter focuses on recent 
advancements made in chitin, chitosan, and silk fibroin-based electrospun nanofi-
brous scaffolds, emphasizing on tissue engineering for regenerative medicine.

Keywords  Chitin  ·  Chitosan  ·  Silk fibroin  ·  Electrospinning  ·  Nanofibers  ·  
Regenerative medicine

1 � Introduction

The field of regenerative medicine is a ray of hope for those peoples whose condi-
tions are beyond repair. It is known as game-changing area of medicine having 
good potential to heal damaged tissues and organs. However, to generate new 
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tissue or organs, using stem cell needs a supporting network which should func-
tion as structural matrix. Tissue engineering and regenerative medicine mostly 
uses 3D scaffold matrix which mimics the natural extra-cellular matrix (ECM). 
This 3D matrix is used as structural template that supports cell adhesion, migra-
tion, differentiation, and proliferation, and provides guidance for neo-tissue forma-
tion. According to a survey, there is one death reported every 4 min on the streets 
of India, which is the highest number of deaths due to road accidents in whole 
world. Nearly, 5 lakh road accidents were reported in year 2013 in which more 
than 1 lakh people lost their lives. A large chunk of the victims were aged between 
30 and 44 years. Up to the common middle age, human have very good capacity 
to regenerate the new cells. A lot of patients are still waiting for organ transplants 
and their growing demand is at an alarming stage, whereas in contrast, potential 
organ donors are not available. Hence, bioengineers are still working to find out 
high-tech solutions for regenerative medicine.

Due to trauma, accidents, and various infectious diseases, there is an extreme 
shortage of organs. According to a survey, only in U.S. approximately 28,000 
transplants are made every year, whereas 120,000 people stuck on waiting lists. 
Tragically, most of the peoples waiting for organ transplant die before they ever 
get an organ by a suitable donor. It has been estimated that nearly 35 % of total 
deaths in United States could be prevented, or at least significantly delayed, by 
significant organ transplantation. According to WHO, currently organ transplanta-
tion is less than 10  % of the global demand. Considering kidneys alone, nearly 
25,000 peoples died every year due to unavailability of potential donors and 
approximately two million peoples are in wait list in Europe, North America, and 
British Commonwealth. According to National Kidney Foundation India, nearly 
100 peoples per million populations succumb to kidney diseases and approxi-
mately 90,000 kidney transplants are required every year in India and out of them 
10,000 kidney transplants are required in Maharashtra only. It is interesting to 
know that 22.5  % of patients requiring dialysis receive treatment, whereas only 
2.5 % of patients in kidney failure receive transplants. Due to medical, social, and 
financial reasons, only 25 % of willing donors are suitable for donation.

2 � Materials for Regenerative Medicine

The main objective of regenerative medicine is to create therapies either by repair-
ing or replacing the tissues and organs to restore their original functions which 
resulted due to congenital defects, disease, trauma, and aging [1]. The area of 
regenerative medicine is highly interdisciplinary and involves tissue engineering, 
drug delivery, multidisciplinary principles of materials science, medicine, and life 
science to generate tissues and organs of better biological structures and func-
tions. Regenerative therapies aim to restore the functions of damaged or removed 
tissues and organs, and can be classified into three distinct approaches: somatic 
cell therapy (i.e., implantation of (stem) cells triggering the regeneration), tissue 
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engineering (i.e., implantation of tissues grown outside the body), and induced 
endogenous regeneration (i.e., induction of regenerative processes without apply-
ing cells). The aim of regenerative medicine is to design systems with features that 
mimic the natural environment of the cells. Materials play very crucial role in a 
variety of medical applications encompassed by regenerative medicine and tis-
sue engineering [2]. Historically, it is evident that wound healing materials were 
used for thousands of years, but from past few decades, the field of biomaterials 
has evolved greatly [3, 4]. Biocompatibility is one of the most important factors 
in selecting biomaterials for regenerative medicine. Besides biocompatibility, the 
designed material should ideally be inert to the tissue and such behavior could be 
defined by the ability to minimize cell–host interactions. As our understanding of 
biological phenomena and technologies becomes advanced, a new generation of 
biomaterials is emerging sharply, which are bio-instructive rather than passive.

An ideal scaffolding material should be biocompatible, porous with intercon-
nected pores, desired mechanical strength, degradation rate as per required func-
tion, and ability to support cells in three-dimensional way [5, 6]. Food and drug 
administrations have issued a list of natural and synthetic polymers which can 
be used for human health. Biopolymers have attractive options because of their 
similarities with native ECM as well as their chemical and biological properties. 
Ideally, regenerative materials should be highly dynamic and responsive, and their 
physical and chemical properties should program to change over time or upon 
stimulation by cues in the environment. Biomaterials have been widely used in 
regenerative medicine for many applications including rapid expansion of stem 
cells, delivery of therapeutic cells or drugs, or replacement of damaged tissue. The 
process of regeneration involves implantation of cells onto the designed scaffold-
ing materials for regenerating tissue and subsequent deposition of ECM. These 
artificial scaffolds play very important role because they act as an artificial ECM 
and provide a temporary environment for cells to infiltrate, adhere, proliferate, and 
differentiate [7–9]. They provide an initial structural support and retain cells in the 
defective area for cell growth, metabolism, and matrix production; hence, their 
role during the development of engineered tissues is of prime importance [10].

In regenerative medicine applications, natural as well as synthetic both types of 
polymers are used as scaffolding materials. Every material has its own good and 
bad part, i.e., if one has good biocompatibility then fails in mechanical strength 
or interconnected pore forming ability. So for a specific type of cell seeding, it is 
important to optimize every possible parameter according to the need of seeded 
cell for regeneration. At this place, a biomaterial temporarily provides a structural 
function and used as implant. The seeded cells settle on the material and replace 
it over time by functional neo-tissue while the implant degrades. Although syn-
thetic biodegradable materials are the most popular sources utilized in regenera-
tive medicine, they are mostly hydrophobic and showed poor interactions with 
cells and native tissue. Cells are surrounded by numerous ECM molecules that are 
assembled together to form complex 3D network. Interactions of cells with ECM 
are critical in the determination of cell fate processes such as adhesion, prolif-
eration, differentiation, and survival. Therefore, many researchers are engaged to 
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functionalize synthetic biomaterials to make them exhibit one or many of chemi-
cal, physical, biological, or structural properties of ECM that direct desirable cell 
and tissue responses.

2.1 � Synthetic Polymers for Regenerative Medicine

Several types of polymers are used for electrospinning forming nano- to submi-
cron range fibers and used for various applications. Several authors reported elec-
trospinning of various types of polymers such as natural, synthetic, or blend of 
both, including proteins [11, 12], nucleic acids, and polysaccharides [13]. Up to 
now, more than 200 types of polymers, blends, or hybrids of natural and synthetic 
polymers have been electrospun successfully and characterized with respect to 
their respective applications [14]. Synthetic polymers are broadly divided into 
two categories: biodegradable and non-biodegradable. A number of synthetic 
biodegradable polymers have been subjected to electrospinning for providing 
a 3D nanofibrous scaffolds for better cell growth and tissue formation. For the 
purpose of regenerative medicine, poly (α-hydroxy acids) [15], poly (propylene 
fumarate) [16], poly (orthoester) [17], polycarbonate [18], polyurethanes [19, 
20] poly-3-hydroxybutyrate [21], and polyphosphazenes [22] synthetic poly-
mers were fabricated into nanofibrous scaffolds and characterized. Out of these 
synthetic biodegradable polymers, poly (α-hydroxy acids) including poly (lactic 
acid), poly (glycolic acid), and their copolymer poly(lactic acid-co-glycolic acid) 
have approved by FDA for certain regenerative medicine applications [23]. A 
schematic representation for the classification of biodegradable polymers is given 
in Fig. 1.

Biodegradable Polymer

Natural Polymer Synthetic Polymer

Protein based
Polymers

Polysaccharide based
Polymers

Collagen

Gelatin

Fibrin

Fibrinopectin

Chitosan

Starch

Alginate

Hyaluloran

Poly(glycolic acid)

Poly(acrylic acid)
Poly(glycerol sebacate)
Polyurethane
Polyfumerates

Polyhydroxyalkanoates

Polyorthoester

Polypyrrole

Polyphosphazene

Polyanhydrides

Pluronic F-127

Poly(lactic acid)

Fig. 1   Classification of biodegradable polymers
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One of the important applications of biodegradable synthetic polymers includes 
drug delivery systems, resorbable sutures, and orthopedic fixation devices such as 
pins, rods, and screws [24, 25]. As and when these materials are used in vivo or 
in vitro, they starts encountering to protein-rich medium that provides nutritional 
support to cells by material surface [26], whereas non-biodegradable polymers 
viz. PVA, PMMA, and PNIPA are yet to be studied for their functional properties 
used in various applications. Synthetic polymers are used for scaffolding mate-
rials due to their processability, bulk biodegradation chemistry, good mechani-
cal strength, cost effective, compatibility with sterilization techniques, and their 
greater shelf life. The above properties of synthetic scaffolding material do not 
necessarily ensure that the surface properties of the final scaffolds would be opti-
mal for protein and cell interaction, and it is quite possible that the original mate-
rial of synthetic polymers or their degradation products can induce inflammatory 
responses [27].

2.2 � Natural Polymers for Regenerative Medicine

Biopolymers are preferred over synthetically derived polymers for regenerative 
medicine mainly because of their structural similarities with native ECM, chemi-
cal versatility, and typically good biological performance. Biopolymers normally 
exhibit better biocompatibility and low immunogenicity in comparison to syn-
thetic polymers in biomedical applications [28]. The basic cause behind using 
biopolymers for electrospinning method is their inherent capacity for binding cells 
since they carry specific protein sequences, such as RGD (arginine/glycine/aspar-
tic acid) [29]. Recently, proteins mainly from collagen, gelatin, elastin, and silk 
fibroin were used for electrospinning producing nanofibrous scaffolds for tissue 
regeneration [30]. Typical biopolymers which have been used for electrospinning 
purpose include chitin, chitosan, cellulose acetate, casein, collagen, gelatin, silk 
protein, fibrinogen, etc. Scaffolds of biopolymers show better clinical functional-
ity. One of the most important benefits of using biopolymers instead of synthetic 
polymer is that they are structurally similar with the ECM and do not produce 
any chronic inflammation or immunological reactions and toxicity which is 
often detected in case of synthetic polymers. On the other hand, there are some 
limitations also for the use of biopolymers in place of synthetic polymers such 
as undesirable immune response which is observed often due to the presence of 
impurities and endotoxins. It is also notable that the properties of biopolymers 
may also differ from batch-to-batch large-scale production because of inability 
to control the processing parameters. In our present analysis, we are focused to 
polymers of natural origin and their electrospinning for regenerative medicine 
applications.
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3 � Electrospinning

Polymeric nanofibers are produced by various methods such as drawing, self-
assembly, phase separation, template synthesis, and electrospinning [31]. Via elec-
trospinning process, solid continuous and thinner fibers can be generated using 
electric fields [32]. Electrospinning is simpler method than template synthesis and 
self-assembly methods which can be used for different types of materials. Due to 
its unique advantages such as high surface-to-volume ratio, adjustable porosity of 
electrospun fibers, and most importantly the flexibility to electrospun into a variety 
of shapes and sizes, electrospun nanofibers have been widely used in combination 
with different materials [33] for several specific applications such as filtration [34], 
optical and chemical sensors [35], electrode materials [36], and biological scaf-
folding materials [37].

Basic electrospinning setup included three major components: high-voltage 
power supply, spinneret, and grounded plate collector. A polypropylene syringe 
pump is adjusted at the head of grounded plate collector and used for feeding 
polymeric solution at a constant and controllable rate. The polypropylene syringe 
contains a stainless steel needle of different holes as per the need. One electrode 
which is connected from the power supply is connected to the needle also which 
holds the spinning solution. To avoid the charging of polymer solution and elec-
trical shock, an opposite polarity collector is attached to rotating drum collector 
which receives the electrospun nanofibers. A high voltage ranging from 0 to 30 kV 
is applied at the spinneret, and at the same time, flow rate of polymer was adjusted 
according to the needs for final product and then the surface of the fluid droplet 
at spinneret gets electrostatically charged at the tip, and these charged ions move 
in response to the applied electric field toward the electrode of opposite polarity; 
hence, they are collected on a rotating drum collector [38]. In the presence of high 
electric field, polymer solution at the tip of the capillary takes a cone-like projec-
tion and when the applied electrical field reaches a critical value required to over-
come the surface tension of the liquid, a jet of liquid is ejected from the cone tip, 
resulting in fibers of micro- to nanorange [39].

The electrospinning process was first time patented by J.F. Cooley in February 
1902 (U.S. Patent 692,631) and by W.J. Morton in July 1902 (U.S. Patent 
705,691), whereas the first commercialization patent in year 1934 was credited 
to Anton Formhals for the fabrication of textile yarns (U.S. Patent 1,975,504). 
Biomedical applications of electrospun nanofibrous scaffolds are determined by 
their physical as well as biological properties such as biocompatibility, hydro-
philicity, biodegradability, mechanical modulus, strength, and specific cell inter-
actions, which in turn depend largely on the chemical compositions. Polymer 
blendings also known as polyelectrolyte solutions and hybrid solution are two 
most important methods for combining electrospinning solutions to get materi-
als of novel properties. Thus, in our present investigation, we are analyzing the 
material properties of electrospun chitin, chitosan, silk fibroin, and their composite 
materials also.
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3.1 � Electrospinning of Natural Polymers

Synthetic polymers are preferred over biopolymers for electrospinning as they can 
be functionalised easily and they retain their lot-to-lot uniformity even at large-
scale productions. Further, synthetic polymers synthesized in bulk, cost effective, 
and their raw materials are readily available. Synthetic hydrophobic biodegradable 
polymers such as polyesters, polyglycolide (PGA) [40], polylactide (PLA) [41], 
and poly(ε-caprolactone) (PCL) [42] blended or hybrid solutions were subjected 
to electrospinning for the production of electrospun nanofibrous scaffolds which 
are further used for different biomedical applications. Hydrophilic biodegrad-
able polymers, such as polyurethane [43], poly(vinyl alcohol) (PVA) [44], PEO 
[45], polydioxanone [46], and polyphosphazene derivatives [47] blended or hybrid 
solutions were also subjected to electrospinning for the production of electro-
spun nanofibrous scaffolds for biomedical applications, whereas, in comparison 
to synthetic polymers, biopolymers always represent better biocompatibility and 
low immunogenicity, as and when used for biomedical applications. All types of 
naturally occurring polymers—proteins, polysaccharides, DNAs, and lipids—have 
been subjected to electrospinning process and successfully fabricated into electro-
spun fibrous scaffolds for respective applications. In our present investigation, we 
are focused to analyze and find out regenerative medicine applications of chitin, 
chitosan, and silk fibroin nanofibers.

3.2 � Electrospinning of Chitin

Chitin is one of the most available naturally occurring polysaccharides (second to 
cellulose) and produced 1010–1011 tons each year in nature and it is naturally syn-
thesized by a number of living organisms of particular species. Chitin is the major 
structural component of cell walls of fungi and yeast, which is found in exoskel-
eton of arthropods and in nature as ordered microfibrils. Chitin is commercially 
prepared by crab and shrimp shells, which are abundantly present in sea, and after 
used by sea food industries, they are thrown out as waste products. Chitin is not 
soluble in common organic solvents; hence, it is chemically treated to give more 
deacetylated derivative, chitosan [48]. Every year about 300 billion tons of indus-
trial and agricultural wastes are generated, deriving from processing of plant raw 
materials into intermediates or final products [49]. Only 3 % (13 billion tons/year) 
of world plant biomass is used for making goods, while 20 % of 154 billion tons/
year of fishery and crustacean’s processing are transformed into chitin, chitosan, 
and oligosaccharides, producing waste of 30 million/tons [50].

Sutures are probably most used material implants in human body which are 
used in case of trauma, accidents, severe diseases, and scissors made by surgeon, 
and its market is nearly $1.3 billions annually [51]. At the one end, chitin could 
be electrospun into fibers for the use of textile industry [52], whereas it could be 
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prepared in the form of sutures which have remarkable properties for biomedical 
applications [53]. As chitin is insoluble, sutures resist attack in bile urine and pan-
creatic juices, whereas other biopolymers become absorbable sutures [54]. Unlike 
cellulose, chitin also has linear polymeric chain structure and is expected to give 
fiber and film-forming ability similar to those of cellulose [55]. Thus, microfibril 
of chitin with diameters from 2.5 to 2.8 nm in literature shows that chitin can be 
spun into fibers [56].

Chitin biopolymers have plenty of possibilities for chemical and mechanical 
modifications and produce a material with unique properties, functions, and appli-
cations mainly for biomedical applications. Chitin is available naturally in thou-
sands of tons but its utilization limited due to its intractability and insolubility. 
Day-to-day scientists are working to address this drawback and overcome to those 
limitations which restrict the use of chin. The solvent system used for electro-
spinning technique is another big problem due to their corrosive and degradative 
nature. Chitin shows vigorous viscosity with most of the organic solvents which 
limits its use for electrospinning as it forms beads not fibers. Blending is one of 
most important options to overcome the mechanical and spinnability which are the 
major factors limiting use of chitin in electrospinning [57].

Chitin is mostly insoluble in organic solvents, so its applications are limited. 
Chitin is soluble only in specific type of solvents such as N,N-dimethylacetamide 
(DMAC), Lithium chloride (LiCl), Hexafluoroacetone, 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) [58], and saturated calcium solvent [59]. Min et al. performed 
electrospinning of chitin solution using HFIP solvent and found nanofibers of 
nearly 110  nm diameter. Before staring electrospinning process, authors depo-
lymerized chitin by γ-radiation to improve its solubility. As-spun chitin nanofib-
ers had the broad fiber diameter distribution showing that most of them are less 
than 100 nm [60]. Junkasem et al. reported electrospinning of PVA and α-chitin 
whiskers prepared from shells of Penaeus merguiensis shrimps and produces 
nanofibrous mat for tissue engineering applications [61]. This investigation was 
carried out since both PVA had previously been electrospun [62] in water and 
chitin/PVA nanocomposite films containing α-chitin whiskers have also been fab-
ricated in organic solvent system [63]. Chitin/silk fibroin blended solution was 
electrospun in HFIP solvent and the nanofibers were obtained in the range of 920–
340 nm [64]. Shalumon et al. reported electrospinning of water-soluble carboxy-
methyl chitin/PVA blend solution having the concentration of CMC (7  %) with 
PVA (8 %) in different ratios (0–100 %). The electrospun fibers were made water 
insoluble by crosslinking with glutaraldehyde vapors followed by thermal treat-
ment [65].

Chitin is soluble in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and fabri-
cated into nanofibers through self-assembly, microcontact printing, and elec-
trospinning methods [66]. For electrospinning purpose, ionic liquids are known 
as a “green” solvent which can be used to dissolve cellulose, chitin, starch, and 
lignin [67]. Recently, neat chitin nanofibers of high molecular weight were suc-
cessfully electrospun through a one-pot process in 1-ethyl-3-methylimidazolium 
acetate [68]. Various types of physical methods such as mechanical treatment and 
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ultrasonication are also used to produce chitin nanofibers [69–71]. Due to chitin’s 
less solubility in common organic/inorganic solvents, electrospinning of chitin-
based nanofibers is still in developing stage. Here, freeze-drying technique was 
used to prepare nanofibers of chitin (20  nm diameter) size and morphology of 
electrospun nanofiber was tuned by adjusting freeze-drying temperature and heat 
transfer characteristics. It was observed that reducing the freezing temperature 
produces controlled nanostructures ranging from oriented sheets to 3D nanofibers 
of good interconnected pores. Authors assumed that these types of nanofibers with 
well-interconnected pores were formed probably due to slow rate of freeze drying 
which encapsulates and retains the network structure [72].

Single-spinneret electrospinning was used for chitin butyrate-coated nylon-6 
blended solution, and TFAA/H3PO4-mediated O-acylation of chitin with butyric 
acid was used to improve the solubility of chitin for getting nanofibers. The elec-
trospun fiber was characterized by FE-SEM, TEM, FTIR, and morphological 
analyses which revealed that both the polymeric solutions were immiscible in the 
as-spun nanofibers, and it becomes more pronounced when chitin butyrate amount 
increases in blend solution. The cell behavior and cytocompatibility of nanofib-
ers were investigated by incubating in biomimetic-simulated body fluid and results 
were found within the biomaterials range. The bone formation ability of blended 
electrospun fibers was also evaluated and authors concluded that the hydrophilic-
ity, bone formation ability, and cell biocompatibility of nylon-6 nanofibrous scaf-
folds were strongly influenced by the incorporation of chitin butyrate, and hence 
this material can be used for hard tissue engineering [73].

Nanosize fillers such as nanocrystals and nanofibers of chitin are of great 
importance and were added in thermoplastic starch matrix by melt-mixing 
method. Nanocrystals and nanofibers of chitin were incorporated to thermoplastic 
starch-based nano-biocomposites and characterized, compared in terms of mor-
phology, chemical and crystal structure, thermal and mechanical properties, and 
water resistance. Mostly, all starch-based thermoplastics show good thermal stabil-
ity, mechanical properties, and storage modulus than thermoplastic starch matrix 
without fillers. It was assumed that nanosize fillers get dispersed very well in the 
matrix, and hence due to their chemical similarity, they get attached by hydrogen 
bonding interactions. Due to these interactions and dispersion of nanofillers within 
the matrix, they show very good thermal as well as mechanical property but it is 
greatly influenced by the concentration and type of chitin nanosize fillers [74]. 
Morphologically electrospun nanofibrous scaffolds resemble with human native 
extra-cellular matrix [75], and hence these artificial architectures are promising 
material for cell culture and tissue engineering applications. Using electrospin-
ning technique, it is possible to produce complex, seamless, and three-dimensional 
nanofibrous scaffolds that support diverse types of cells to grow into the artificial 
tissues that can be used for regenerative medicine.

Chitin and chitosan have very poor mechanical strength naturally, and there-
fore they could not be used for bone repair and reconstruction but addition of 
biomaterials like hydroxyapatite, bioactive glass ceramic, etc. make them suit-
able candidate for bone regeneration applications [76]. Park et  al. [77] reported 
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electrospinning of chitin/silk fibroin blended solutions using HFIP solvent and 
found fibers in range of diameters of 920–340  nm and used for cell attachment 
and spreading for NHEK and NHEF. Carboxymethyl chitin (CMC)/PVA chains 
were subjected to intercalation into the interlayer of organic rectorite (OREC), 
and this composite solution was electrospun to get nanofibrous mat and results 
revealed that interlayer distance of OREC increased from 3.68 to 4.08 nm. It was 
also observed that the composite solution electrospun nanofibrous mat shows 
greater thermal stability but after intercalation, the crystalline effect was greatly 
reduced. The electrospun material was investigated for its MTT assay and found 
that nanofibrous mats containing OREC show its slightly toxic nature. Mouse lung 
fibroblasts were used for the evaluation of cell cytocompatibility and cell viability, 
and results indicate that the CMC-OREC/PVA nanofibrous mats are biocompat-
ible. Authors concluded that the prepared electrospun nanofibrous materials could 
be used for catalysis, sensors, tissue engineering, food packaging, and antimicro-
bial wound dressing applications [78].

Using ultrasonic irradiation method, a clear and transparent nanofibril solu-
tion was obtained by treating purified squid pen powder in aqueous solution. The 
analysis of nanofibril solution revealed the presence of β-chitin nanofibrils hav-
ing 3–10 nm width and several micrometers in length. Chitin nanofibril suspension 
could be transformed into a durable 3-D hydrogels by simply heating to 180 °C 
for 1–4 h in an autoclave and concluded that since chitin is a biodegradable and 
cytocompatible biopolymer, the chitin hydrogels molded into many shapes and 
prepared directly by elevating hydrothermal temperature without employing any 
chemical cross linkers which should have much potential biomedical applications 
such as for the wound dressing and scaffolds in tissue engineering [79].

A deep eutectic solvent mostly resembles with ionic liquids with special prop-
erties and composed of a mixture which forms a eutectic solvent with a melting 
point much lower than either of the individual components. Most primitive and 
significant eutectic activity was observed with a mixture of choline chloride and 
urea in the molar ratio of 1:2. Here, choline halide (chloride/bromide)–urea and 
choline chloride–thiourea were used as deep eutectic solvents for electrospin-
ning purpose. The electrospinning parameters were optimized mostly concerning 
to concentration of used deep eutectic solvents. The electrospun nanofibers were 
thus compared a couple of imidazolium-based ionic liquids, viz. 1-butyl-3-meth-
ylimidazolium hydrogen sulfate and 1-methylimidazolium hydrogen sulfate and 
with choline-based ionic liquids, choline hydrogen sulfate, and choline acrylate. 
Authors concluded that chitin nanofibers obtained by using deep eutectic solvents 
show greater elasticity than calcium alginate bio-nanocomposite gel beads, and 
hence used the prepared matrix to observe the release profile of anticancer drug 
5-fluorouracil and found that it gives very slow release which may be very benefi-
cial in chemotherapy [80].

The basic aim of any tissue engineer is to fabricate a model scaffolding system 
which could work as native extra-cellular matrix for a seeded cell. In light of this 
view, two scaffolding systems of chitin/silk fibroin nanofibrous scaffolds (blend 
scaffolds and hybrid scaffolds) were suitably designed by either electrospinning 
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or simultaneous electrospinning of chitin/silk fibroin solutions. The average diam-
eter of electrospun nanofiber was found in the range of 340–920  nm, whereas 
pure chitin and silk fibroin show 140 and 1260  nm diameter, respectively. The 
chitin/SF bicomponent scaffolds were after-treated with water vapor, and their 
nanofibrous structures were almost maintained. It was observed that best electro-
spun fibers were found when the ratios of chitin and silk fibroin were taken as 
25 and 75 %, respectively. As chitin and Silk fibroin are immiscible in solutions, 
hence, bimodal-type distribution of fiber diameters was obtained. Water vapor 
treatment was given to electrospun scaffolds because they get stabilized due to sol-
vent-induced crystallization. From the cytocompatibility and cell behavior on the 
chitin/SF blend or hybrid nanofibrous scaffolds, the hybrid matrix with 25 % chi-
tin and 75 % SF as well as the chitin/SF blend nanofibers could be a potential can-
didate for tissue engineering scaffolds. Human epidermal keratinocytes were taken 
for cytocompatibility and cell viability investigation, and it was observed that the 
chitin/silk fibroin electrospun nanofibrous scaffold was found as very prominent 
scaffold system for the attachment and spreading between cells and scaffolds [81].

Degree of deacetylation of chitin and chitosan greatly affects the electro-
spinning process. Chitin and chitosan solutions having different degrees of dea-
cetylation were subjected to electrospinning using spinning solvent HFIP. The 
electrospinning fibers were then deacetylated at 100 °C for 0–150 min with 40 % 
aqueous sodium hydroxide solution. To evaluate the thermal behavior of electro-
spun chitin/chitosan nanofibers, TGA and DSC analyses were performed, and 
results revealed that thermal stability of fibers decreases with increasing the degree 
of deacetylation. Chitin nanofiber decomposes in single step, whereas chitosan 
with degree of deacetylation >50 % represents two-step degradation mechanism. 
It was also observed that activation energy and maximum decomposition temper-
ature of the chitin nanofibers were higher than that of the chitosan, and authors 
assumed that reason behind this is possibly due to the higher thermal stability of 
the N-acetyl glucosamine units. In DSC thermogram, chitosan shows two decom-
position patterns probably one is for amino glucosamine and another one is for 
N-acetyl glucosamine units [82].

Polycaprolactone is biodegradable polyester which has been approved by 
Food and Drug Administration for specific applications in human body. Chitin 
nanofibrils and polycaprolactone were blended and electrospun with 2,2,2-tri-
fluoroethanol solvent. The electrospun nanofiber mat was characterized for their 
physicochemical and biological properties. As concentration of polycaprolactone 
increases in chitin/polycaprolactone blended solution, the mechanical property 
of electrospun nanofibers becomes enhanced. Interestingly, it was observed that 
electrospun nanofibers change their nature from hydrophobic to hydrophilic when 
chitin nanofibril content in blending material becomes more than 25 wt%. On the 
basis of in vitro cell culture results, authors concluded that the chitin nanofibril is a 
potential reinforcing and bioactive filler for PCL [83].

Silver nanoparticles are highly antimicrobial in nature and used in various medi-
cations. Ifuku et al. reported preparation of silver nanoparticle on the surfaces of chi-
tin nanofibers by UV light reduction of silver ions. The mixing ratio of silver nitrate 
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and UV irradiation time greatly affects the synthesis of silver nanoparticles. Chitin 
nanofibril behaves like a substrate to disperse silver nanoparticles stably without any 
coagulation. Due to high fungal activity, chitin nanofibrils could be used for a range 
of commercial applications such as medical, food, and cosmetics [84].

Chitin nanofibrils, also known as nanowhiskers, are the purest crystal form of 
chitin. Chitin nanofibrils have been used in making innovative cosmetics, drug 
delivery systems, and advanced medications [85–87]. Chitin nanofibril-based bio-
medical nanocomposites can be used for drug/gene delivery, for tissue engineer-
ing as scaffolds and cosmetic orthodontics [88], because they are able to support 
the growth of cells inducing tissue regeneration. Best results are obtained when a 
scaffold or non-woven tissue has a proper architecture, which is designed in such 
a way that the cellular response desirable for biological function of specific organs 
is triggered [89].

3.3 � Electrospinning of Chitosan

Chitin is insoluble in most of the solvents; hence, chitosan is preferred over chi-
tin for electrospinning purpose. However, both are biocompatible, biodegradable, 
non-toxic, antimicrobial, and hydrating agents, and are easily processed into gels 
[90, 91] membranes [92, 93], nanofibers [94, 95], beads [96], microparticles [97], 
nanoparticles [98], scaffolds [99], and sponge [100] forms. They have several 
promising applications in the form of thin films and fibers [101–103].

Chitosan is deacetylated derivative of natural biopolymer chitin which is one 
of the most abundant organic materials after cellulose. Unlike cellulose, chitin is a 
linear polymer having analogous structure except the amino group which replaces 
the hydroxyl group present on the C-2 position. The amine groups present on C-2 
position of chitosan backbone provide several unique properties such as solubility 
in acidic aqueous solvents, antifungal, and antimicrobial properties [104]. A sche-
matic illustration is represented in Fig. 2 for the preparation of chitin and chitosan. 
Figure 3 shows method for preparation of silk fibre from silk cocoons.

Chitosan has lots of challenges to electrospinning in its original state, viz. rigid-
ity of d-glucosamine repeating units, its highly crystalline nature, and hydrogen 

Fig. 2   Preparation of chitosan from crustacean cell
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bond forming ability which leads to poor solubility in common organic solvents. 
When polymeric chain segments were exposed to the electrical field, they form 
strong hydrogen bonds within them and prevent free movement of polymeric 
chains which leads to jet break up during the process [105]. Nanofibers of chitosan 
have been prepared by dissolving it in TFA [106] and their mixtures with DCM 
and TCM [107]. Amino group of chitosan at C-2 position forms stable salts with 
TFA, which hinders the intermolecular interactions between chitosan chains and 
facilitate electrospinning [106]. Some authors have reported electrospinning of 
neat chitosan with degrees of deacetylation 5419 in highly concentrated aqueous 
acetic acid solution (80–90 %) [108]. It was also observed that as surface tension 
of the solution decreases by increasing the acetic acid quantity, it helps in the elec-
trospinnability of chitosan solution [109]. However, use of TFA-based solvents is 
not preferred because electrospun nanofibrous membranes are dissolved in neutral 
and weak basic aqueous solvents producing TFA-chitosan salt residues [110].

McKee et al. [111] reported that in order to get defect-free electrospun nanofib-
ers of polymeric solutions, the concentration of the polymer must be at least 2–2.5 
times higher than that of entanglement concentration. However, chitosan solutions 
at these concentrations are often very difficult to electrospun nanofibers because of 
the high viscosity in solution. As it is evident that chitosan is a cationic biopoly-
mer and it also affects the rheology of the solutions, optimization of the chitosan 
solution viscosity is one of the important tasks to electrospun nanofibers success-
fully. The chitosan solution becomes too viscous and fiber-forming ability is hin-
dered at upper threshold of entanglement, and electric field is not strong enough to 
overcome to this situation, whereas below the lower threshold limit, the polymer 
chains do not entangled. Hence, the fiber formation is not possible and polymer 
beads oftenly created. So it can be concluded that the polymer chain entanglement 

Fig. 3   Preparation of Silk fibroin from silk cocoon
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concentration plays a crucial role in electrospinning of polymeric solutions. 
Probably, this is one of the prime reasons that most of the research groups are 
using blended chitosan with other synthetic/biopolymers in an attempt to improve 
the electrospinnability [112]. The importance of polymer blending technology is 
that it is versatile, simple, and cost effective.

Blending of chitosan with other polymeric materials facilitates its processing 
and makes chitosan electrospinnable. The basic property of blending material 
should have excellent fiber-forming characteristics in order to create entangle-
ments and physical bonds with chitosan, and act as a carrier in the electrospinning 
process. Synthetic polymers such as polyethylene oxide (PEO) [113], PVA [114], 
polylactic acid (PLA) [115], nylon-6 [116], polycaprolactone (PCL) [117], and 
proteins such as silk fibroin [118], zein [119], and collagen [120] have been suc-
cessfully blended with chitosan to produce electrospun nanofibers. It was observed 
through research publications that author-to-author quantity of the co-spinning 
agent ranges from 20 to 80 wt% [121].

Pakravan et al. reported electrospinning of defect-free nanofibers of 60–120 nm 
diameter by highly deacetylated (97.5 %) chitosan in 50 % acetic acid at moderate 
temperatures (25–70 °C) in the presence of a low content of polyethylene oxide 
(10 wt% PEO) to beadless nanofibers. Rheological analysis of chitosan and PEO 
solutions was performed in order to explain how PEO improves the electrospin-
nability of chitosan. They assumed that positive charges on the chitosan molecule 
and its chain stiffness are the main limiting factors for electrospinnability of neat 
chitosan as compared to PEO, even though surface tension and viscosity of the 
respective solutions were similar. The authors concluded that the success of chi-
tosan PEO-assisted electrospinning is believed to be the consequence of strong 
hydrogen bonds formed between ether groups in PEO and hydroxyl and amino 
groups in chitosan and speculated that PEO may act as a “carrier” of chitosan in 
the electrospinning process via those physical bonds [122].

A similar study was also performed by Kriegel et al. [123] and reported elec-
trospinning of chitosan and poly(ethylene oxide) at a ratio of 3:1 using aqueous 
acetic acid solvent system. Electrospinning conditions such as flow rate (0.02 ml/
min), applied voltage (20 kV), distance between spinneret and collector (10 cm), 
and temperature (25 °C) were adjusted. Optimum results were obtained only after 
addition of surfactants of different charges at concentrations well above their criti-
cal micellar concentrations. After getting electrospun nanofibers, they were inves-
tigated for the influence of viscosity, conductivity, and surface tension on the 
morphology and physicochemical properties.

Zhang et  al. reported [124] coaxial electrospinning of chitosan/PEO blended 
solution in DMSO solvent system and found that with increase of chitosan content 
in blended soliton, the thickness of shell layer enlarges which vanishes at higher 
temperature (70 °C). In similar way, Desai et al. reported electrospinning of chi-
tosan and poly(ethyleneoxide) blended solutions. Electrospinning of neat chitosan 
is hindered due to its poor solubility in aqueous acids and high degree of inter- and 
intra-chain hydrogen bonding. Electrospun nanofibers of 80 ±  35 nm size with-
out bead defects were obtained using high molecular weight chitosan/PEO in 95:5 
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ratios. Fiber formation was characterized by fiber shape and size, and was found 
to be strongly affected by the polymer molecular weight, blend ratios, polymer 
concentration, choice of solvent, and degree of deacetylation of chitosan. Surface 
morphology of electrospun fiber was revealed by quantifying binding efficiency of 
toxic heavy metal ions like chromium, and they resembled with fiber composition 
and structure [125].

Jia et al. reported the electrospinning of chitosan/PVA blends and observed that 
the average diameter of the electrospun fiber gradually decreases with increasing 
chitosan content ranging from 10 up to 30  %. Beyond this limit, blended mate-
rial could not form nanofibers. In the similar way, morphology and diameter of 
the electrospun fiber were mostly affected by the concentration of solution from 
3 to 9  wt%. Below 3  wt% concentration, only beads are formed whereas grad-
ually increasing the concentration up to 9  wt% produces fine fibers. Above this 
concentration, blended solution becomes too much viscous and electrospinning 
process was hard to maintain [126]. Paipitak et al. [127] prepared nanocomposite 
of PVA/Chitosan in weight ratio of 80:20 in 2 % acetic acid and electrospun to 
get fibers. The concentration of the PVA/Chitosan solution was varied from 3 to 
5 wt% and authors got most suitable fibers of nearly 100 nm at the concentration 
of 5 wt%.

In another study, researchers synthesized the water-soluble N-carboxyethyl chi-
tosan by Michael addition reaction of chitosan and acrylic acid. The synthesized 
water-soluble N-carboxyethyl chitosan was then subjected to electrospinning pro-
cess but failed to get electrospun nanofiber. So blending technology was used to 
get electrospun nanofibrous mat along with two co-spinning agents such as silk 
fibroin and PVA because of its good fiber-forming, biocompatibility, and chemical 
resistance properties [128]. The electrospinning was performed with water which 
is considered as an ideal solvent system and electrospinning was carried out at 
neutral pH. The morphological characterization and crystallization were investi-
gated. Cytotoxicity tests were done to check the biocompatibility of the scaffolds 
in vitro. The results revealed that the prepared composite materials are found bio-
compatible with mouse fibroblast L929, and in blend composite material, nanofib-
ers had smaller diameters and narrower diameter distributions with increasing SF 
nanoparticles content [129].

In similar way, a chitosan derivative, N-[(2-hydroxy-3-trimethylammonium) 
propyl] chitosan chloride (HTCC) blended with PVA in aqueous solution, was 
electrospun and get fibers of average diameter of 200–600 nm. The authors con-
cluded that nanofibers were mainly affected by weight ratio of the blend and 
applied voltage. The results revealed that increasing HTCC content in the blends 
decreases the average fiber diameter. Antimicrobiological evaluation showed that 
the PVA–HTCC mats have a good antibacterial activity against Gram-positive bac-
teria, Staphylococcus aureus, and Gram-negative bacteria, Escherichia coli [130].

Several reports have been published for the fabrication of either neat chitosan 
or chitosan-based blend nanofibers via electrospinning [131–133]. Out of them, a 
very few reports are found which describe the preparation of electrospun nanofib-
ers in aqueous environment that demonstrate structural stability. It is evident by 
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literature that as the fraction of the chitosan component in the nanofiber increases, 
maintaining the nanofiber uniformity and structural integrity becomes increasingly 
difficult. This happens mostly due to the lack of appropriate solvents to prepare 
chitosan solutions that are used for electrospinning process. Acetic acid is most 
versatile solvent used for the preparation of chitosan solution. However, it can 
dissolve a very small amount of chitosan (depending upon degree of deacetyla-
tion), which does not provide a sufficient viscosity or polymer chain entanglement 
required for electrospinning [134]. Chitosan forms very viscous solution which 
cannot be electrospun; hence, a significant fraction of a non-ionic polymer, such as 
polyethylene glycol or polyethylene oxide, is required to render the solution elec-
trospinnable by decreasing the solution viscosity.

Trifluoroacetic acid is another solvent used for electrospinning of chitosan to 
yield a relatively high output but it produces nanofibers of relatively inferior mor-
phology such as non-uniformity, beaded fibers and interconnectivity, and embed-
ded ammonium salt residue that dissolves upon exposure to aqueous media. To 
stabilize chitosan electrospun nanofibers, several stabilizer/neutralization agents of 
a base or basic salt solution [135], or chemical crosslinking agents [136] are used. 
The alkali treatment hydrolyzes chitosan chains and so decreases its molecular 
weight. The neutralization of chitosan nanofibers in aqueous media usually results 
in severe fiber contraction leading to partial or even complete loss of the nanofea-
tures. Chemical crosslinking also raises concerns of the potential toxicity of the 
crosslinking agents.

Cooper et  al. reported electrospinning of chitosan derivative nanofibers with 
structural stability in an aqueous environment. For their study, they used lactic 
acid-modified chitosan as a substrate material. The resulting chitosan salt was dis-
solved in TFA and methylene chloride for electrospinning. The rationale behind 
the use of lactic acid-modified chitosan for electrospinning was that lactic acid is 
an organic acid commonly present in the human body, and chitosan lactate salt has 
been demonstrated to be biocompatible and biodegradable in drug and gene deliv-
ery systems [137].

Geng et  al. reported electrospinning of chitosan dissolved in concentrated 
acetic acid solution in which authors tried to optimize the effect of acetic acid 
concentration, chitosan concentration and molecular weight, electric field and 
concluded that acetic acid concentration is one of the most important parameters 
which decreases surface tension of the chitosan solution and at the same time 
increases charge density of jet without significant effect on viscosity. The mor-
phology of electrospun fiber was also changed from beaded fiber to uniform fiber 
with increasing acetic acid concentration, implying significant influence of the 
concentrated acetic acid on reducing the applied field required for electrospinning. 
Decreasing the acetic acid concentration in the solvent increases the mean diam-
eter of the nanofibers. The best electrospun fiber was obtained with chitosan solu-
tion of a molecular weight of 106,000  g/mol at 7  % concentration, dissolved in 
90 % aqueous acetic acid solution at electric field higher than 3 kV/cm but lower 
than 5 kV/cm [138].
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Different chitosan derivatives have also been successfully electrospun into fib-
ers. Hexanoyl derivative of chitosan solution was electrospun with chloroform sol-
vent system. The concentration of prepared spinning solutions ranging between 4 
and 14 % w/v produces electrospun fibers of ribbonlike structure having average 
diameters of 0.64–3.93 µm. With increasing hexanoyl chitosan concentration, the 
average fiber diameter was found to increase, while the bead density was found 
to decrease. An increase in the applied electrical potential was responsible for 
increasing the average diameter of the as-spun fibers. An organic salt of pyridin-
ium formate was used as alkali stabilizer to increase the conductivity of the spin-
ning solution, which increases the average diameter and a general decrease in the 
bead density of the resulting fibers [139].

For electrospinning purpose, both natural and synthetic types of polymers are 
used as co-spinning agents. Here, bioblends of zein/chitosan solution was electro-
spun to get fibers of highly antimicrobial activity which further can be used for 
various applications such as food packaging material and in pharmaceutical and 
biomedical applications. However, in case of bioblends, a relatively low amount 
of chitosan was able to provide an efficient biocide effect. Controlled release of 
protonated glucosamine units and of entrapped TFA can thus be used to provide 
antimicrobial properties to zein ultrathin fiber-based structures. Because both the 
blending materials are biomaterials, hence, they could therefore be of great inter-
est [140].

In an attempt, chitosan was blended with polyamide-6 and electrospun to get 
fibers which shows high degree of electrical conductivity. The blend for electro-
spinning was prepared by dissolving polyamide-6 pellets and chitosan powder in 
85 % formic acid. Before spinning, 18 wt% of polyamide-6 with varying concen-
trations of chitosan (0, 1, 1.5, and 2 wt%) was used to get electrospun nanofiber 
mats. Blended polymer solution was taken into a 5-ml plastic syringe equipped 
with a polystyrene microtip (0.3 mm inner diameter and 10 mm length), which 
was subjected to a high-voltage power supply of about 22  kV. The distance 
between microtip and rotating drum collector was kept at 15  cm. The electro-
spinning of prepared blended solution produced nanofibers with diameters of 
nearly 20–40 nm. The electrical conductivity of blended solution increased with 
increasing chitosan content which was attributed to the formation of ultra-fine 
nanofibers [141].

The chitosan derivative, quaternized chitosan, exhibits broader range of anti-
microbial and antimycotic activity as compared to chitosan. Hence, Ignatova et al. 
prepared nanofibers of polylactide-based materials loaded with a natural poly-
phenolic compound gossypol which is well known for its antitumor properties. 
After preparation of electrospun fibrous mats of blended material, it was coated 
with a thin film of crosslinked quaternized chitosan. The in vitro release of gos-
sypol depends upon the mat composition and is of diffusion controlled in nature. 
The electrospun nanofibers exhibit high degree of cytotoxicity toward HeLa tumor 
cells and strong antiproliferative effect mainly due to the induction of cell apopto-
sis [142].
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A new solvent system of formic acid and acetone mixture was used for elec-
trospinning of chitosan and poly(Ɛ-caprolactone). The concentration of chitosan 
solution was varied from 0.5 to 2 % by fixing poly(Ɛ-caprolactone) (PCL) concen-
tration at 6 %. Chitosan (1 %) was again blended with 4–10 % PCL to get smooth 
nanofibers. The mixing composition was taken in the ratio of 1:3, 1:1, and 3:1 of 
chitosan and PCL. Lower concentrations of PCL produce beaded fibers, whereas 
8 and 10  % of PCL in lower compositions of chitosan resulted in fine nanofib-
ers. Viscosity and conductivity measurements revealed the optimum values for the 
spinnability (1 % CS and 8 % PCL) in 1:3 compositions produced fine nanofibers 
of 102 ± 24 nm in diameter. The prepared electrospun nanofibrous scaffold could 
be used as an excellent matrix for biomedical applications [143].

Quaternized derivative of chitosan and aqueous solution of poly(vinyl pyrro-
lidone) blend was subjected to electrospinning to get continuous defect-free fib-
ers, and it was observed that on increasing the polyelectrolyte content, the average 
fiber diameter significantly decreases from 2800 to 1500 nm. In order to impart 
stability of electrospun fibers to water and water vapor, the fibers were crosslinked 
by a photo-crosslinking additive before spinning and subsequently UV irradiation 
to the electrospun fibers which shows high degree of antibacterial activity against 
S. aureus and E. coli [144].

3.4 � Electrospinning of Silk Fibroin

Compared with other fiber fabrication techniques, electrospinning is most versa-
tile method for preparation of continuous ultra-fine fibers in the range of micro- to 
nanometer range with the help of electrical forces. Besides traditional two-dimen-
sional nanofibrous structures, electrospinning is powerful technique in fabrication 
of three-dimensional fibrous macrostructures, especially for tissue engineering and 
regenerative medicine applications [145].

Among various natural polymers [146], chitosan is one of the most promising 
biopolymers for antibacterial drug delivery [147] and cartilage regeneration [148]. 
One of the major concerns with chitosan limiting its use for regenerative medi-
cine is poor mechanical strength, swelling property, and biodegradability in aque-
ous solution [149] which can be overcome to an extent by combining it with other 
natural or synthetic polymers. In recent years, considerable attention has been 
focused into materials for steered stem cell regeneration and drug-release kinetics. 
To obtain this goal, blending of silk fibroin is one of the most prominent choices. 
Silk has bouquet of unique properties like low immunogenicity [150], slow degra-
dation rates [151], and impressive mechanical properties. After blending with chi-
tosan, silk further gets ameliorated, showing increase in its mechanical strength 
with palpable effect on reduction of degradation rate [152], and thus controlling 
the drug-release kinetics [153]. A diagrammatic representation for the preparation 
of regenerated silk fibers is shown in Fig. 2.
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Silk is very well known in the textile industry for its luster and mechanical 
properties. It is produced by cultured silkworms and is a fibrous protein synthe-
sized in specialized epithelial cells that line glands in the class of Arachnida and 
in several worms of the Lepidoptera larvae such as silkworms, spiders, scorpions, 
mites, and flies. Silk fibroin polymers contain protein series and are responsible 
for cocoon and web formation, nest building, etc. As they have mostly β-sheet 
structures consisting of short side-chain amino acids in the primary sequence, 
they permit tight packing of piled sheets of hydrogen bonded anti-parallel protein 
chains. Because of both large hydrophobic and smaller hydrophilic areas, they 
allow to promote the assembly of silk which is very good in strength and resil-
iency. In the literature, there are several researches on B. mori to study the proper-
ties of these silk proteins for biomaterial purposes. Silk fibers from B. mori are 
generally 10–20 µm in thickness, and each fiber is in fact duplet of two individ-
ual fibers. Each of these fibers has its own silk coating (sericin) and an inner core 
(fibroin) [154].

Silk is an ancient and the only natural filament fiber which is used for thou-
sands of years and for the year 2011, China (126 ktons), India (20.4 ktons), Viet 
Nam (7.05  ktons), Romania (2.1  ktons), Thailand (1.6  ktons), and Uzbekistan 
(1.2 ktons) are the six major silk producers in the world [155]. Silk is a fine, strong 
continuous fibroin filament produced by the larva of certain insects especially the 
cultured silkworms constructing their cocoons. Raw silk fiber has natural impuri-
ties such as wax, carbohydrates, inorganic matter, and pigment less than 3 wt% of 
a fiber. In a composition of a silk fiber, fibroin content is about 70–80 % and the 
content of sericin, which is silk gum and usually removed in processing, is about 
20–30 % [156].

There are two main types of silk fiber, cultivated and wild; they differ in diam-
eter, cross-sectional shape, and in fine structure. Its length is about 300–600  m 
[157]. Because of its beauty, handling, and high cost, silk is also known as 
a luxury fiber, and hence it remains its use both in various textiles, i.e., fabrics, 
underwear, socks, and leggings, and has a great place for the fashion designers’ 
collection. But more recently, silk has started to fascinate nanotechnologists in 
their studies which consist of fibroin [158] in biomaterial applications. Before dis-
cussing some of these studies and their applications which are mentioned in the 
following sections, here is a method discussed on processing for silk fibroin.

As it is already mentioned that silk fibroin (SF) is a natural protein fiber and it 
has been investigated thoroughly for biomaterial applications. Briefly, silk process 
involves the selection of a proper silk source, e.g., B. mori or a wild silk, silk deg-
umming to isolate sericin from fibroin fibers, fibroin dissolution, and fabrication of 
new structures with different protein conformations and different matrices starting 
from regenerated fibroin water solution.

SF fibers are about 10–25  µm in diameter, and a single cocoon may provide 
over 1000 m of SF fibers when subjected to a degumming process either in boil-
ing water or alkaline solutions [159]. Dissolution can be performed between 40 
and 65 °C by preparing from a regenerated protein obtained by the dissolution of 
natural fibers. Natural silk fibers can be dissolved in concentrated aqueous organic 
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solutions of salts as NH4OH, Ca(NO3)2, or in concentrated aqueous solutions of 
acids, i.e., phosphoric, sulfuric, etc. [160]. Removal of the solvent is achieved by 
dialyzing the solution against distilled water for 3–4 days. Solvent with a lower 
boiling point such as formic acid was seen to be effective in dissolving SF and to 
obtain a suitable fibroin solution for the electrospinning process (see in Sect. 2.1 
of processing).

SF fibers are biocompatible, biodegradable, and highly crystalline, with a 
highly organized β-sheet structure. They present high resistance to tension, good 
elasticity, and resilience [161]. The studies on the silk fibroin from silkworm 
cocoons were first reported in 1994. A hexafluoroisopropanol solvent is used and 
nanoscaled fibers can be produced by the electrospinning process. This process 
is similar to the spinning process of a silkworm where the polymer solution is 
subjected to a high electric field and this field overcomes the surface tension so 
that polymer ejects, stretches, and deposits a kind of non-woven mat. Therefore, 
with this technique, the polymer fibers of micrometers produce fibers in nanom-
eter scales. Electrospun fibers have a high specific surface area and high porosity 
which is good for cell attachment and good biocompatibility. Fibroin concentra-
tion and pH of the solution have also significant role in the morphology of the SF 
nanofibers, i.e., diameter and shape [162]. It is as well to be noted that electrospun 
SF fibers require a post-treatment with organic solutions, for example, methanol or 
ethanol, to change the random coil conformation to β-sheet which is more stable 
and insoluble in water. Early researchers in silk fibroin were faced some difficul-
ties with the polymer solubilization during the electrospinning processing. Some 
[163] have produced different blends of silk fibroin nanofibers, which are 800–
1000  nm in diameter, and polyethylene oxide (PEO) in hexafluoroisopropanol; 
they have studied the structural properties of these fibers with FTIR spectroscopy.

Aligned nanofibrous scaffold of chitosan/silk fibroin blended solution was pre-
pared by electrospinning technique and was investigated for growth and osteo-
genic differentiation of human bone marrow mesenchymal stem cells (hMSCs). 
The authors evaluated morphological as well as physicochemical properties of 
prepared nanofibrous scaffolds. The effect of chitosan and silk fibroin on cell 
proliferation was assessed by the MTS assay, whereas osteogenic differentiation 
was investigated through Alizarin Red staining, alkaline phosphatase activity, and 
expression of osteogenic marker genes. It was observed that osteogenic differ-
entiation and proliferation of hMSCs were enhanced by chitosan and silk fibroin 
nanofibers, respectively. It was observed that blending of chitosan with silk fibroin 
retained the osteogenesis nature of chitosan without negatively influencing the cell 
proliferative effect of silk fibroin [164].

Two different species of silk viz. eri and tasar was blended in the ratio of 70:30 
and the solution was subjected to electrospinning and got nanoscale scaffolds. 
The electrospun nanoscale scaffolds showed better hydrophilicity and mechanical 
strength in comparison to B. Mori. The hMSCs showed enhanced attachments and 
better proliferation which ensures retention of biological superiority even after the 
fabrication of fibers. The prepared scaffold shows good number of cell adhesion 
and higher metabolic activity. The authors concluded that on the basis of result 
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findings, electrospun scaffolds have better surface and cell supportive property so 
it could be applicable for bone tissue engineering [165].

Silk fibroin solution was electrospun in a mixture of formic acid and calcium 
chloride using needleless electrospinning method. The calcium chloride works 
as a stabilizer for electrospun nanofibers and its concentration plays an important 
role in spinnability and diameter of the obtained fibers. As concentration of Cacl2 
increases, the fiber diameter ranges from 200 to 2300 nm. Authors concluded that 
the most suitable concentration of calcium chloride for improved solubility of silk 
fibroin in formic acid is of 2–3 wt% and get best results [166].

Electrospun nanofibrous scaffolds play very important role in regenerative 
medicine but due to small pore size, their potential use is restricted. To overcome 
this disadvantage, scaffold matrix could be significantly enhanced by combining 
two or more nano- and microfibrous structures. To achieve the target, hybrid elec-
trospinning, combining solution electrospinning with melt electrospinning, could 
be of great importance. Authors prepared silk fibroin/poly(ε-caprolactone) blended 
nano-/microfibrous composite scaffolds and their morphological as well as phys-
icochemical characterizations were done. Cell proliferation, cell viability, and 
infiltration ability were performed on hMSCs and results were found to closely 
associate with the nanofiber content in the composite scaffolds [167].

Kang et al. [168] reported an electrospinning method for B. mori fibroin solu-
tion producing silk non-woven membranes consisting of nanofibers of diameter 
460 ± 40 nm, and these membranes along with nanofibers were again subjected to 
the aqueous solution of multi-walled carbon nanotubes (MWCNTs) which adsorb 
on their surface enhancing its electrically conducting property. Triton X-100 was 
used as the surfactant, and electrospun silk fibroin membranes were dipped into 
aqueous solution of MWCNT dispersion bath for 60 s and then rinsed by deion-
ized water and then dried under vacuum oven. The electrical conductivity of the 
electrospun membranes was measured by a four-probe method using a picome-
ter with an internal voltage source (487, Keithley, USA) and an impedance ana-
lyzer (4284 A, HP, USA). The adsorbed MWCNTs on the surface of silk fibroin 
nanofibrous membranes show a large increase in their electrical conductivity 
(from ∼10−15 to ∼10−4  S  cm−1) with electrical conductivity of 2.4 ×  10−4 S/
cm. Authors observed strong interaction between the MWCNTs and electrospun 
nanofibers and cannot be separated even after ultrasonication. This unique method 
could also be used for those fibers and membranes which are nonconducting in 
nature, and their electrical conductivity can be enhanced significantly and this 
method could explore a new era in the development of new materials, such as elec-
tromagnetic interference shielding or electrostatic dissipation membranes.

The composite materials of water-soluble N-carboxyethyl chitosan/PVA/silk 
fibroin were successfully electrospun by electrospinning method. The common 
organic solvents or organic acid solvents used for silk electrospinning include 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), trifluoroacetic acid, dichlorometh-
ane, and formic acid. When these electrospun fibers are applied to wounded 
human skin or tissue, the traces of solvents or acids present in electrospun prod-
ucts show harmful effects. Due to this reason, water-soluble N-carboxyethyl 
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chitosan/PVA/silk fibroin blended material was electrospun with aqueous solvent 
system. Authors found that when CECS/PVA was taken in 40/60 ratio, smooth 
and homogeneous fibers were obtained and to this electrospun fibrous mat, 0–8 % 
silk fibroin nanoparticle was added resulting in the average diameter of the blend 
nanofibers gradually decreased from 643 to 126  nm. The in vitro cytotoxicity 
assessment of blended electrospun CECS/PVA/SF nanofiber mats with mouse 
fibroblasts (L929) showed good biocompatibility and could be used as wound 
dressing material [169].

The regenerated silk fibroin was electrospun with formic acid solvent to pro-
duce nanofiber non-wovens for cell culture of normal human keratinocytes and 
fibroblasts. To investigate insolubilization of as-spun silk fibroin nanofiber, 
non-wovens were chemically treated with aqueous solution of 50  % methanol. 
Morphological and physic-chemical properties of as-spun and chemically treated 
SF nanofibers were also investigated and revealed that nanofibers exhibited an 
average diameter of 80 nm and their diameters ranged from 30 to 120 nm. After 
treatment with 50 % methanol, the porosity of non-wovens nanofibers decreased 
from 76.1 % up to 68.1 %. Cytocompatibility and cell behavior onto the electro-
spun SF nanofibers, cell attachment and spreading of normal human keratinocytes, 
and fibroblasts seeded on the SF nanofibers and interaction between cells and SF 
nanofibers were studied. Our results indicate that the SF nanofibers may be a good 
candidate for the biomedical applications, such as wound dressing and scaffolds 
for tissue engineering [170].

Paşcu et  al. reported electrospinning of polyhydroxybutyrate-co-(3-hydroxy-
valerate) with 2  % valerate fraction (PHBV), nanohydroxyapatite (nHAp), and 
B. mori silk fibroin and investigated by SEM/EDX, FTIR, uniaxial tensile and 
compressive mechanical testing, degradation tests, and in vitro bioactivity tests. 
Results showed that smooth, uniform, and continuous fibers were obtained with-
out any bead formation having fiber diameter of 10–15 μm. To investigate biodeg-
radation of electrospun fibers, it was subjected to deionised water for one month 
and results showed less than 2 % weight loss and retaining their fibrous morphol-
ogy which confirms slow biodegradability of matrix. To check the bioactivity of 
electrospun matrix, it was immersed in simulated body fluid and results reveal 
that after 28 days of immersion, an apatite layer was visible on the surface of the 
fibers, which confirms bioactivity of the electrospun matrix. Cell cytotoxicity 
was found within the range of biomaterials. Tensile strength of electrospun fiber 
increases with increase in nHAP and silk fibroin concentration [171].

In United States, Food and Drug Administration issued a list of natural poly-
mers such as collagen, silk fibroin, chitosan, and synthetic biopolymers such as 
polylactic acid, polycaprolactone, polyglycolic acid, and their copolymers for 
regenerative applications. Here, eri silk fibroin (ESF) and hydroxyapatite (Hap) 
blended electrospun nanofibrous mat were formed and soaked in calcium chloride 
and then in sodium diammonium phosphate solution to get scaffold. The average 
tensile strength and water uptake in water as well as phosphate buffer saline of 
the pure ESF and hydroxyapatite-coated ESF scaffold (ESF-Hap) were found to 
be 1.84 and 0.378 MPa and 69 and 340 %, respectively. The hemolysis assay and 
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cytocompatibility studies for both the scaffolds show good blood compatibility 
and cytocompatibility. Cell attachment and growth on the scaffold were performed 
on hMSCs, and authors concluded that the ESF-Hap scaffold is better suited for 
cell growth than the pure ESF scaffold [172].

Silk fibroin/cellulose acetate blended solution was electrospun into nanofib-
ers using 98  % formic acid as a spinning solvent, and electrospun nanofibers 
were investigated by SEM, FTIR, XRD, and DSC. The spinnability of silk fibroin 
solution was remarkably improved by blending it with cellulose acetate solution 
(<10 %), and SEM image analysis revealed that without cellulose acetate addition, 
fine and uniform fibers were in the diameter range of 50–300 nm, whereas blend-
ing of silk fibroin solution by 10 % (by weight) cellulose acetate shows excellent 
spinnability and found nanofibers without any bead formation with average diam-
eter of 142.1 nm. However, blending with more than 30 % (by weight) of cellulose 
acetate, the spinning process was seriously deteriorated producing discontinuous 
and tacky fibers with beads and dendritic structures. It was also observed that the 
thermal and mechanical properties were improved by the addition of cellulose ace-
tate up to 10 % [173].

Electrospinning technique was used to produce nanofibrous scaffolds of silk 
fibroin/hydroxybutyl chitosan (HBC) blended solution using 1,1,1,3,3,3-hex-
afluoro-2-propanol and trifluoroacetic acid solvents to biomimic the native ECM. 
SEM analysis clearly indicates that the average diameter increases as the content 
of HBC was raised from 20 to 100  %. Water contact angle measurements con-
firmed that blended nanofibrous scaffolds have good hydrophilicity and the ten-
sile strength and elongation-at-break were improved when the weight ratio of silk 
fibroin and HBC reached 20:80. Here, genipin vapor was used for induced con-
formation of silk fibroin to convert from random coil to β-sheet structure and it 
also act as a crosslinking agent for both the solutions. Cell viability results showed 
good cellular compatibility [174].

Air-impedance electrospinning was used to fabricate poly (l-lactic acid-co-Ɛ-
caprolactone) P(LLA-CL)/silk fibroin blended solution using perforated mandrel 
subjected to various intraluminal air pressures (0–300 kPa) and solid mandrel. A 
mechanical property as well as in vitro cellular infiltration of scaffolds was evalu-
ated. Smooth muscle cells (SMCs) were seeded to vascular scaffolds for the eval-
uation of cellular infiltration at 1, 7, and 14  days. The result of the output was 
analyzed and found that air-impedance scaffolds allowed significantly more cell 
infiltration in comparison to the scaffolds fabricated with solid mandrel. It was 
also observed that both electrospinning models determined the interfiber distance 
and the alignment of fibers in the greater porosity regions which directly influ-
ences cell infiltration. Hence, it can be concluded that air-impedance electrospun 
scaffolds could be a choice of material for various biomedical applications [175].

Neat silk fibroin does not represent any strong adhesion site, so it was assumed 
that coating or blending it with any biodegradable polymer could enhance its bio-
compatibility toward regenerative medicine applications. Hence, collagen type 
I was selected for this purpose which also mimic the native extra-cellular matrix 
of most of the species. Silk fibroin and collagen were taken in equal amount 7 % 
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and blended the solutions at ratios of 100:0 (pure SF), 95:5, 90:10, and 85:15 (SF: 
collagen, v/v) before electrospinning. Morphological and physicochemical investi-
gations were performed to characterize the electrospun scaffolds. It was observed 
that the blending of silk fibroin with collagen decreases porosity. Mammary epi-
thelial cell MCF10A was investigated for its related biological studies such as 
adhesion, viability, and infiltration onto blended or coated silk fibroin/collagen 
scaffolds, and results revealed that the coated or blended materials showed sig-
nificantly better cell adhesion, viability, and infiltration. On the basis of results, 
it could be concluded that the silk fibroin/collagen scaffold may serve as better 
matrix for tissue regeneration applications [176].

4 � Chitin, Chitosan, and Silk Fibroin-Based Nanofibers: 
Applications in Regenerative Medicine

The preparation of an efficient extra-cellular matrix analog which is similar to 
native one is a tough challenge for bioengineers up to now. A cell competent ECM 
must not only imitate the architecture and compositional properties of the natural 
ECM, but it should also have the ability to connect with cells in 3D environment 
and promote communication between them [177]. Electrospinning technique is 
used for the fabrication of polymeric nanofiber non-woven materials which show 
extremely high surface-to-mass/volume ratio and excellent pore-interconnected 
porous scaffolding material. Electrospun nanofibrous mats are considered as one 
of the most promising scaffolds for cells which offer an artificial environment that 
mimics the native ECM, and electrospinning technique is relatively new for prepa-
ration of fibers and is capable of producing scaffolds as per the needs of the tissues 
to be repaired [178].

There are some specific needs for a cell to regenerate on electrospun fibrous 
scaffolds. One of the main drawbacks with polymers electrospun into scaffolds is 
that they do not have any specific group which could promote communication with 
the cells. Therefore, sometimes biomolecules are incorporated into electrospun 
nanofibrous scaffolds which could now work as biofunctional scaffold and deter-
mine the efficiency of fibers for the regeneration of new tissues [179]. As scaf-
folding material needs sufficient amount of water for the regeneration of cells, it 
should also be kept in mind that the electrospun matrix should be hydrophilic. To 
overcome this problem, electrospun fibers are subjected to functionalization such 
as plasma, UV, γ-radiation, acid or basic solutions treatment, and high-tempera-
ture treatments but they can damage the original structure of the fibers, whereas 
polymer blending is one of the mostly used techniques nowadays in which a 
hydrophilic biodegradable polymer attached by adsorption or covalently bonded to 
electrospun fibers [180].

It is evident from literature that neither silk fibroin nor chitin and chitosan in 
their neat solutions could be electrospun in nanofibrous mats which mimic the 
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extra-cellular matrix. Hence, polymers approved by FDA could be blended with 
chitin, chitosan, and silk fibroin and after optimizing different electrospinning 
parameters such as concentration of amount of blending materials, viscosity, 
applied voltage, flow of blended solution by syringe, distance between collec-
tor and syringe, rotary speed of drum collector, etc. After successful spinning of 
blended solution, they could be further functionalized as per the needs.

If we talk about broad area of application of the electrospun fibers, they could 
be used for filtrations, affinity membranes and recovery of metal ions, tissue engi-
neering scaffolds, wound healing, release control, catalyst and enzyme carriers, 
sensors, and energy storage applications [181]. But in our present analysis, we are 
focused on applications of nanofibrous materials used for regenerative medicine 
only. For regenerative medicine, only biocompatible and biodegradable polymers 
are used. The selection of scaffolding material is based on the properties of the 
tissue to be regenerated, as well as its time of regeneration. Synthetic polymers 
used for regenerative medicine include polyesters [182], such as poly(lactide), 
poly(glycolyde), and poly(caprolactone). But sometimes as per the need for regen-
eration of cells, two or more polymers are used simultaneously. For this type of 
use, polyelectrolyte complexes or blends or hybrids of polymers are selected for 
electrospinning [183].

Due to very weak mechanical strength of electrospun chitin and chitosan 
nanofibers, they are used with different blended biodegradable polymers. 
Presently, bioengineers are working on different fields of regenerative medicine 
such as bone regeneration, cartilage regeneration, ligament and tendon regenera-
tion, soft to hard tissue interface regeneration, nerve regeneration, skeletal regen-
eration, etc.

Electrospun nanofibers of chitin and chitosan are potential candidate for many 
biomedical applications due to structural similarity to glycosaminoglycans pre-
sent in the extra-cellular matrix and their morphological similarity to fibrous col-
lagen matrices which are present in the ECM on nanometer scale [184]. Noh et al. 
reported electrospinning of chitin nanofibrous matrices (163  nm), and their cel-
lular behavior as well as biodegradability was compared with commercially avail-
able chitin microfiber (8.77 μm) and it was found that chitin nanofibrous matrices 
promote cell attachment and spreading of normal human epidermal keratinocytes 
and normal human epidermal fibroblasts more better than chitin microfiber; hence, 
chitin nanofibrous matrices are known as important candidate for wound healing 
and tissue regeneration of oral mucosa and skin [185].

Simultaneous electrospinning was used to fabricate nanostructured compos-
ite matrix of PLGA/chitin using HFIP solvent and obtained nanofibers of 310 nm 
diameter at the ratio of 80/20 (w/w) [186]. It was observed that when normal 
human epidermal keratinocytes were seeded on the electrospun nanofibrous 
matrix, cell attachment and proliferation substantially improved in comparison to 
neat PLGA matrices. In a similar study, NHEKs and NHEFs were seeded to the 
chitin/silk fibroin blended electrospun nanofibrous matrices to observe the cellular 
responses and results revealed that it significantly improved [187].
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Chemically modified hyaluronic acid/chitin blended electrospun nanofibrous 
mat was used for bone regeneration as it is osteoinductive and exhibited rapid deg-
radation and neovascularization in vivo [188]. Chitin nanofibrous scaffolds were 
also found very suitable for skin regeneration system.

A hybrid matrix of PLGA–chitosan/PVA was electrospun by simultane-
ous electrospinning method, and obtained nanofibrous matrix was considered as 
promising candidate for culture of human embryo skin fibroblasts [189]. Bhattarai 
et al. [190] reported electrospinning of chitosan/PEO (90/10, w/w) blended solu-
tion with Triton X-100 surfactant. The obtained fibrous matrix retained its struc-
tural integrity in aqueous solution and promoted the adhesion of chondrocyte cells. 
Altman et  al. [191] reported electrospinning of bilayered chitosan tube which is 
composed of an outer layer of chitosan film and an inner layer of chitosan non-
woven nano/micromesh. In the inner layer of electrospun chitosan tube, laminin-1 
was applied to the nano/microfiber mesh surface of chitosan by covalent bonding. 
The nerve regeneration using chitosan tubes was found to be efficient and similar 
to that of the isograft, indicating a promising scaffold for peripheral nerve repair.

Electrospinning of chitosan/poly(vinyl alcohol) and N	 - c a r b o x y e t h y l 
chitosan/PVA electrospun membranes was performed using an composite scaf-
fold of hydroxyapatite which is formed in supersaturated CaCl2 and KH2PO4 solu-
tion [192]. To improve hydroxyapatite formation having uniform distribution on 
electrospun membranes, poly(acrylic acid) was added to the incubation solution 
in different proportions. Mouse fibroblasts (L929) were seeded on the surface of 
HAp-CECS/PVA electrospun nanofibrous membrane, and results revealed that the 
cell viability and morphology were found to be well maintained and thus it sug-
gests potential applications in bone tissue regeneration.

Jiang et  al. [193] reported electrospinning of PLGA/PEG-g-chitosan blended 
solution followed by ibuprofen loaded solution, and results revealed that PEG-g-
chitosan significantly reduces initial burst release of loaded ibuprofen drug from 
the electrospun PLGA membranes. It was also observed that conjugating ibupro-
fen to the side chains of PEG-g-chitosan gives sustained release of ibuprofen for 
more than 2 weeks.

Electrospun nanofibrous membranes are proved as one of the promising can-
didates for immobilization of enzymes due to their high specific surface area and 
porous structure. Huang et al. [194] reported immobilization of lipase enzyme in 
an electrospun nanofibrous chitosan/PVA membrane, whereas glutaraldehyde was 
used as a coupling agent. The loading of lipase enzyme to prepared nanofibrous 
membrane was up to 63.6  mg/g, and the residual activities of the immobilized 
lipase were more than 50  % after 30  days, which indicates excellent reusability 
and storage stability.

Wang et  al. reported [195] electrospinning of chitosan solution and modified 
the surfaces of electrospun fiber using a peptide known as RGD. In comparison 
to the pure chitosan fibers, the cell adhesion activity of NIH3T3 cells on modi-
fied-RGD nanofibers was found to increase during first three days. Therefore, sur-
face-modified nanofibers could be a powerful strategy for the enhancement of cell 
attachment which is an important factor required of regenerative medicine.
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Chitosan/PCL electrospun nanofibers show 48 % higher rat Schwann cell pro-
liferation compared to neat PCL nanofibers after eight days of culture [196].

Jung et  al. [197] reported electrospinning of chitosan/PET blended solution 
and fabricated nanofibers using TFA/HFIP solvent system. The fabricated elec-
trospun fibers were subjected for their antimicrobial activity, and results showed 
that blended nanofibers were found to be more effective against S. aureus and 
Klebsiella pneumoniae than pure PET matrices. In a similar study, Spasova et al. 
[198] reported that electrospinning of chitosan/PEO blended solution was fabri-
cated into nanofiber matrices and potassium 5-nitro-8-quinolinolate was incor-
porated into them to investigate the antimicrobial and antimycotic effect against 
gram-negative and gram-positive bacteria and fungi.

Silk fibroin and its derivatives show excellent biocompatibility, slow and con-
trolled degradation, minimal inflammatory response, and very good mechani-
cal properties which made them a unique material for regenerative medicine 
[199]. Demands for blood vessels having very small diameter are needed for 
vessel transplants and bioengineers are continuously making their efforts to 
develop them, but up to now all efforts have encountered failure. Electrospun 
silk nanofiber could be potential candidate for vascular graft as they support the 
cell adhesion, proliferation, and differentiation of vascular cells on electrospun 
matrix which resist shear stress and pressure from simulated blood flow. Bondar 
et  al. prepared silk fibroin-based nanofibers and investigated endothelial cell 
responses such as cell adhesion, proliferation, formation of intercellular contact, 
and expression of adhesion molecules [200]. It was observed that cells grown on 
nanofibrous scaffold show better results in comparison to microfibrous scaffolds 
which were confirmed by real-time PCR analysis which represents significant 
upregulation of integrin-β1 in endothelial cells. In another investigation, Soffer 
et  al. [201] reported electrospinning of silk nanofibers into tubular structures 
showing inner diameter of ~3 mm with average wall thickness of 0.15 mm hav-
ing mechanical strength of 2.42 ± 0.48 with linear modulus 2.45 ± 0.47 MPa. 
The average burst strength of the tubular scaffolds was measured as 811 mmHg 
which supposed to be excellent result in comparison to burst strength of colla-
gen (71  mmHg) or any other mostly prepared nanofibers [202]. However, the 
mile stone is so far away to reach the gold standard of the saphenous vein whose 
burst strength is 1800  mmHg [203]. For near future work, different blends of 
silk fibroin with silk will need to focus for the preparation of electrospun small-
diameter vascular grafts of endothelial and smooth muscle cells in a tubular 
and perfusion environment which may be very close to mimicking the in vivo 
environment.

Skin works as a protecting layer of human body against the direct exposure to 
environment, dehydration, and infectious agents. Skin cells are found in two main 
layers: a keratinized, stratified epidermis and an underlying thick layer of colla-
gen-rich dermal connective tissue. Due to burns, wounds, or disease, skin comes to 
direct contact with infections resulting severe disability or sometimes even death. 
However, up to now, skin replacement is a challenging task for surgeons because 
of transplant limitations. Min et  al. reported electrospinning of silk fibroin and 
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found that fabricated matrix after treatment with water vapor followed by colla-
gen I coating and this material have very potential use for accelerating early stages 
wound healing [204].

Yoo et  al. fabricated chitin/silk blend nanofibrous matrices and hybrid matri-
ces both in ratio of 75:25 and concluded that chitin/silk blend matrices represent 
better cell adhesion and spreading than that of chitin/silk hybrid matrices, which 
confirms that chitin/silk blend matrices show potential use as skin regeneration 
substitutes [205]. Jin et  al. [206] demonstrated electrospinning of silk fibroin–
PEO-extracted matrix and showed electrospun silk matrices as potential platform 
for mesenchymal stem cells attachment, proliferation, and extra-cellular deposi-
tion which results in improved cell attachment for PEO-extracted matrices in 
comparison to non-extracted matrices. Kim et al. [207] observed that osteocalcin 
protein content significantly increases in cell culture medium on day 14 in com-
parison to days 1 and 7. Comparing with standard tissue culture plastic, electro-
spun silk nanofibrous matrices showed comparable cellular response in terms of 
alkaline phosphatase activity and mineralization.

Modified electrospinning technique was used to fabricate three-dimensional 
silk matrices for bone generation using MC3T3-E1 cells [208]. In comparison to 
two-dimensional matrices, three-dimensional matrices significantly improve cell 
spreading and proliferation. It was also observed that the higher porosity of three-
dimensional matrices was attributed to the improved cell adhesion and spread-
ing. Electrospinning technique could be used for easily incorporating growth 
factors into electrospun nanofibers which are responsible for enhanced bone 
regeneration. Li et  al. reported encapsulation of BMP-2 growth factors within 
hydroxyapatite nanoparticles and silk nanofibers alone or in combination. Growth 
factor loaded silk matrices were seeded with hMSCs and assessed for bone regen-
eration [209]. It was evident from results that matrices which contain BMP-2 
growth factor showed increased calcium deposition, apatite crystallinity, and tran-
script levels of bone-specific markers compared to those matrices without growth 
factors.

In our body, cartilage is found at different places such as rib cage, ear, interver-
tebral disks, and articular surfaces between bones. The main function of carti-
lages is to provide structure and support to the body tissues without the rigidity 
of bone, and provide cushioning in joints. Due to aging, joint injury, and develop-
mental disorders, cartilage defects/disorders are found in humans who generally 
felt by joint pain and loss of mobility. Baek et al. reported electrospinning of silk 
fibroin solution to fabricate nanofibrous silk fibroin scaffold which was subjected 
to microwave-induced argon plasma treatment [210] and found that plasma treat-
ment nanofibrous scaffold significantly increases cell adhesion and proliferation 
of neonatal human knee articular chondrocyte cells. It was also notable that gly-
cosaminoglycan synthesis was significantly high on plasma-induced silk matrices 
within a day after cell seeding. Surprisingly, there was no difference observed after 
one week of cell culture which suggested that plasma treatment is only effective in 
the early stages of culture in cartilage tissue engineering and repair.
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5 � Concluding Remarks

Developing scaffold matrix that potentially mimics as natural extra-cellular matrix 
for expanded cells at the nanoscale is still one of challenging areas of regener-
ative medicine. Presently, three types of techniques are used for the preparation 
of nanofibers: electrospinning, self-assembly, and phase separation. Out of these 
techniques, electrospinning is considered as one of the most versatile techniques, 
which demonstrates the most promising results in terms of regenerative medicine 
applications. Biomedical applications of electrospun nanofibrous scaffolds are 
determined by their physical as well as biological properties such as mechani-
cal modulus, strength, biocompatibility, hydrophilicity, biodegradability, and 
specific cell interactions, which in turn depend largely on the material composi-
tions of electrospinning solutions. For regenerative medicine applications, natural 
as well as synthetic both types of polymers are used as scaffolding materials but 
every material has its own good and bad part. Synthetic polymers are preferred 
over biopolymers for electrospinning as they can be functionalised easily and they 
retain their lot-to-lot uniformity even at large-scale productions. Further, synthetic 
polymers are synthesized in bulk and cost effective, and their raw materials are 
readily available but they are mostly hydrophobic and show poor interactions with 
cells and native tissue. Hence, nowadays, biopolymers are preferred over syntheti-
cally derived polymers mainly because of their structural similarities with native 
ECM, chemical versatility, and typically good biological performance such as 
better biocompatibility and low immunogenicity. But due to weak mechanical 
strength of biopolymers, they are used as blends, polyelectrolyte complexes, or 
hybrids with biodegradable synthetic polymers as co-spinning agents. There are 
several factors which affect the formation of three-dimensional electrospun nanofi-
brous scaffolds such as concentration of base material and co-spinning material, 
solvent, viscosity, applied voltage, distance between spinneret and collector, rota-
tional speed of collector, etc.

Solubility and viscosity are the two important physical parameters for electro-
spinnability of chitin, chitosan, and silk fibroin biomaterials. To improve the solubil-
ity, their derivatives are synthesized and mixed solvent systems are commonly used. 
A high viscosity is caused mainly due to chain entanglement of chitin and chitosan 
layers and the applied electrical charges could not overcome to produce nanofib-
ers. The surface chemistry, microstructure, and architecture of nanofibrous matri-
ces significantly influence cellular adhesion, proliferation, and differentiation. It was 
observed that aligned nanofibers significantly improve cell spreading and prolifera-
tion in comparison to randomly oriented nanofibers. Before applying electrospun 
nanofibrous scaffolds for in vivo models, it is important to solve the critical issues 
such as porosity, mechanical strength and structural integrity, and low cell infiltra-
tion rates. Moreover, it was realized that the incorporated growth factors/nutrients 
were abundantly present at the surface of the scaffold; hence, cells will likely pre-
fer to stay on the surface without migrating into the bulk. The standard upper limit 
diameter of native extra-cellular matrix is below 100  nm which is a challenging 



180 B.K. Singh and P.K. Dutta

task for tissue engineering scientists. For the fabrication of electrospun nanofibrous 
scaffold which could be used as ECM, the preferable fiber diameter should be in 
range of 10–50 nm but at this stage, the porosity would automatically be decreased. 
Hence, there is an urgent need for the fabrication of a nanofibrous scaffold with 
desired diameter and porosity which should be identical to native ECM fibers and 
allow high rates for cell infiltration and mass transport. In our present review, we 
have discussed almost every factor which affects the electrospinning of chitin, chi-
tosan, and silk fibroin in reference to regenerative medicine applications.
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Abstract  A wide variety of polymers have been used over decades for the prepa-
ration of dressing materials for wound healing applications. But the dressing mate-
rials based on polysaccharides such as chitosan (CS) have received tremendous 
attention of the worldwide researchers as a consequence of its important proper-
ties like anti-infectional activity, biocompatibility, biodegradability, nontoxicity to 
mention a few. CS helps in every phase of wound healing such as acting as barrier 
against microbes, absorbing exudates, accelerates the infiltration of inflammatory 
cells like neutrophils and helps in healing without scar formation. A reason behind 
the popularity of CS is that not only it can easily be processed as gels, films, fib-
ers, and scaffolds but also can be blended with natural as well as synthetic pol-
ymers to reduce price and improve properties like mechanical, wettability, gas 
permeability, and handling. Apart from natural and synthetic polymers, CS is also 
blended with nanoparticles and growth factors to which it shows better antibacte-
rial activity and reduce time span for wound healing. The present chapter aims to 
focus on feasibility of combining natural polymers, synthetic polymers, nanoparti-
cles, and growth factors with CS for the preparation of wound dressings as basic 
healthcare materials for regenerative medicine.
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Abbreviations

BC	� Bacterial cellulose
BC–Ch	� Bacterial cellulose–chitosan
BDE	� Bilayer dermal equivalent
CMCS	� Carboxymethylated chitosan
CS	� Chitosan
ChL	� Chitosan lactate
DA	� Degree of acetylation
DD	� Degree of deacetylation
EGF	� Epidermal growth factor
EDC	� Ethylcarbodiimide hydrochloride
EDTA	� Ethylenediamine tetraacetic acid
ECM	� Extracellular matrix
FGF	� Fibroblast growth factor
MMP	� Induces matrix metalloproteinase
Mw	� Molecular weight
OCMC	� Oxidation of carboxymethyl cellulose
PDGF	� Platelet-derived growth factor
PGA	� Poly(L-glutamic acid)
PEO	� Poly(ethylene oxide)
PVA	� Poly(vinyl alcohol)
PVP	� Poly(vinyl pyrrolidone)
PEC	� Polyelectrolyte complex
rhGM-CSF	� Recombinant human granulocyte-macrophage  

colony-stimulating factor
AgNPs	� Silver nanoparticles
TiO2	� Titanium dioxide
β (TGF-β).	� Transforming growth factor
VEGF	� Vascular endothelial growth factor

1 � Introduction

Wound is caused due to injury when skin is torn, cut, or punctured. According to 
wound healing society, the definition of wound is ‘disruption of normal anatomic 
structure and function’ [1]. In general, the body responds via a complex process 
when the skin is damaged, known as wound healing [2]. Wounds can be classi-
fied on the basis of appearance as necrotic (typically dry wounds of black color), 
sloughy (yellow color, may be contaminated with unpleasant smell), granulating 
(red in color, may be contaminated with unpleasant smell), and epithelializing 
(pink in color, less exudate, near to healing) wounds [3].
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As time is an important factor for wound management, that is why wounds can 
be clinically categorized as acute or chronic according to their time frame of heal-
ing. In general, acute wounds are tissue injuries which have complete healing, less 
scarring, less span of time (usually 8–12 weeks) [4]. In chronic wounds, inflam-
matory phase is prolonged which results as delayed healing (may be more than 
3 months) which includes arterial, venous, diabetic and pressure ulcers.

1.1 � Phases of Wound Healing

The wound healing progresses through three important overlapping and complex 
phases, namely inflammation, proliferation, and remodeling.

1.1.1 � Inflammatory Phase

As soon as injury occurs hemostasis takes place to protect from exsanguination. 
Platelet releases wound healing mediators which include platelet-derived growth 
factor (PDGF) and transforming growth factor α (TGF-α), transforming growth 
factor β (TGF-β), epidermal growth factor (EGF), and vascular endothelial growth 
factor (VEGF). After hemostasis phase, inflammatory phase begins within the first 
24 h of an injury. This phase is signed by redness, pain, swelling and heat, which 
results from release of vasoactive amines and histamine-rich granules from the 
mast cells. The stage can last up to 2 weeks in patients whose wounds are healing 
appropriately but can last longer in those patients with chronic nonhealing wounds.

Neutrophils and macrophages also play very important roles in the inflamma-
tory phase. Neutrophils at first enter wound site, provides defense against infection 
by phagocytosing bacteria, damaged extracellular components, and foreign materi-
als which were remained after initial bleeding. The wound macrophages function 
to remove any residual bacteria, foreign bodies, and remaining necrotic tissues. 
Therefore, the function of these macrophages is similar to that of neutrophils, but 
macrophages better regulate proteolytic destruction of wound tissue by secreting 
protease inhibitors.

1.1.2 � Proliferative Phase

Proliferative phase starts just after inflammatory phase. In this proliferative phase, 
fibroblast proliferation, collagen synthesis, granulation tissue formation, and epi-
thelization occur between 4 and 21  days. In addition, angiogenesis occurs such 
that new blood vessels replace the previously damaged capillaries and provide 
nourishment for the matrix.

In response to mediators which are released from platelets and macrophages, 
fibroblast migrates into the wound and move through the extracellular matrix. 
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Fibroblast activity is predominately regulated by PDGF and TGF-β. Factors like 
FGF and PDGF stimulate fibroblasts which produce extracellular matrix (ECM) 
components like collagen, elastin, and glycosaminoglycan to generate granulation 
tissue. Granulation tissue fills in wound defects.

Collectively, FGF and VEGF as angiogenic factors stimulate endothelial cells. 
The production of collagen results in increase in wound tensile strength and forms 
a matrix that permits myofibroblasts to start wound contraction, which then leads 
to decrease in wound size by closing wound margins [5].

1.1.3 � Remodeling Phase

This is the last phase of wound healing, which begins after 21  days of injury. 
Remodeling is carried out by collagenases that were secreted in the previous 
phase. During this phase collagen turnover allows the randomly deposited scar tis-
sue to be arranged in both linear and lateral orientations. Wound contraction and 
gradual increase in strength are seen as this phase progresses. Amount of collagen 
synthesis and their cross-link network determine the extent of healing.

1.2 � Wound Healing: Ancient and Modern Concepts

The first documentation of wound care was found in the ancient Egyptian Edwin 
Smith Papyrus of 1600 BC, with a description of the removal of devitalised skin 
and pus following war injuries [6]. After that they used bandage soaked with 
grease with little thought of wound management. Wound care in ancient was fol-
lowed by treatment with astringents, herbs, and honey. After the usage of bandage 
as a dressing astringent, herbs and honey were used in the treatment of wounds.

Though sterile gauze dressings can protect from infection, but because of 
absorbing wound exudates, it loses its property. The problem associated with these 
dressings is that they get adhered to the wound bed, which causes pain to patients 
and later leads to trauma.

Winter [7] introduced concept of moist wound healing in 1962 after that wound 
care took a new direction. After that some antibacterial agents like silver, povi-
done-iodine were incorporated into dressings to prevent from bacterial infection. 
In a modern concept, brief description of available dressings up-to-date is semi-
permeable film dressings, non-adherent contact layer dressings, alginate dressings, 
hydrocolloid dressings, hydrofiber dressings, foam dressings, hydrogel dressings, 
and antimicrobial dressings [8].

Semipermeable dressings transmit moisture vapor but do not absorb suffi-
cient exudates. These types of dressings are impermeable to microbes and protect 
the wound bed from contamination. OpsiteTM, CutifilmTM, BiooclusiveTM, and 
Tegaderm are the examples of semipermeable dressings available in the market.
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Hydrocolloid dressings are used both for acute and chronic wounds because 
removing of dressing is not painful to the patients. Further, it allows gas and water 
to pass. GranuflexTM, AQUACELTM, ComfeelTM, TegasorbTM are some examples 
of these types of dressings.

Hydrogel dressings are prepared with polymers of hydrophilic nature and 
water. These dressings almost fulfill the properties of an ideal dressing and suit-
able for sloughy or necrotic wounds. 3MTM Tegaderm and Derma GeL® are the 
examples of hydrogels.

Non-adherent contact layer dressings are directly applied onto the wound to 
provide an interface with the secondary dressing or pad. Some non-adherent dress-
ings are impregnated with paraffin or silicone to improve non-adherence.

Foam dressings are mostly made of polyurethane or silicone, which enable 
them to handle large volumes of wound exudates. Examples of foam dressings 
include: Lyofoam® and ALLEVYN® to name a few.

1.3 � Factors Affecting Wound Healing and Important Factors 
for Dressing Choice

Wound healing is a complex process and hence there are many factors on which 
proper wound healing depends. The most important factor is adequate supply of 
blood and tissue perfusion. Tissue perfusion is mainly influx of white blood cells 
which play very important role in debridement and decontamination. The factors 
affecting wound repair can be divided as local factor and systemic factor. Wound 
healing affected due to wound site is local factor, whereas affected due to overall 
health without direct relation to wound site is systematic factor.

Local factors which influence healing oxygenation play very important role. 
Oxygen tension is a predetermined factor for collagen synthesis and angiogenesis, 
two events. Various events indicate that increased oxygen tension at wound site 
increases the healing rate and decreases the incident of infection [9].

The second important local factor largely affecting wound healing process is 
infection. Presence of bacterial infection adversely affects angiogenesis, the for-
mation of granulation tissue and epithelialization. Infection is an important local 
factor due to which delayed inflammatory phase occurs.

In systematic factors, age is one of the factors as advanced age chances for 
delayed wound healing increases. Gosain et al. [10] observed the changes due to 
age include increased aggregation of platelet, slow angiogenesis, and re-epitheliza-
tion. Diabetes which is very common among people plays an important role. The 
impaired healing may be due to lack of cellular and molecular signals required for 
normal wound repair process such as angiogenesis, granulation tissue formation, 
epithelialization, and remodeling. One of the systematic factors is psychologi-
cal stress that impairs normal cell-mediated immunity at the wound site and thus 
causes an extensive delay in the healing process [11].
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Wound dressing provides an immediate protection layer to the skin so as to 
minimize the loss of its function. Choosing the right material for wound dressing 
is important and apart from its healing activity, antimicrobial activity, nontoxicity, 
it should be cost-effective, readily available, and can be fabricated into new prod-
ucts according to wound conditions.

The primary principle of wound healing is to maintain the wound in a moist 
environment. Traditional dry healing allows wounds to dehydrate, whereas moist 
wound healing increases healing rates via complex mechanisms, such as pre-
vention of scab formation and drying of exudates containing nutrients, oxygen, 
growth factors, and leukocytes [12].

According to the needs, different types of wounds require separate types of 
dressings. As necrotic wound requires detachment of dead tissues from normal tis-
sues, so dressing requires to maintain moist environment to prevent dehydration. 
As sloughy wounds like burn and ulcer wounds must be cleaned, so these types 
of wounds require dressings which absorb exudates. Granulating wound requires 
a dressing according to the shape of wound and exudate produced. The epithelial-
izing wounds require dressings, which can provide protection to the wounds, allow 
gaseous exchange, and finally can be removed without ripping the skin (Fig. 1). 
On the other hand, an infected wound requires a dressing, which absorbs exudates 
and protects against microbes [3].

1.4 � Polymers in Wound Healing Dressings

The most of the dressings are made up of polymeric materials (synthetic and nat-
ural). Natural polymers such as alginates, chitin, CS, gelatin, heparin, collagen, 
chondroitin, fibrin, keratin, silk fibroin, and eggshell membrane are biocompatible, 
biodegradable, and similar to macromolecules recognized by the human body and 
extensively used in wounds and burns management [13]. In comparison to syn-
thetic polymers, natural macromolecules show relatively low mechanical strength. 
So, to enhance the mechanical property of biopolymers, blending or cross-linking 
with synthetic polymers is used in regenerative medicine for cartilage, vascular, 

Fig. 1   Properties of ideal 
wound dressing [65–67]
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bone, nerve repair, and restoration. For the regeneration of full-thickness wounds, 
polysaccharides and proteins are the most common natural polymers used in the 
field of tissue engineering, because of their biocompatibility, biodegradability, and 
similarity with ECM [14, 15].

Yang et  al. [16] reported the reactive groups including free radicals, –C=C–, 
–COOH, –NH2, –OH, –SH, –Si–O, S–S, –C=O, and/or formation of cyclic struc-
tures for facilitating self-healing.

1.5 � Chitosan

CS, a mixture of β-(1,4)-D-N-acetylglucosamine and β-(1,4)-D glucosamine, 
is a polysaccharide derived from deacetylation of chitin, which is found in the 
cell walls of lower plants and in the exoskeleton tissues of lower animals includ-
ing arthropods, crustaceans, and molluscs [17]. On the basis of source and prep-
aration method, its molecular weight ranges from 300 to over 1000 kDa with a 
degree of deacetylation from 30 to 95 % [18]. CS is normally soluble in acidic 
pH and solubility depends upon distribution of free amino and N-acetyl groups. 
In dilute acids (pH < 6), the free amino group gets protonated and the molecule 
becomes soluble [19].

1.5.1 � Structural Analysis and Its Importance

CS has three types of reactive functional groups, an amino group as well as both 
primary and secondary hydroxyl groups at the C-2, C-3, and C-6 positions respec-
tively. CS is crystalline in nature and shows polymorphism depending on its physi-
cal state. It can be fabricated into films, scaffolds, hydrogels, fibers, etc. These are 
shown in Fig. 2.

Nowadays, CS is receiving a positive response in medical and pharmaceuti-
cal applications because of its promising biocompatibility effects, possible topical 
ocular applications used in implantation or injection. CS shows a broad spectrum 
of antimicrobial activity against both gram-positive and gram-negative bacte-
ria and fungi [20]. The interaction between positively charged CS molecule and 
negatively charged microbial cell membrane components leads to change in cell 
permeability [21] and cellular contents [22] by forming an impermeable layer 
around cell, which prevents the transport of essential solutes. The permeabilizing 
effect in protonated CS observed is slightly acidic in nature, but this permeabiliz-
ing effect of CS is reversible [21]. In another reason, CS may enter the nuclei of 
bacteria and fungi and inhibit mRNA and protein synthesis by binding to micro-
bial DNA [23, 24].
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1.5.2 � Effect of Degree of Deacetylation, Crystallinity,  
Degradation, and Molecular Weight

The proportion of N-acetylglucosamine units is described by the degree of acetyla-
tion (DA). Thus, chitin has a degree of acetylation of 100 %. Chitin is insoluble in 
most solvents. Therefore, usually chemical deacetylation is performed to produce 
the most common derivative termed as CS [25]. In acidic conditions, CS becomes 
positively charged due to NH2 protonation and soluble in aqueous medium hav-
ing n number of applications. The properties of CS, such as solubility, viscosity, 
and biocompatibility are inversely proportional to DA. Biodegradability is directly 
related to DA, whereas it is inversely related to the molecular weight (Mw) 
[26–32]. The biological properties such as antimicrobial, analgesic, hemostatic, 
mucoadhesion, permeation-enhancing effects of CS-based systems are inversely 
related to the DA; also, the properties, permeation enhancing effect and mucoad-
hesion, increase with the increase in molecular weight [33, 34]. Thus Anitha et al. 
[35] concluded that the DA, crystallinity, degradation, and molecular weight affect 
the physicochemical and biological properties of CS membranes and scaffolds.

As per the reports, degree of deacetylation (DD) and Mw could affect the activ-
ity of CS. Claire et al. [36] described in his study the role of DD effect on biologi-
cal properties of CS films and concluded that DD does not affect its compatibility 
and plays a crucial part in cell adhesion and proliferation.

Fig. 2   CS powder, film, hydrogel, and scaffold
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Minagawa et al. [37] researched on the effect of DD and molecular weight for 
wound healing. They have taken different chitins varied in deacetylation, i.e., 14, 
33, 63, and 96 % having no change in molecular size (50 kD) for comparison of 
DD, monomers and oligomers of chitin and CS for comparison of Mw on wound 
healing. The collagenase activity, wound break strength, and activated fibroblast 
in CS group were found higher than chitin group. From histological study, they 
found that collagen fibers approached vertically, parallel with incisional line in the 
oligosaccharide group and control, monomers respectively. In higher DD found 
that strong break strength with more activated fibroblast.

2 � Chitosan in Wound Dressings

From clinical studies, it is proved that CS shows positive effects in all phases of 
wound repair and potent hemostatic ability [38, 39]. The reason behind hemo-
stasis is due to involvement of combined blood proteins and platelet activation to 
encourage clot formation [40]. Acting on repairing processes such as fibroplasia 
and re-epithelization, CS regulates the migration of neutrophils and macrophages 
[33]. To clean the wound site from foreign agents, CS accelerates infiltration of 
inflammatory cells in inflammatory stage. CS enhances activity of inflammatory 
cells, macrophages, and fibroblasts which helps in wound healing activity [34, 41].

At the time of new tissue formation, granulation tissue forms in wound area 
along with fibrous tissue formation. In open wound, healing remains the scar due 
to imbalance of collagen, while open wounds treated with CS healed without scar 
[42]. The clinical studies of CS-based wound healing effects are discussed below.

In a study, CS membrane was prepared for wound healing applications. The 
CS membrane, Bactigras was applied on the skin graft donor site. They found that 
membrane adhered uniformly to wound surface can reduce pain. The high rate of 
healing with abundant fibroblast was observed in wounds treated with CS mem-
brane [43].

In another study, influences of the DA of 3D CS scaffolds were reported on the 
inflammatory response. In this study, male BALB/c mice were treated with DA 
4, 15 % and untreated animals. The high density of adherent cells was found in 
CS with degree of acetylation at 15 %, whereas it is low at 4 % degree of acetyla-
tion. The thick fibrous capsule and a high infiltration of inflammatory cells were 
observed in CS scaffold with DA of 15 % [44].

Bio-inspired bilayered physical hydrogel was prepared using CS and water. The 
rigid layer provides good mechanical property and gas exchange, while second 
flexible layer allows the material to superficial contact. In vivo experiments were 
carried on female pigs (burn wounds) and Tulle GrasTM, monolayered and bilay-
ered CS were applied. All the results reveal that CS material actively stimulates 
tissue regeneration. It induces inflammatory cell migration and favors high vascu-
larization of the newer tissues. Study indicates particularly enhanced deposition of 
type I and type IV collagen. Type I collagen provides mechanical strength to the 
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skin, while type IV collagen contains the major part of the basal epidermal mem-
brane. Physical hydrogel stimulate rapid reconstruction of the dermal epidermal 
junction as compared to viscous solution of CS [45].

A sponge-like asymmetric CS membrane is fabricated with immersion-
precipitation phase-inversion method. The thickness and porosity of design mem-
brane could be controlled by phase separation method. Asymmetric membrane 
showed good oxygen, permeability controlled water loss, and facilitated fluid 
drainage ability. The prepared membrane was able to inhibit invasion of microor-
ganisms because of dense skin-like upper layer and antimicrobial activity of parent 
CS. Wistar rats were used in this study. In vivo studies indicate asymmetric CS 
membrane acted as hemostatic agent due to stopping bleeding at the wound site. 
Rapid epithelization and deposition of collagen in dermis were observed in asym-
metric membrane treated wounds [46].

A water-insoluble CS patch scaffold is prepared with chitosan, glycerol, and 
applied on the right perforated eardrums of Sprague Dawley rats. The left perfo-
rated eardrum remained untreated. They found that CS and glycerol (3 %, 3 %) 
have optimum CS patch scaffold. From in vivo study, they found that regenerated 
eardrums showed thinner thickness and smoother surface, and compact tissues 
compared to spontaneously healed eardrums so they are effective in repair trau-
matic tympanic membranes perforations [5].

In another study, hydrogel was prepared with CS for wound healing applica-
tions. In vivo studies were compared between CS covered with elastic bag and 
PBS covered with elastic bag on Wistar rats. They found fast decreasing of wound 
area as compared to control and neither specific inflammation nor reactive gran-
ulomas in wounds treated with hydrogel was observed. In wounds treated with 
hydrogel, pathological abnormalities in heart, brain, liver, kidney, lung, and spleen 
obtained during necropsy were not observed. They supported the role of CS in 
skin repair [47].

A CS nonwoven membrane was prepared and its effects studied on periodontal 
healing. One-wall intrabony defects were created surgically on 2-year-old beagle 
dogs and resorbable membrane, CS nonwoven membrane was applied. In one-
wall intrabony defects, new bone formation and new cementum were observed in 
CS nonwoven membrane treated groups. In this study, CS nonwoven membrane 
showed the potency in inducing periodontal tissue regeneration [48].

In another study, CS hydrogel was prepared with different Mw and DD ranges 
for wound healing applications. The burn wounds were created on Wistar rats 
and animals were treated with 2 % (w/v) low Mw, medium Mw, high Mw, 2 % 
FucidinR ointment, and no treatment. Complete re-epithelization with more granu-
lation is observed in high molecular weight treated groups. They concluded that 
high Mw with high DD CS are more suitable for dermal burns [49].

Okamoto et al. [50] studied the importance of CS on experimental abscess with 
Staphylococcus aureus in dogs. The healing was compared between granulated CS 
(again three subgroups 0.01, 0.1, and 1.0  mg/subgroups), ampicillin, and saline 
(control group). The 0.1 and 1.0  mg CS treated groups showed quicker wound 
healing, the formed granulation tissue had more vascularization.
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A chitosan film evaluated the healing at split skin graft donor (human) site. 
Healing was compared between CS and conventional dressing. Rapid wound re-
epithelialization, smaller dermal nerve fibers, looser connective tissue stroma in 
the papillary dermis, and changing skin color to normal skin color were found in 
CS film treated wounds [51].

Freeze-dried N-carboxybutyl CS was prepared for wound healing applications. 
Control (phytostimuline gauze), N-carboxybutyl CS were used for comparison on 
human (Skin graft donor sites). At dermal level better histoarchitectural order and 
vascularization, regular distribution of collagen, absence of inflammatory cells 
were found in N-carboxybutyl CS treated groups. Organized epithelium was found 
in N-carboxybutyl CS treated groups [52].

N-carboxymethyl CS membrane was prepared for second-degree burn wounds. 
Male Wistar rats were treated with sterilized saline (control) and N-carboxymethyl 
CS membrane. The wound healing time is 25 and 35 for wounds treated with 
N-carboxymethyl CS membrane and control respectively. Reduction in wound 
size, ability to inducing the expression of inflammatory cytokines, activating the 
wound healing cascade, and targeting downstream protein such as Smad3 was 
observed in N-carboxymethyl CS membrane treated wounds. They concluded that 
N-carboxymethyl CS membrane as promising material for second-degree burn 
wounds [53].

In a very recent study CS-based derivatives 5-methyl pyrrolidinone CS, 
N-carboxymethyl chitosan, and N-succinyl CS, for the sustained delivery 
of neurotensin (NT) were prepared with the aim of wound healing applica-
tions. The order of the hydrophilicity changes is SC  >  5-methyl pyrrolidinone 
CS  >  N-carboxymethyl CS and reduced glutathione release per mpolymer (g) is 
found the order of N-carboxymethyl CS (32.33 ± 0.72 %) < 5-methyl pyrrolidi-
none CS (67.65 ± 6.77 %) < N-succinyl CS (287.18 ± 14.92 %). C57BL/6 mice 
were used and neurotensin alone, 5-methyl pyrrolidinone CS foam alone and neu-
rotensin-loaded 5-methyl pyrrolidinone CS foam in both control and diabetic mice. 
Neurotensin-loaded 5-methyl pyrrolidinone CS treatment was more effective than 
5-methyl pyrrolidinone CS alone treated groups. Neurotensin-loaded 5-methyl 
pyrrolidinone CS can help healing in three phases by reducing the inflammatory 
response, higher collagen formation, and stimulating re-epithelialization [54].

3 � Wound Dressings with Chitosan and Natural Polymers

A lot of CS-based blends are investigated for the purpose of wound dressing in 
which composite blends play an important role. Properties like absorbent, gel 
forming, and biocompatibility of alginate are used as a carrier for drug delivery 
and hemostatic wound dressing [55]. The formation of PEC on the combination of 
CS and alginate was prepared and found effective in wound healing material.

A PEC consists of CS and sodium alginate prepared for wound dressing appli-
cations. Briefly, at first they prepared freeze-dried CS sponge and kept in alginate 
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solution to form PEC complex and freeze-dried and then silver sulfadiazine and 
dihydroepiandrosterone. The efficacy of prepared dressing was compared by an in 
vivo study on mice with vaseline gauze, CS sponge, silver sulfadiazine-impregnated 
PEC, and silver sulfadiazine and dihydroepiandrosterone-impregnated PEC wound 
dressing and results showed that complete wound contraction in silver sulfadiazine-
impregnated PEC, and silver sulfadiazine and dihydroepiandrosterone-impregnated 
PEC wound dressing, whereas irregularly thickened epidermis is observed in vase-
line gauze treated wounds and infiltration of leukocytes and proliferation of fibro-
blasts are more in the upper dermis. Well-organized epidermis, and the thickness 
is thinner in silver sulfadiazine-impregnated PEC than vaseline treated groups. In 
silver sulfadiazine and DHEA-impregnated PEC wound dressing almost normal 
thickness of epidermis was observed. Kim et al. [56] concluded that dihydroepian-
drosterone may prevent the systemic change of the immune function after burn, as 
well as progressive destruction of the thermally injured skin tissues which makes 
silver sulfadiazine and dihydroepiandrosterone-impregnated PEC wound dressing 
as plays effective role in wound healing than other treatment groups.

Wang et  al. [57] prepared a transparent, flexible membrane with CS–algi-
nate PEC membranes with calcium chloride for in vivo test inbred male Sprague 
Dawley rats. In PEC membranes treated wounds, accelerated healing of incision 
wounds were observed as compared to conventional gauze. Histological studies 
showed mature epidermal structure with normal thickness of keratinized surface 
and reduced inflammation in the dermis. They found that the use of CS–alginate 
membrane facilitated the remodeling of scar tissue by increasing the rate of col-
lagen synthesis and mature fibroblast on the day 21. In control wounds it still 
shows the signs of an active inflammatory phase under scab on day 21. The results 
proved the effectiveness of the membrane for wound healing.

HemCon® dressing was tested by in vitro and in vivo studies for its efficacy. 
The dressing was prepared by using CS acetate and mice were treated with no 
treatment control, HemCon bandage, sodium alginate bandage, and silver sulfadia-
zine for comparison. Male BALB/c mice were used for the Gram-negative experi-
ments, and three groups (no antimicrobial cream) for S. aureus. The bacteria were 
applied on the wound for contaminated wounds. They found that adhesion time 
was more for HemCon® dressing compared to alginate dressing. According to 
Kaplan–Meier survival curves, mice treated with HemCon, alginate, silver sulfadi-
azine cream, untreated wounds, demonstrated 100, 65, 50, and 25 % survival [58]. 
The reason for the effectiveness of HemCon® dressing is due to primary amino 
groups of the polyglucosamine backbone which contains more number of posi-
tive charges at acidic pH values and interacts with the outer membrane of Gram-
negative bacteria, destabilizes the lipopolysaccharide and permeabilizes both the 
outer and inner membranes [20] leading to leakage of cellular contents [21].

A Smad3 antisense oligonucleotide-impregnated CS and sodium alginate 
polyelectrolyte complex prepared by lyophilisation technique for wound heal-
ing applications. Cytotoxicity was evaluated in NIH3T3 cells using MTT assay. 
The cell viability of prepared scaffolds was increased by increasing CS content. 
The increased area of cells and faster proliferation rate of prepared scaffolds were 
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more than PEC. In vivo test was performed on C57BL6 mice and their histopa-
thology finding shows that Smad3 antisense oligonucleotide–PEC scaffolds facili-
tate collagen formation at early phase of wound healing reduced the inflammatory 
cells and exhibit fast wound closure [59].

In a study, curcumin-loaded CS–alginate sponges were prepared having CS–
alginate ratio (3:1 (C3A1), 1:1(C2A2), and 1:3(C1A3)). To evaluate its efficacy 
in wound healing process, in vivo study was performed on Sprague Dawley 
(SD) with full-thickness wounds. The water uptake ability of sponges was 
found to be C3A1 (4290)>C2A2 (3806)>C1A3 (1218) with weight loss order 
C1A3>C3A1>C2A2. Observing the results, authors found that C2A2 sponge, 
C2A2-curcumin sponge, and control group treated wounds contracted 88, 90, and 
74 % respectively. An immatured granulation tissue with many inflammatory cells 
and congested vessels were observed in gauze treated groups, granulation tissue 
and collagen alignment were more advanced in C2A2, C2A2-curcumin sponge 
treated wounds. Arrangement of collagen is loose in control wounds and compact 
in C2A2 treated wounds [60]. In the previous reported in vitro and in vivo studies, 
curcumin was exposed as a potential anti-inflammatory, antimicrobial, antioxidant, 
and accelerated wound healing activities [61–63].

A hydrosheet by using alginate, chitin/CS, and fucoidan. In vivo analysis 
was performed on mitomycin C-treated wounds on Sprague Dawley rats. The 
researchers first tested the wound closure difference between treated and non-
treated wounds with mitomycin C and achieved 50 % wound closure at 7th day 
and 18 days treated and non-treated wounds with mitomycin C. Effectiveness of 
hydrosheet for repairing mitomycin C-treated wounds were compared with algi-
nate (Kaltostat®), DuoACTIVE®, and non-treated wounds. High wound closure 
rate, significantly enhanced re-epithelization were observed in hydrosheet treated 
wounds as compared to alginate (Kaltostat®), DuoACTIVE®, and non-treated 
wounds. But no statistical differences between all the groups were observed on 
non-mitomycin C-treated wounds. This concludes that hydrosheet is active to 
impaired wounds and had little effect on non-mitomycin C-treated wounds [64].

The sodium alginate/CS and glycerol were used to prepare the film and studied 
the effect of low-level laser therapy for dermal burn wound healing. For in vivo 
study, adult male Rattus norvegicus albinus, Wistar strain were used. Laser therapy 
was applied for 7 days. The results were compared between untreated, cellulose 
films, sodium alginate/CS-based films, laser-irradiated undressed wounds, laser-
irradiated wounds with cellulose and sodium alginate/CS-based films. Among all 
these, sodium alginate/CS-based films showed highest epithelisation rate, more 
blood vessels, and grossly interlaced type I collagen bundles [65].

In a study, hydrogel prepared by using curcumin, N,O-carboxymethyl CS, 
and oxidized alginate for wound healing applications and the results were com-
pared with control group, blank CS/oxidized alginate hydrogel group, unmodi-
fied curcumin loaded CS/oxidized alginate hydrogel group, and nanocurcumin/
CS/oxidized alginate hydrogel group. Due to larger surface area of curcumin, 
nanocurcumin-loaded CS/oxidized alginate hydrogel showed complete wound 
closure rate as compared to other groups. So, they concluded that nanocurcumin 
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played an important role by enhancing full re-epithelialization on 14th day and 
greatly increasing the collagen deposition in the wound tissue on 7th day and 
nanocurcumin/N,Ocarboxymethyl CS/oxidized alginate hydrogel treatment sig-
nificantly increased the DNA and protein content in wound tissue results in signifi-
cantly enhanced healing process in mouse wound models [66].

Mohanty et  al. [67] prepared curcumin-loaded oleic acid-based polymeric 
bandage with different blend ratios of alginate:CS (1:1, 1:2, and 1:3) for wound 
healing applications. The in vivo activity tested between prepared bandage and 
control (cotton gauze) in a Sprague Dawley male rat model. The authors observed 
that the collagen content and wound contraction rate on 10th day found high in 
curcumin-loaded oleic acid polymeric bandage treated wounds (94 %) than control 
(70 %) and void oleic acid based polymeric bandage (without curcumin)(80 %). 
The better healing of curcumin-loaded oleic acid-based polymeric bandage than 
void oleic acid-based polymeric bandage may be due to anti-inflammatory activ-
ity of curcumin. In DNA fragmentation assay analyzed that greater amount of 
apoptosis (DNA ladder) in an earlier phase (4th day) leads to quicker progress 
from inflammatory to the proliferative phase in curcumin-loaded oleic acid based 
polymeric bandage treated wounds than other groups. In Western blotting and 
semi-quantitative PCR analysis clearly gives an idea that curcumin-loaded oleic 
acid-based polymeric bandage can efficiently quench free radicals leading to 
reduced antioxidative enzyme activity.

In a recent study, CS and alginate bilayer composite membrane containing cip-
rofloxacin hydrochloride was developed. They observed that the membrane plays 
important role as reservoir because the amount of drug added was directly propor-
tional to antibacterial activity. In drug release study they observed that (i) increas-
ing cross-linking time slows drug release and (ii) lower concentration of calcium 
chloride prevents erosion of alginate from film and delays kinetics of drug release. 
So they selected 10 % calcium chloride for further studies. While New Zealand 
rabbits were used to study primary skin irritation test, in vivo pharmacodynamics 
efficacy, and histopathological studies. The drug-loaded composite membrane was 
compared with saline, Vaseline gauze containing mupirocin ointment, and blank 
composite film. The healing was more in drug-loaded composite membrane com-
pared to other groups. No rotten flesh outside the skin and newly formed epithe-
lium were observed in bilayer treated groups [68].

In a study, Ac2-26 peptide-loaded gels were prepared by using CS, alginate, 
and ANXA1  N-terminal peptide Ac2-26. In peptide release study they observed 
that CS hydrogel showed prolonged release and alginate/peptide gels exhibited 
burst release. C57BL/6 mice were used to compare healing activity among con-
trolgroup (saline), 5.0  % alginate gel, Ac2-26 100  nM/alginate hydrogel group, 
Ac2-26 500  nM/alginate hydrogel group, and Ac2-261  µM/alginate hydrogel 
group. They observed that high M alginate/peptide Ac2-26 formulations showed 
97 % wound closure so they concluded that prepared hydrogels had great potential 
for dermal wound healing applications [69].

In addition to biopolymeric materials used for tissue engineering and wound 
healing applications, collagen is one of the most important biopolymer due to 
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its biocompatibility, nontoxicity, low antigenicity [70], and it absorbs excess of 
wound exudate along with maintaining a moist environment [71].

A durable sandwich wound dressing system was designed by Wang et al. [72] 
using different weight ratios of collagen to CS and immobilized on the poly-
proline fabric which were pre-grafted with acrylic acid or N-isopropyl acrola-
mide. First layer consists of porous polypropylene and second layer consists of 
N-isopropyl acrylamide acrylic acid. First layer provides mechanical support, 
whereas second layer provides hydrophilic surface for the adhesion of third layer, 
which consists of CS and collagen. Extend of immobilization increased with per-
cent of CS because the amine group of CS has greater reactivity with glutaral-
dehyde. Similarly, antibacterial activity increased with CS percentage. The water 
uptake and water diffusion coefficient for the prepared film is also quite good and 
decrease with increasing immobilization percentage. In vivo study performed 
on rat using three sets of testing samples which are as follows: porous polypro-
pylene nonwoven as control, porous polypropylene  +  acrylic acid  +  colla-
gen + CS, porous polypropylene + N-isopropyl acrolamide +  collagen and CS. 
The result shows the healing ability of third sample is high. This is because of 
collagen which is biocompatible material and has the ability to introduce fibro-
blast into wound area. In addition, the wound cover with poly-N-isopropyl acryla-
mide +  collagen +  CS film was automatically separated on day 21 post-injury, 
hence it does not create any scar onto the wound area.

A novel dermal substitute of combining recombinant human granulocyte-mac-
rophage colony-stimulating factor (rhGM-CSF) with a porous heparinized col-
lagen/CS scaffolds. At first collagen/CS scaffolds (9:1) were prepared and then 
heparinized with N-(3-dimethylamino-propyl)-N1-ethylcarbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS). After that without and with hepa-
rin scaffolds were washed with 0.1 M Na2HPO4 (2 h), 4 M NaCl (four times for 
24 h) and denoted as H0E, H1E respectively. Sprague Dawley (SD) rats were used 
and tested the prepared scaffolds by subcutaneous implantation experiment. The 
research groups studied to prove efficacy of scaffolds by H1E/rhGMCSF (hep-
arinized scaffold loaded with rhGM-CSF), H0E/rhGM-CSF (unheparinized scaf-
fold loaded with rhGM-CSF), H1E (heparinized scaffold without rhGM-CSF), and 
H0E (unheparinized scaffold without rhGM-CSF). Their gross observation ini-
tially confirmed that H1E/rhGM-CSF scaffolds were surrounded by many blood 
vessels and by histological analysis they found that extensive neovascularization 
was observed and secretion of extracellular matrix into the scaffold. But very 
few vessels were observed in H0E/rhGM-CSF, H1E, and H0E control implanta-
tion surroundings. The number of vessels were observed highest in H1E/rhGM-
CSF group (28.46 ± 7.6) and other groups found in the order of H0E/rhGM-CSF 
(21.06 ± 4.5), H1E (14.66 ± 3.2), and H0E (14.26 ± 4.4) at 14th day. The VEGF 
and TGF-β1 expressions of the rhGM-CSF groups were found high. This study 
shows that H1E/rhGMCSF helps in all phases of wound healing [73]. TGF-β1 
helps to initiate granulation by increasing the expression of genes associated with 
extracellular matrix formation [74]. VEGF by acting on VEGFR-2 stimulates 
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endothelial cells and then induces matrix metalloproteinase (MMP) production 
and endothelial cell proliferation and migration [75].

To prepare RNAi functionalized collagen–CS/silicone membrane bilayer at first 
siRNA solution (dissolved siRNA in RNase-free water) was mixed with trimethyl 
CS (TMC) and then porous collagen/CS scaffold was prepared and cross-linked 
with glutaraldehyde solution. Collagen–CS scaffold and silicone membrane were 
combined with a silicone adhesive to regenerate the bilayer dermal equivalent 
(BDE). TMC/siRNA particles were dropped onto the BDE and incubated for over-
night. Bama miniature pigs were used for in vivo study. The RNAi-BDE worked 
as a reservoir for the incorporated TMC/siRNA complexes, enabling a prolonged 
siRNA release. From histochemical analysis, in vivo inhibition of TGF-β1 expres-
sion with RNAi-BDE treated wounds. The factors related to scar were regulated 
and the regenerated skin found similar like normal skin in RNAi-BDE treated 
wounds [76].

Gelatin is water soluble macromolecule obtained from animal collagen and has 
been widely used in pharmaceutics due to its biodegradability and low immuno-
genicity [77]. It is used in ointments and capsules [77, 78]. Gelatin is used as a nano 
carrier for drug delivery orally and directly to tumor has been studied a lot [79, 80]. 
An amino acid found in gelatin helps liver for removal of toxins in our body.

In a study, CS and gelatin were mixed with cross-linking agent and then 
freeze-dried to prepare porous membrane (CGSWD) structure. Big New Zealand 
rabbits were used in animal experiments and wounds were made on the back of 
rabbits. The first group of wounds was treated with 0.2 % (v/v) ethacridinee at a 
dose of 0.2 mL, second and third groups were treated with CGSWD and Vaseline 
respectively. Less healing time, absence of infection, collagen fasciculi of new 
tissues were found in CGSWD treated wounds. The reason for good healing was 
explained with CS could induce hyperplasia of partial macrophage and thus build 
up its activity, gelatin as it takes part in the movement, differentiation, and multi-
plication of cell [81].

Hydrogel sheets (HS) consist of CS, honey and gelatin are prepared in differ-
ent weights (Gram) HS (0.5:20:20), HS-1 (0.25:20:20), HS-2 (0.5:10:20), HS-3 
(0:20:20), and HS-4 (0.5:0:20) respectively. HS-4 showed highest modulus, HS-2 
showed lowest modulus. The HS showed high swelling ratio and good antibacte-
rial activity with nontoxicity. For testing of dressing, burn wounds were created 
on Kunming mice and New Zealand rabbits. For comparison HS and MEBO® 
ointment were used. HS group, MEBO® ointment, and untreated groups showed 
healing in 12, 14, 17 days respectively, so HS treated wounds were showed high-
est wound closure rate. In histological findings untreated wounds’ hair follicles 
basically disappeared, scab fallen off naturally in MEBO-treated burns but small 
ulcers were observed at the center of burn and in HS-treated wounds healed per-
fectly with well-organized dermis, which look like a normal skin. The researchers 
also concluded that feasible effects played important role in wound healing [82]. 
Gelatin could take part in the movement, differentiation, and multiplication of cell 
[83]. The solutions with high viscosity like honey, sugar glucose inhibits microbial 
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growth thus encourages healing [84]. Similarly in honey, sugar due to osmotic is 
responsible for antibacterial activity [85–88].

A hybrid hydrogel with gelatin and CM–CS hybrid hydrogel were prepared 
with different ratios (gelatin to CM–CS) at 10/0, 8/2, 6/4, 4/6, 2/8, and 0/10. They 
observed that by increasing the CM–CS content in the hybrid hydrogel, swelling 
property and degradation rate increased, whereas compressive modulus decreased. 
The prepared hydrogel was compatible to NIH3T3 fibroblast cells and cells could 
grow actively on the hydrogels [89].

Huang et  al. [90] extended this work and checked the efficacy of CM–CS/
gelatin for cutaneous wound healing. After optimization of properties, CS–gelatin 
hydrogel of 4:6 ratios was used for further wound healing test. Male young adult 
Sprague Dawley rats were used for in vivo study and transparent polyurethane was 
used as control. Radiation cross-linked carboxymethyl–CS/gelatin hydrogel group 
showed a higher wound healing rate (p < 0.05) on all phases of wound healing. 
In wounds treated with hydrogel regeneration of granulation tissues was observed 
as compared to control. In proliferative phase, VEGF-positive granulation tissues 
were evenly spread from the surface to the basal layer in hydrogel-treated groups, 
whereas the mainly located at base of wound in blank control group. In remode-
ling phase, thick and well-organized collagen fibers/bands were observed in regen-
erated epithelium in the hydrogel-treated group, whereas thinner collagen fibers 
were seen in the control group.

Microbial cellulose (MC), is a polymer synthesized by Acetobacter xylinum. 
Although it is potent and becomes a high-value product of biotechnology has not 
attracted much more [91]. In another study, oxidation of carboxymethyl cellulose 
(OCMC) and carboxymethylated CS (CMCS) prepared with volume ratios 15/2, 
15/5 and 15/8, the hydrogels were represented as CSOC-2, CSOC-5, and CSOC-
8. As OCMC weight percent was increased in the hydrogel, gelation time was 
decreased so they selected CSOC-5 hydrogel for further testing. On adult male 
Wistar rat wounds CSOC-5 hydrogel was introduced and for control kept con-
stant. At 7th day 69.8, 65.8 and on 14th day 99.8 %, only 79.9 % was observed 
by wounds treated with testing group and control respectively (p < 0.05). Large 
number of inflammatory cells in dermis was observed in control animal groups, 
whereas small amount of inflammatory cells with new epithelium on surface of the 
defect was observed in CSOC-5 treated wounds which show the potency of used 
hydrogel as wound healing material [92].

Bacterial cellulose (BC) and bacterial cellulose–CS (BC–Ch) membranes are 
considered to be potent wound healing materials. Lin et al. [93] synthesized BC 
by Acetobacter xylinum. Sprague Dawley rats were used for in vivo testing and 
BC and BC–Ch membranes, 3M Tegaderm hydrocolloid and transparent films 
were used. In vivo study reveals that BC–Ch membranes treated wounds not 
only healed more rapidly but also epithelialized and regenerated faster than those 
treated with BC or Tegaderm. The overall results reveal that BC–Ch membranes 
are to be considered as very important wound treatment materials.

Huang et  al. [9694] prepared biomimetic layer-by-layer nanofibrous matrices 
with CS, poly(ε-caprolactone), cellulose acetate, and collagen. First template was 
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prepared with poly(ε-caprolactone), cellulose acetate and then these templates 
were soaked with CS and collagen respectively for 5, 5.5, 10, 10.5, 15, 15.5, 20, 
20.5 times to prepare layer-by-layer nanofibrous matrices. Physical properties 
such as stress at break, strain at break, and loaded protein were found high in mats 
coated 10 times with CS and collagen. The higher degradation was found in larger 
number of coated groups. SD rats with thickness cutaneous wound used for in vivo 
testing. In 5, 10, 15, 20 times coated layer-by-layer mats, full wound closure was 
observed after 4, 4, 3, 2 weeks after treatment. Other important tests like α-tubulin, 
collagen IV, integrin β1, and phosphorylated FAK at Tyr 397 showed highest 
expression in larger number coated mats.

4 � Wound Dressings with Chitosan and Synthetic Polymers

CS blends with synthetic polymers including poly(vinyl alcohol) (PVA), 
poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide) (PEO), and polyglutamic acid 
were investigated for wound healing applications. PVA with its well-known prop-
erties such as nontoxic which has a little cell adhesion and protein absorption is 
widely used as wound healing material [95].

A hydroactive dressing was prepared by mixing poly(vinyl alcohol)/CS lac-
tate (PVA/ChL) and nitrofurazone (0.1–0.2-mm thickness) using phase inversion 
technique. The results of hemocompatibility shows that increase in ChL content 
in PVA/ChL membrane reduce the fibrinogen adsorption, superior blood compat-
ibility than that of each polymers. In their further study they used PVA/ChL mem-
brane with xPVA = 0.5 (mole fraction of PVA) and this membrane showed higher 
water content and low interfacial tension, which helps in enhancing biocompat-
ibility of blends. Wistar rats were used in their study and PVA, ChL, and PVA/ChL 
were compared. After 7 postoperative days wound treated with ChL and PVA 
membranes showed discrete inflammation, whereas no inflammation was observed 
in PVA/ChL treated wounds. Vascular proliferation and fibroblastic scar tissue for-
mation were clearly observed which strongly prove the use of PVA/ChL and nitro-
furazone membrane as dressing material [96].

Semi-interpenetrating polymer networks (SIPNs) composed of CS (CS), 
poloxame and dehydroepiandrosterone (DHEA) are used for wound dressing 
applications. Poloxamer macromer, having acrylate-terminated PEOs is used 
in biomedical fields [97]. BALB/c mice were used and prepared dressings were 
compared with gauze (control), Vaseline gauze, CS/poloxamer SIPNs, and DHEA-
loaded CS/poloxamer SIPNs. DHEA (2 wt% of polymer weight). The results sup-
ported that CS/poloxamer SIPNs were capable in providing suitable circumstances 
for granulation tissue formation, new epithelium in wounded place and mature 
collagen in dermis. So, the researchers concluded that the reason for wound heal-
ing of prepared SIPNs may be affected by released DHEA which prevent pro-
gressive destruction of the thermally injured skin tissues and systemic change of 
immune function after burn [98].
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The acrylic acid-grafted and gamma-polyglutamic acid/CS-immobilized poly-
propylene nonwoven fabric (PP–AAg–PGCi) were prepared and in vivo study was 
performed on male Wistar rats. Healing of PP-nonwoven fabric (PP), AAgrafted 
and gamma-PGA immobilized PP nonwoven fabric (PP–AAg–PGi), AA grafted 
and CS-immobilized PP nonwoven fabric (PP–AAg–Ci), and AA grafted and 
gamma-PGA/CS-immobilized PP nonwoven fabric (PP–AAg–PGCi) were com-
pared accordingly. Results showed that increase of gamma-PGA in the immobiliz-
ing increases water diffusion and bacteria inhibition zone of PP–AAg–PGCi found 
highest. Wound treated with PP–AAg–PGCi membrane was found to be healed 
quickly as removal of this membrane was easy. The healing of the wound area 
for the various membranes was found in the order of PP–AAg–PGCi>PP–AAg–
Ci>PPAAg–PGCi. The dense and intact hair follicles cells with complete epitheli-
alization were observed in PP–AAg–PGCi membrane treated wounds and delay of 
the follicles formation in PP–AAg–Ci membrane treated wounds [99].

CS–hyaluronic acid (CS–HA) hybrid films were reported by solution casting 
method. The CS and hyaluronic acid solutions were prepared in the ratio of 5:1, 4:2 
to 3:3, corresponding to a weight ratio of HA of 0.1, 0.25, and 0.5 % represented as 
CS5HA1, CS4HA2, and CS3HA3, respectively. Researchers found that by addition 
of hyaluronic acid water uptake capacity increased in comparison with CS film. 
That is, CS3HA3 showed highest swelling ratio. Based on the results they decided 
to select CS4HA2 for testing in vivo and SD mice were used for the same. Vaseline 
gauge and CS4HA2 were compared and result reveals that CS/HA film is more 
easily peeled off without causing any harm and shows faster healing rate [100].

Cross-linked CS hydrogel films were prepared by PVA and CS loaded with 
minocycline by freeze-thawing method for wound healing applications by Sung 
et  al. [101]. Results indicate that amount of CS affects cross-linking strength of 
hydrogel fraction and also flexibility of prepared gel. On increasing CS concen-
tration, gel fraction and cross-linking ability decreases. It also decreases thermal 
stability of PVA hydrogel, increases swelling ability up to 400  %, water vapor 
transmission rate, and porosity of hydrogel. Data analysis reveals that loading 
of minocycline does not affect physical property of hydrogel. In wound healing 
testing minocycline-loaded PVA hydrogel shows faster rate of healing in rat dor-
sum than the control (sterile gauze). Hydrogel loaded with drugs were found to 
be more favorable for re-epithelization microvessel formation, collagen tissue and 
reconstruction of skin tissue than conventional product.

The CS-coated PVA nanofiber prepared by electrospinning method. Heat-
treated PVA nanofibers were then coated by immersing in CS solution. The wound 
healing ability of CS-coated PVA and heat treated PVA (H-PVA) nanofibers matri-
ces were compared. The result indicates that CS-coated PVA (C-PVA) shows less 
hydrophilic and better tensile strength as compared to H-PVA nanofibrous matrix. 
Wound healing ability of coated matrix was examined on a mouse. The nanoma-
trices (C-PVA and H-PVA) accelerate wound healing compared to control. The 
enhanced wound healing activity may be due to high surface area and microporous 
structure of matrices which facilitate cell attachment and proliferation. Moreover, 
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the collagen density was found to be high in C-PVA than H-PVA. The epidermis 
of C-PVA treated wound was thicker than that of H-PVA treated wound [102].

Hydrogel prepared by using PVA, water-soluble CS and glycerol for wound 
healing applications. The wound healing ability was evaluated on Sprague Dawley 
rats. They observed that gauze dressing adhered to the healing tissues resulted in 
bleeding and hydrogel could be easily removed from wound surface. The hydro-
gel-treated wounds were healed almost at 11th day but control showed only 90 % 
wound contraction on 14th day. The histology of wounds at 16th day supported 
the efficacy of hydrogel as good wound dressing. Mature collagen in dermis, 
well-structured epidermis found in hydrogel used dressings. Moderate number of 
inflammatory cells in dermis, incomplete covered with epithelium was observed in 
control treated wounds [103].

Tsao et al. prepared CS/γ-poly(glutamic acid) (PGA) PEC for wound dressing 
materials in the molar ratio of 3:1, 1:1, and 1:3. They observed that water uptake 
capacity was found in order to C25P75 (959 ±  97  %), C75P25 (675 ±  55  %), 
C50P50 (232  ±  44  %) because of higher water absorption capabilities of 
free –COOH groups in γ-PGA than that of the free –NH2 groups in CS existing in 
the CS/γ-PGA PECs. In vivo experiment was conducted on ICR mice and found 
that CS/γ-PGA PECs treated wounds healed almost but not in control. It was also 
observed that the suppression of inflammatory increased as CS content in prepared 
wound dressing but not in neat CS treated wounds which showed that γ-PGA was 
important factor in reduction of inflammatory. As γ-PGA content increases in 
CS/γ-PGA PECs, amount of epithelialization increases. New hair follicle forma-
tion, regeneration of new tissues were observed in CS/γ-PGA PECs [104].

In a study, rutin-conjugated CS–poly(ethylene glycol)–tyramine (RCPT) 
hydrogel was prepared. Male Sprague Dawley rats were used for in vivo analy-
sis and PBS, CS–poly(ethylene glycol)–tyramine (CPT), commercialized 
wound dressing Duoderm, and RCPT were used for in vivo study. The forma-
tion of extracellular proteins and epithelization of incisions increased in order 
of PBS<CPT<Duoderm≈RCPT. The formation of new blood vessels, well-pro-
liferated fibroblast, and high granulation tissue formation was due to collagen 
enhanced in RCPT hydrogel for the use in dermal healing [105].

A new type of layered hydrogel prepared by using alginate, CS, poly(L-glu-
tamic acid) (PGA). For comparison, dry sodium alginate film was soaked in either 
10 wt% CaCl2 (alginate–CaCl2) or 3 wt% Ca–PGA (alginate–PGA) aqueous solu-
tion. The swelling ratio of alginate–PGA and alginate–CS–PGA were higher than 
that of alginate–CaCl2. Calcium ions released from hydrogels in DMEM were 
found in order alginate–PGA>alginate–CS–PGA>alginate–CaCl2. The animal 
experiment was performed over diabetic female Wistar rats by creating full-thick-
ness rectangular wounds. The healing effectiveness was compared with commer-
cial product, alginate–CaCl2, alginate–PGA, and alginate–CS–PGA. They found 
that wound healing was more in alginate–CS–PGA compared to conventional algi-
nate hydrogels. Suppressed inflammatory phenomena, abundant mature collagen 
were observed in CS/PGA PECs treated wounds [106].
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In a study, curcumin–MPEG–CS film prepared by using curcumin, methoxy 
poly(ethylene glycol) and CS by using casting/solvent evaporation method. For in 
vivo testing SD rats were used and healing rate was compared curcumin–MPEG–
CS film (film area: 3 cm2) and a control group with treatment of MPEG–CS film. 
Researchers observed that curcumin–MPEG–CS films treated group showed 90 
and 60 % wound reduction in MPEG–CS film treatment proves the strong role of 
curcumin in wound healing. They concluded that complete epithelialization of the 
wound, compact as well as aligned collagen and actual collagen deposition in cur-
cumin–MPEG–CS films treated wounds showed the great potency for use in the 
wound healing applications [107].

In another study, ciprofloxacin hydrochloride-loaded CS/poly(ethylene glycol) 
(PEG) composite scaffold was prepared and antibacterial results indicated that 
antibiotic loaded CS–PEG composite showed highest inhibition zone over antibi-
otic loaded pure CS scaffold. Albino male mice were used and effective wound 
healing was observed in antibiotic loaded CS–PEG composite scaffolds, anti-
biotic-loaded pure CS scaffold and control (gauze) in 9, 14, and 21 days respec-
tively. Well-organized epithelial cells, hair follicle, and hair growth were observed 
in antibiotic-loaded CS–PEG composite scaffolds which show the effectiveness of 
this scaffold for wound healing applications [108].

Charernsriwilaiwat et  al. [109] prepared nanofiber mats using CS–ethylenedi-
amine tetraacetic acid (EDTA) solution, PVA solution at a weight ratio of 30/70 
and lysozyme (LZ) (10, 20 and 30 wt% to polymer), and then electrospun to pro-
duce fibrous mats. Male Wistar rats wound were covered with a nanofiber mat, 
gauze, and SOFRA-TULLE® (antibacterial). Researchers found that 30  % LZ 
loaded CS–EDTA/PVA nanofiber mats were faster than bare-CS–EDTA/PVA and 
bare-CS–acetate/PVA nanofiber. The two main reasons proposed for this healing 
were (i) assists in the acceleration of the healing process by deactivating bacterial 
and depolymerizing the CS [110] and (ii) By products from CS depolymerisation 
such as EDTA and Nacetyl-d-glucosamine enhances the healing rate because of 
their antibacterial properties and aid in fibroblast proliferation [111].

A CS–poly(ethylene glycol)-tyramine (CPT) conjugate was evaluated for 
wound healing applications. Hemorrhaging liver mouse model was employed 
(C57BL/6 mouse) for hemocompatibility test. The total blood loss measured for 
3 min after the liver was pricked with a needle and for control liver (no treatment), 
prepared dressing was 154 mg and 59 mg respectively. The healing ability of CPT 
hydrogels compared with suture, fibrin glue- and cyanoacrylate-treated models, 
as well as normal skins. In suture treated groups the epidermal layer has pene-
trated into sutured incision and large gap still present, together with a suture hole. 
Better healing was observed in cyanoacrylate-treated models than suture treated 
groups, although healing process was incomplete, demonstrating fibrosis around 
the incision. The wound treated with fibrin glue found better than suture, and 
cyanoacrylate-treated models but fibrosis was still observed, with incomplete der-
mis recovery. In hydrogel-treated wounds incision was completely recovered, with 
a newly formed dermis and no visible fibrosis after 2 weeks, and found better than 
other research groups [112].
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In a study, polypropylene (PP) nonwoven fabric (NWF) was prepared by using 
CS, poly(N-isopropylacrylamide) (PNIPAAm). Cytotoxicity test result revealed 
that original and acrylic acid (AAc) coated NWFs showed some cytotoxic-
ity, but grafting of CS and PNIPAAm into temperature-responsive PP–g–CS–g–
PNIPAAm NWF reduced cytotoxicity and supported proliferation. The wound 
areas remain after 17  days for gauze, PP–g–CS, and PP–g–CS–g–PNIPAAm 
NWFs was 25.6, 11.9, and 4.9  % respectively. From histological images of the 
newborn skin tissues at the wound site confirms that no infection and inflamma-
tion were observed in wound site covered with PP–g–CS–g–PNIPAAm NWF 
throughout the wound healing process. Hence it confirms that the PPg–CS–g–
PNIPAAm is useful and potential wound dressing material [113].

Chen et  al. [114] prepared reinforced poly(ethylene glycol) (PEG)-CS (RPC) 
hydrogels with different Mw (600, 1000 and 2000  Da) of PEG and different 
molar ratios of carboxylic acid to amine group (5:95, 10:90, and 15:85, neat CS). 
1000-RP10C90 has good mechanical strength and proper degradation rates. Adult 
BALB/c mice were used and healing activity among all prepared dressing mate-
rial and control (received no dressing) were compared. In macroscopic evaluation 
control wounds (86.6 ±  3.8  %), as well as the C100 (88.6 ±  3.3  %) and 600-
RP15C85 (90.9 ± 2.6 %) dressings showed less healing as compared with 2000-
RP15C85 (91.7 ±  2.3  %) and 1000-RP10C90 (93.3 ±  2.8  %). They observed 
that as increasing amount of cross-linked PEG the number of inflammatory cells 
were increased (i.e., the number of inflammatory cells was 1000-RP15C85>1000-
RP10C90>1000-RP5C95). 1000-RP10C90 dressings showed continuous increase 
in thick epidermal layer due to accelerated epithelial cell repair site and superior 
wound healing effects were found as compared to other dressing materials.

A wound healing hydrogel for deep second-degree burn was prepared by 
adding CS, poly(vinyl alcohol), polyethylene glycol (PEG 400), and agar. Male 
Albino Wistar rats were used for in vivo study and copper punch was used to 
create burn wound. Cotton gauze, paraffin gauze and PVA/CS hydrogel dress-
ings were applied on rats. Hydrogel PVA/CS was peeled off very easily as com-
pared to other control groups. In cotton and paraffin treated groups between 2 and 
6 days fragments of scab, light coat of scab which persists in the wound observed 
in between day 6 and 9 and only 90  % wound was observed after 16  days. 
Homogeneous formation of the fibrin between 2 and 6  days was observed in 
PVA/CS hydrogel dressings and good quality of wound healing was observed in 
between day 6 and 9. The main advantage of hydrogel healing is providing moist 
environment so that epidermal cells migrates easily over a wet wound area and 
easy removal of dressing without causing additional damage. In hydrogel-treated 
wounds on day 9 observed positive signs such as fleshy buds constituted with 
blood vessels, disappeared inflammatory cells, quick epithelisation, whereas pres-
ence of inflammatory signs were observed in cotton gauze, paraffin gauze treated 
wounds [115].
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5 � Wound Dressings with Chitosan and Growth Factors

Growth factors play an important role in wound healing by playing important role 
in each phase of wound healing. Growth factors are polypeptides which control 
the growth, differentiation, and metabolism of cells and regulate the process of 
tissue repair [116–118]. Several defined peptide growth factors, including EGF, 
PDGF, FGF and TGF-β, have been shown to stimulate cellular proliferation and 
synthesis of the extracellular matrix [119, 120].

In a study, photocross-linkable CS (Az–CH–LA) aqueous solution includ-
ing fibroblast growth factor-2 (FGF-2) was prepared for wound healing applica-
tions. The rate of wound closure rate was evaluated by creating full-thickness skin 
incisions on healing-impaired diabetic (db/db) mice and their normal (db/+) lit-
termates. The wound closure in db/db mice accelerated in growth factor added 
hydrogel but not in db/+mice. Histological findings revealed that wounds 
treated with growth factor added CS hydrogels in db/db mice shows formation of 
advanced granulation tissue, formation of capillary and epithelialization [121].

A prepared CS film (freeze-drying hydroxyl propyl CS acetate buffer solution) 
by incorporating different concentrations of bFGF (0.6, 2 and 6 µg/film) was eval-
uated for wound healing applications in genetically diabetic mice. Genetically dia-
betic (C57BLKs/J-m+/db, db/db) female mice were used in this study and results 
were compared with different concentrations of bFGF and without bFGF in the 
CS film. They found that for stimulating wound the dose of 0.6 µg/film was not 
sufficient after 15 days. More capillaries, proliferation of fibroblast were observed 
in both groups but more granulation tissue was found in the bFGF–CS film group. 
Hence, they concluded bFGF with CS film is effective for wound healing [122].

A flexible hydrogel was prepared by irradiating ultraviolet light to a photo-
cross-linkable CS (Az–CH–LA) aqueous solution and FGF-2. Healing-impaired 
diabetic (db/db) mice and their normal (db/þ) littermates were used in in vivo 
study. In their results addition of FGF-2 into the CS hydrogel had small effect on 
wound healing in db/þ mice and accelerated the adjusted tissue filling rate in db/
db mice. The CS hydrogel containing FGF-2 noticeably increased the number of 
CD-34-positive vessels in the wound which proves the applicability of the hydro-
gel to further use in wound healing in healing-impaired db/db mice [123].

Alemdaroglu et al. [124] prepared a CS gel with EGF for second-degree burn 
wounds in rats. The efficacy of prepared gel was compared with silver sulfadia-
zine, CS gel with EGF, CS gel without EGF and without EGF, EGF solution and 
untreated control groups unburned and untreated female Sprague Dawley rats. 
In case of CS gel without EGF treated wounds some degeneration of mitochon-
dria, loss of crista, and for healing indication active fibroblasts in dermis were 
observed. In CS gel with EGF treated wounds, some vacuolization of dermal cells 
with healing, infiltration of inflammatory cells, epithelial cells with normal struc-
ture and some active fibroblasts and inflamed cells at connective tissue layer were 
observed. In the case of EGF solution treated groups continuation of fibroblastic 
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activity, wound scab, invasive inflammatory cell infiltrations underneath, degen-
eration of cells at epithelial surface were noticed. Positive indication observations 
for wound healing such as myofibroblasts were observed. Significant increase in 
cell proliferation is clearly observed in CS gel with EGF treated groups from their 
experiment (p < 0.001). Although the wound healing rate was faster in CS gel with 
EGF and EGF solution treated groups as when compared to other groups highest 
wound healing rate and epidermis thickness were observed in CS gel with EGF 
treated groups (p < 0.001). These results prove the importance of CS as well as 
EGF in wound healing applications.

A scaffold was developed by using CS, bFGF, and gelatin microparticles to 
evaluate wound closure of pressure ulcers in aged mice. C57BL/6NHsd female 
mice were used to compare the wound healing effect of control (cotton gauze), 
CS, and CS loaded with bFGF. CS accelerated healing with or without bFGF by 
attracting more neutrophils. In vivo elastase protein levels were reduced on day 10 
for CS loaded with bFGF. CS potentiates the bFGF activity and results accelerated 
of pressure ulcers in aged mice [125].

In a study, PDGF-containing collagen–CS gel (CCP) was used as wound heal-
ing material. The control (without treatment), CS with PGDF and CCP wound 
healing efficacy was tested on rat. Complete epithelisation in control, CS with 
PGDF and CCP occurred in 20, 14 and 10 days respectively. The wound contrac-
tion rate was also observed in same order. In control groups loosely packed colla-
gen fibers and undifferentiated keratinocytes under basal lamina layer. In CS with 
PDGF treated wounds after 10th day, epidermis consists of more number of capil-
laries were observed. In PDGF-containing collagen–CS group hair follicle struc-
ture, no inflammatory cells and moderate number of fibroblasts were observed 
with all signs of complete wound healing on 10th day. Researchers suggested that 
PDGF recruits additional macrophages into the wound, which produce endoge-
nous growth factors, such as TGF-β, and increased collagen synthesis [126].

Further Takei et al. [127] modified the above prepared gel with PVA and pre-
pared CS–gluconic acid conjugate/poly(vinyl alcohol) cryogels. Male Wistar 
rats were induced diabetes with streptozotocin. The results were compared with 
CG/PVA cryogel, bFGF-containing CG/PVA cryogel, Viewgel® and dry cot-
ton gauze. Time period required for the healing of 50  % of the initial area of 
wounds treated with gauze (n =  5), Viewgel® (n =  6), 1  % CG/5  % PVA cry-
ogels (n =  7) and 1  % CG/5  % PVA cryogels containing bFGF (n =  7) were 
6.5 ± 0.3, 5.7 ± 0.3, 4.0 ± 1.1 and 2.7 ± 1.0 days respectively. Their results indi-
cated that healing rate of the wounds covered with the bFGF incorporated cryo-
gels was 1.5 times higher than that of wounds covered without bFGF cryogels. 
Histopathological study reveals that no formation of fibrotic capsules as a con-
sequence of the inflammatory process in the 1  %  CG/5  % PVA cryogel-treated 
wounds were found after complete closure.

Takei et  al. [12] extended their work and prepared aqueous solution soluble 
(neutral pH) CS-gluconic acid conjugate and formed gel by freeze-thawing (cryo-
gelation) without using additives. Male Wistar rats were used for in vivo study. 
They observed that the prepared cryogel promoted increase of inflammatory cells 
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such as PMN which release chemical mediators effective for wound healing. 
Hence they concluded that CS-gluconic acid conjugate was found efficient than 
cotton gauze and Viewgel® in wound healing.

CS-based microspheres prepared by using different quantities of VEGF, EGF, 
and EGF+VEGF in CS solutions. The microspheres were prepared by electro-
spinning technique. By using Wistar rats wound healing efficacy was compared 
between six groups; namely EGF+VEGF dissolved in PBS; oxidized dextran 
loaded with CS microparticles without Growth factors; oxidized dextran loaded 
with microparticles with VEGF incorporated; oxidized dextran with micropar-
ticles loaded with EGF; PBS (control); oxidized dextran loaded with microparti-
cles containing EGF+VEGF. The treatment group treated with oxidized dextran 
loaded with microparticles containing EGF+VEGF wound closure was observed 
earlier. They concluded that no specific inflammation or reactive granulomas were 
found because of the presence of oxidized dextran CS and growth factors in all 
groups and both growth factors were contributed in wound healing [128]. The 
slow wound healing was observed in growth factors absent groups, single growth 
factor added groups compared with two growth factors added groups that improve 
the establishment of the regenerative cascade in order to produce new extracellular 
matrix and promote angiogenesis that are fundamental for skin regeneration [129].

6 � Wound Dressings with Chitosan and Nanoparticles

Due to nanoparticles small size (often 100  nm or smaller) are well merged in 
CS-based dressing material which enhance tensile strength. Nanoparticle can 
interact at molecular and cellular level, due to which it shows better antibacterial 
activity and reduce time span for wound healing.

In a study, CS dressing developed by incorporating a polyphosphate (proco-
agulant) and silver (antimicrobial). Silver-loaded CS–polyphosphate exhibited 
higher bactericidal activity than CS–polyphosphate in vitro, by 100 and 90  % 
kill of Pseudomonas aeruginosa and S. aureus consistently. Male BALB/c mice 
were used to test the efficacy. P. aeruginosa was incorporated on the wound sur-
face. The effect of gauze and silver-loaded CS–polyphosphate on bacteria treated 
wounds were compared on day 1 and 2 only because gauze treated mice were died 
on 2nd day. The more inflammatory cell infiltrates and less infiltration in wounds 
treated with silver-loaded CS–polyphosphate. Gram stain of wounds treated with 
silver-loaded CS–polyphosphate revealed that bacteria in inflammatory cell infil-
trates on 7th day but not at day 14. On 14th day dermis showed organized with 
thicker collagen fibers, more fibroblasts, and in epidermis maturation of keratino-
cyte with silver-loaded CS–polyphosphate treated wounds [130].

The mechanism of antibacterial activity of silver is studied by many researchers 
as silver nanoparticles could interact with the sulfur containing, phosphorus con-
taining compounds such as DNA in bacteria [131]. The silver ions inactivate cellu-
lar proteins and DNA loses replication ability [132]. Kim et al. reported that silver 
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ions help in cell death by enable formation of free radicals which induce damage 
to the bacterial membrane [133].

CS and nanosilver was prepared for wound healing applications. They found 
negative result with sterility and pyrogen tests with silver nanocrystalline CS 
dressing. For in vivo study, Sprague Dawley rats were used and healing activ-
ity was compared with silver sulfadiazine, CS film, and composite dressing. The 
wound healing rates were 98.98 ± 6.09 %, 81.67 ± 6.30 % and healing time was 
13.51 ±  4.56, 17.45 ±  6.23  days for silver nanocrystalline CS dressing treated 
group and silver sulfadiazine dressing treated control groups respectively. The 
antibacterial activity of silver nano found more than same amount at ionic level 
and finally they concluded that the prepared dressing has more efficacy in wound 
healing applications [134].

Arockianathan et al. [135] prepared composite films with CS, sago starch, sil-
ver nanoparticles, and gentamycin. To see the effect of gentamycin some films 
were without it. They found that addition of 2 mL of ethylene glycol as plasticizer 
increased tensile strength. Male Albino Wister rats were used to compare activity 
between cotton gauze dipped with gentamicin (control), CS–sago–silver nanopar-
ticles and CS–sago–silver nanoparticles with gentamicin. Complete healing time 
for control, CS–sago–silver nanoparticles and CS–sago–silver nanoparticles with 
gentamicin were 24, 18 and 16 days respectively. Same proved by histopathologi-
cal study. Increased tensile strength thus increase in collagen matrix in CS–sago–
silver nanoparticles with gentamicin treated wounds reflects faster healing. They 
concluded that this prepared dressing may be used as wound healing material.

In a study, a fibrous mats using PVA, CS oligosaccharides (COS) and silver 
nanoparticles (AgNPs) by electrospun for wound healing applications. The anti-
bacterial activity was more for PVA/COS-AgNP nanofiber. The gauze, PVA/
COS/AgNO3 (silver nitrate) nanofiber, commercial wound paste and PVA/COS-
AgNP were applied on the wound created on Sprague Dawley rats. PVA/COS-
AgNP treated groups showed better wound healing than other groups. 7 days after 
operation in PVA/COS/AgNO3 nanofiber and gauze treated groups granulation tis-
sue with infiltration of inflammatory cells were observed which was disappeared 
without capillary hyperplasia in PVA/COS-AgNP treated group. In each group, 
on 14th day newly synthesized fibrous tissue and sparse inflammatory cells in the 
dermis were observed and subcutis were covered by completely re-epithelialized 
epidermis. They concluded that PVA/COS-AgNP nanofibrous membrane could be 
used for wound healing [136].

In recent study, Archana et al. [137] prepared CS–PVP–silver oxide loaded film 
for wound healing applications. They found that prepared films had higher anti-
bacterial activity and nontoxic nature. Adult male albino rats (140–180  g) were 
used for wound healing study. They found that prepared film has more wound 
healing property than that of cotton gauge and 100 % CS.

Kumar et  al. [138] prepared a CS/nano ZnO composite bandage for wound 
healing applications. Sprague Dawley (SD) rats were used to compare healing 
effect of CS/nano ZnO (nZnO (0.005 % and 0.01 %), CS control, Kaltostat, and 
bare wound (negative control). After 2 weeks, wound closure ∼90 % achieved by 
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CS, CS/nano ZnO and ∼70 % achieved in Kaltostat-treated wound and untreated 
wounds. More collagen deposition, complete re-epithelialization observed in CS 
controls and the CS/nano ZnO treated wounds, compared to the Kaltostat and 
the untreated wounds. Swabs collected from the rat wound cultured with bacteria 
showed reduced viability in the first week and further reduced in the second week 
with CS/nano ZnO treated wounds than other treatment groups. They concluded 
that CS/nano ZnO dressings were effective.

The effect of CS-based copper nanocomposite on healing was evaluated on exci-
sion wound model in Wistar rats. They found that the upregulation of VEGF and 
transforming growth factor-β1, more fibroblast proliferation, collagen deposition, 
and intact re-epithelialization in CS-based copper nanocomposite treated wounds 
as compared to 0.1 % acetic acid-treated groups and 1 % CS-treated group [139].

Nano–TiO2–CS with collagen artificial skin (NTCAS) was prepared for wound 
healing applications. The formation dried for homogeneous membranes. Animals 
used in in vivo experiment were Sprague Dawley rats and results were compared 
between uncovered group (control), Duoderm (positive control) and NTCAS. Low 
levels of IL-6 interleukin 6 and tumor necrosis factor alpha in rat serum, better 
healing (photographic view) in NTCAS-treated group when compared to other 
control groups [140].

In one study titanium dioxide nanoparticle loaded CS–pectin dressing was pre-
pared to investigate wound healing efficacy. The incorporation of nanoparticle 
increased the mechanical strength of dressing. The feasibility of two antibacterial 
materials CS and TiO2 increased antibacterial efficacy as well as wound healing 
property. The in vivo open excision type wounds were created on adult male albino 
rats and healing rate was compared between nano dressing, CS, and conventional 
gauze. Wound closure rate of the gauze, CS, and CS–pectin–TiO2 matrices treated 
groups were found 91.22, 94.98, and 99.01 % respectively. In nano dressing treated 
wounds, well-developed dermis and epidermis, formation of matured fibrous tis-
sues were observed. Necrotic patches, loose granulation, and sparse blood capillary 
formation were observed in CS treated wounds clearly indicate that the involve-
ment of nanoparticle as well as pectin in wound healing applications [141].

In another study, CS–PVP–titanium dioxide nanocomposites were prepared for 
wound healing applications. The dressing contains antibacterial activity, hemo-
compatible nature, and nontoxic nature. The dressing was compared with gauze, 
soframycin skin ointment and CS, they found the contraction rate 90.42, 93.34, 
94.21, and 99.09  % respectively. Photographic appearance was supported the 
results and adult male albino rats were used for in vivo testing [142].

7 � Conclusions

A number of publications and patents in this field indicate the necessity of wound 
dressings. The selection of material plays an important role in wound healing point 
of view. The main advantage of CS is it can be easily blended with simple process 
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and easily fabricated into gels, films, scaffolds, and fibers. This chapter mainly 
focuses on advantages of CS-based dressings in the field of wound healing appli-
cations. The CS-based dressings were prepared by blending technology using syn-
thetic, natural, growth factors and nanoparticles. This technology is an effective 
way to prepare new classical materials for improving its versatile property. Even 
though deep rooted literature provided that a deep study is still required to find the 
exact mechanism of CS activity in each phase of healing.
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Abstract  Chitosan, a cationic polysaccharide, has prompted the continuous impe-
tus for the development of tumor targeted drug delivery systems, thanks to the 
polymer’s biocompatibility, low toxicity, and biodegradability. The presence of 
primary hydroxyl and amine groups on its backbone allows it for chemical modi-
fications to control its physical properties. The nanomedicines prepared from chi-
tosan and its derivatives can be delivered through different routes, such as oral, 
intravenous, and intraperitoneal. Chitosan-based nanomedicines including nano-
particles, microspheres, drug conjugates, micelles, hydrogels, etc. are in various 
stages of development. This polymer is being currently investigated for simulta-
neous delivery of two chemotherapeutic agents or chemotherapeutic agent with 
a gene carrier to produce synergistic effects. This chapter summarizes the recent 
advances in application of chitosan and its derivatives as a carrier for chemothera-
peutic agents as well as gene carriers for cancer chemotherapeutics.

Keywords  Chitosan  ·  Delivery systems  ·  Nanoparticles  ·  Targeted delivery

1 � Introduction

Cancer is regarded as one of the most dreadful diseases and chemotherapy remains 
to be the necessary approach for treatment mostly for patients who do not respond 
to local excision or radiation treatment. However, numerous limitations are associ-
ated with chemotherapeutic agents that hinder the effectiveness of chemotherapy, 
e.g., poor aqueous solubility (making them difficult to administer), narrow ther-
apeutic index (which limits the dose and frequency of treatment), non-specific 
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distribution throughout the body (which leads to insufficient penetration into can-
cer cells) and efflux transporter specificity (which confers cancer cell drug resist-
ance) [1, 2]. To overcome these limitations over the past several decades, drug 
delivery researchers, and formulation scientists have focused their attention toward 
the development of drug delivery systems that specifically target the site of action 
and significantly affect the pharmacokinetics and pharmacodynamics of therapeu-
tic agents [3, 4]. A wide range of carriers including natural or synthetic polymers, 
lipids, surfactants, and dendrimers, have been employed to design such drug deliv-
ery systems [4–6]. Among these carriers, polysaccharides have attracted more and 
more attentions due to their outstanding merits such as easy availability, nontox-
icity, biocompatibility, biodegradation, and easy modification [7, 8]. Chitosan, a 
linear aminopolysaccharide is one of the most abundant polysaccharides found in 
nature, in fact second only to cellulose [9]. It is a copolymer of D-glucosamine 
(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit), linked via 
(1 → 4) glycosidic bonds and obtained by partial N-deacetylation and hydrolysis 
of chitin, which is the main component of the exoskeleton of crustaceans such as 
crab and shrimp [4, 10, 11]. Generally, deacetylation of chitin is not completely 
achieved and usually ranges from 60 to 98 %. Therefore, chitosan is available with 
various molecular weights (ranging from 50 to 2000 kDa) and degree of deacetyla-
tion [12]. Every deacetylated subunit of chitosan contains a primary−NH2 group, 
having pKa value of ~6.5 and makes it pH sensitive polymer. Therefore, chitosan 
is insoluble in water, alkali, and organic solvents and soluble in acidic media, such 
as acetic acid, glutamic acid, citric acid, aspartic acid, hydrochloric acid, lactic 
acid when the pH of the solution is below 6. Other than pH, chitosan solubility is 
significantly influenced by the extent of degree of deacetylation, molecular weight, 
and ionic strength of the solution [13–15].

Chitosan has remarkable physicochemical properties (Fig. 1) such as biodegra-
dability [16, 17], biocompatibility [18], nontoxicity [19, 20], mucoadhesivity [21], 
low immunogenicity [22, 23], antibacterial [24, 25], and anticancer activity [26]. 

Fig. 1   Physicochemical properties of chitosan
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Chitosan is biodegraded by a number of enzymes, such as lysozyme, N-acetyl-
beta-D-glucosaminidase, di-N-acetylchitobiase, and chitiotriosidase, which can be 
produced by the normal flora in the human intestine or exist in the blood [27–29]. 
Further, there are certain reports which states that chitosan and its degradation 
products activate human macrophages and lymphocyte proliferation without lead-
ing to inflammatory symptoms [29, 30]. With regard to the in vivo toxicity profile, 
it is practically nontoxic in animals as well as humans, with an LD50 in rats of 
16 g/kg [15, 31]. Chitosan has also gained generally recognized as safe (GRAS) 
status by FDA for wound dressing applications [32].

Chitosan is polycationic due to the occurrence of an amino functionality at the 
2-position and its polycationic nature has attracted the drug delivery researchers 
for gene delivery due to their negative charge [15, 33]. The presence of amino, 
acetamido, and/or hydroxyl group in the chitosan presents great opportunity for 
its chemical modification (Fig.  2) [11]. Several derivatives of chitosan has been 
designed in order to improve its pH dependent solubility, enhance mucoadhesive 
properties, transfection efficiency, such as succinyl chitosan [34], quaternized 
chitosan [35, 36], carboxymethylated chitosan [37], PEG-chitosan [38], thiolate 
chitosan [39], etc. It is reported, for example, thiolation of chitosan remarkably 
improves its mucoadhesive properties due to the formation of disulfide bonds with 
cysteine-rich subdomains of mucus glycoproteins [40, 41]; N-acyl and N-alkyl 
derivatives of chitosan having carboxy or sulfate group are soluble at basic pH 
region [42]. Various synthetic strategies for the modification of the chitosan and 
their advantages are well described in several comprehensive reviews [13, 43–45]. 
Chitosan has also been conjugated to chemotherapeutic molecules via cleavable 
linkers and these conjugates form self assembled nanoparticles in aqueous solu-
tions. Several researchers have also conjugated chitosan to other polymers to form 
self-assembled polymeric micelles of chemotherapeutic agents. The interesting 
biopharmaceutical and toxicological profile of chitosan, attracted drug delivery 
researchers to design nanocarriers for cancer chemotherapy. In this chapter, we 
present the application of various nanomedicine approaches based on chitosan and 
its derivatives explored for cancer drug delivery during the last few years.

Fig.  2   Illustration of possible reaction sites in chitin and chitosan (Reprinted from Ref. [11] 
Copyright 2009, with permission from Elsevier)
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2 � Chitosan-Based Nanomedicines for Delivery 
of Chemotherapeutic Agents

Chitosan-based nanomedicines have been successfully employed for delivery of 
chemotherapeutic agents due to their nanoscale size, high surface-to-volume ratio, 
and favorable physicochemical characteristics [10, 15, 46, 47]. These nanomedi-
cines exhibit relatively long circulation times and allow for controlled drug release 
of chemotherapeutic agents. They have the potential to modulate pharmacokinetic 
as well as pharmacodynamic profiles of chemotherapeutic agents due to their abil-
ity to inhibit P-glycoprotein, uptake by microfold cells and ability to bypass-tight 
junctions (Tj) in epithelial cells (Fig. 3) [1, 2, 48, 49]. Chitosan is considered to 
possess a direct effect on the tight junctions of epithelial cells by acting on the 
expression of claudin-4 protein and its redistribution from the cell membrane to 
the cytosol which is associated with its degradation in lysosomes and a decrease in 
tight junction strength, thus enhancing the paracellular permeability [49, 50].

Further, due to their smaller size they have lower uptake by reticuloendothelial 
system (RES) and accumulate preferably at the tumor site due to leaky vascula-
ture of tumor tissue (≥200  nm), the phenomena is known as “enhanced perme-
ability and retention (EPR)” effect [51]. This is referred as passive tumor targeting 
and often associated with some limitations such as inability to achieve sufficiently 
high level of drug concentration in tumor resulting in lower therapeutic efficacy 
and may elicit adverse systemic effects. To overcome these limitations, in recent 
years, there has been focus in developing these nanomedicines with active tumor 

Fig.  3   Proposed mechanisms for modulating the pharmacokinetics and pharmacodynamics of 
chemotherapeutic agents by chitosan nanomedicines
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targeting ligands, such as folic acid, hyaluronic acid, antibodies, peptides, biotin, 
and avidin, which can recognize and bind to specific receptors that are unique to 
cancer cells [10, 15, 52–54]. Various types of nanomedicines have been designed 
based on chitosan and its derivatives, such as nanoparticles, microspheres, drug 
conjugates, micelles, hydrogels (Fig.  4) and are described in the following 
sections.

2.1 � Nanoparticles

Chitosan has ability to promote cross-linkage with various cross-linking agents, 
such as sodium tripolyphosphate (TPP), glutaraldehyde, geneipin, etc. due to the 
presence of amine groups in backbone and it provides an efficient network to 
entrap the chemotherapeutic agent into the NPs [10]. Chitosan NPs can be pre-
pared by a number of methods such as emulsion cross-linking, thermal cross-link-
ing, spray drying, emulsion droplet coalescence method, etc. Detailed methods of 
preparation of chitosan-based nanoparticles are well described in several compre-
hensive reviews [55–57] and detailed discussion in this area is beyond the scope of 
this chapter. Some of the recent examples of chitosan-based nanoparticles for the 
delivery of chemotherapeutic agents are described in Table 1.

Fig.  4   Various chemical modifications of chitosan and its application in designing different 
nanomedicines
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In a recent study, Huang et  al. designed demethoxycurcumin (DMC) loaded 
amphiphilic chitosan (carboxymethyl-hexanoyl chitosan) nanoparticles coated 
with an anti-EGFR (epidermal growth factor receptor) antibody layer to over-
come multidrug resistant (MDR) in lung cancer [58]. In vitro cell culture stud-
ies demonstrated EGFR targeted nanocarriers improved the effect of DMC under 
both normoxic and hypoxic conditions, with IC50 of 10 and 5 µg/mL for hypoxic 
and normoxic lung cancer (A549) cells, which were significantly lower than for 
free DMC. In vivo studies in A549 xenograft lung tumor mice model demon-
strated DMC loaded core-shell nanocarriers achieved about eightfold reduction in 
tumor volume as compare to control group over the 8 weeks of the investigation. 
Yu et al. developed folate decorated chitosan nanoparticles of selenocystine (FA-
SeC-CSNPs) and demonstrated FA-SeC-CSNPs exhibited broad-spectrum growth 
inhibition on the MCF-7 (breast cancer), A375 (human malignant melanoma), and 
HeLa (human epithelial carcinoma) cell lines, with IC50 values ranging from 1.2 
to 3.12 µM [59]. Further, these folate decorated NPs significantly suppressed the 
migration and invasion of HeLa cells in a dose dependent manner. In mechanistic 
investigation the study revealed intracellular nanosystem triggered the overproduc-
tion of reactive oxygen species (ROS), which activated various downstream signal-
ing pathways, such as p53, AKT, and MAPKs, to regulate the cell fate. In another 
investigation, Liang and co-workers designed folate-conjugated chitosan NPs 
of EGCG (FCS-EGCG-NPs) and evaluated in vitro cytotoxicity in HeLa, H1299 
(human non-small-lung-cancer) and Capan-1 (human pancreatic adenocarcinoma) 
cells [60]. The maximum inhibition rate of FCS-EGCG-NPs in the HeLa, H1299 
and Capan-1 cancer cells was 85, 56, and 64 %, respectively at concentration of 
1 mg/mL. There was stronger tumor inhibition effect in HeLa cancer cells due to 
a larger expression of folic acid receptors on the surface, than in other cell types 
with lower expressions at the same concentration.

Doxorubicin loaded in amphiphilic chitosan-co-(d,l-lactide)/1,2-dipalmi-
toyl-sn-glycero-3 phosphoethanolamine copolymer (CS-co-PLA/DPPE) nano-
particles with the modification of an iRGD (CRGDKGPDC) peptide as the 
targeting agent were developed by Nie et  al. [61]. In vitro studies in HUVEC 
(human umbilical vein endothelial cells, abundant expression of ɑvβ3 integrin 
receptors) and two breast carcinoma cell lines, 4T1 (which has a moderate expres-
sion of ɑvβ3 integrin receptors) and MB-MDA-231 (which has minor expression of 
ɑvβ3 integrin receptors) demonstrated a marginal higher toxicity of DOX-iRGD-
NPs in HUVECs and MB-MDA-231, but lower toxicity in 4T1 as compared to 
free DOX which may be due to the difference in the capacities of endocytosis-
mediated cellular uptake of the nanoparticles. The IC50 values of DOX-iRGD-
NPs was lower than DOX-NPs, approximately twofold less for HUVECs (2.82 
vs. 5.97), 4T1 (0.79 vs. 1.31) and slightly less in MB-MDA-231 (1.77 vs. 1.98). 
Further, increased cellular uptake of DOX-iRGD-NPs was observed using laser 
confocal scanning microscope and confirmed to be a consequence of a specific 
endocytosis pathway mediated by ligand–receptor interactions.

Snima et al. studied O-Carboxymethyl chitosan encapsulated metformin nano-
particles (O-CMC-metformin NPs) for pancreatic cancer therapy and investigated 
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reduction in colony formation ability of the cancer cells in case of O-CMC-
metformin NPs using in vitro clonogenic assay [62]. The cell migration assay 
results revealed the marginal reduction in an area covered by the cancer cells after 
20  h incubation with O-CMC-metformin NPs (36  %) as compare to untreated 
sample (45  %) showed the less effect of NPs on migration property of the can-
cer cells on time dependent manner, whereas scratch assay results demonstrated 
these NPs could elicit pronounced cell growth inhibitory effect on pancreatic 
cells. Further, in vivo biocompatibility evaluation by histopathology of O-CMC-
metformin NPs demonstrated normal cellular architecture of mice organs, such as 
spleen, liver, kidney, brain, lung, and heart [62]. Koo et al. developed the glycol 
chitosan nanoparticles with hydrotropic oligomers (HO-CNPs) of paclitaxel (PTX) 
and demonstrated rapid cellular uptake and lower cytotoxicity in MDA-MB231 
(human breast cancer) cells, compared to Cremophor EL/ethanol formulation of 
PTX [63]. Intravenously injection of PTX-HO-CNPs (20 mg/kg) in mice showed 
superior tumor-targeting ability which may be due to EPR effect of nanopar-
ticles through fenestrated vessels in angiogenic tumor tissue. Thirty-four days 
post-injection, the tumor volume of mice showed smaller tumor size treated with 
Abraxane® (commercial formulation of PTX) and PTX-HO-CNPs, and there 
was only negligible tumor growth especially in the case of PTXHO-CNPs. While 
tumor volume in mice treated with saline grew to about 2700 mm3 and in the case 
of PTX formulation, it reached to about 1300 mm3 showing insufficient suppres-
sion of tumor growth.

In another investigation, Jiang et al. synethesized PTX loaded in different for-
mulations, i.e., 5 % thiolated chitosan-modified PCL nanoparticles (CNP), unmod-
ified PLA-PCL-TPGS nanoparticles (UNP), 5 % thiolated chitosan-modified PLA 
PCL-TPGS nanoparticles (TNP), and 20 % thiolated chitosan-modified PLA-PCL-
TPGS nanoparticles (DNP) [64]. In vitro cytotoxicity studies in A549 cells demon-
strated cell viability after 24-h incubation at the 10 μg/mL drug concentration was 
44.41 % for Taxol®, and 28.65 % (i.e., a 28.39 % increase in cytotoxicity) for TNP. 
Moreover, it increased by 37.65 % (p < 0.05, n = 6) and 18.72 % (p < 0.05, n = 6) 
for TNP after 48 and 72-h incubation at 10 μg/mL PTX concentration. These find-
ings might be due to thiolated chitosan could greatly increase its mucoadhesive-
ness, increase PTX transport by opening tight junctions and bypassing the efflux 
pump of P-gp. Maya et  al. designed chitosan cross-linked γ-poly(glutamic acid) 
(γ-PGA) nanoparticles loaded with docetaxel (DTXL) and conjugating the nano-
particles with Cetuximab (CET) for targeting the EGFR over-expressing non-
small-cell-lung-cancer (NSCLC) cells (A549) [65]. In vitro cytotoxicity in A549 
cells (EGFR+ve) demonstrated the IC50 value of CET-DTXL-γ-PGA NPs (50 µg/
mL) as 5 times less than that of DTXL-γ-PGA NPs (250  µg/mL). However, 
there was no significant difference in the IC50 values in NIH3T3 cells (250  µg/
mL) for both targeted and nontargeted NPs. Further, flow cytometry investiga-
tion demonstrated A549 cells treated with CET-DTXL-γ-PGA NPs underwent a 
G2/M phase cell cycle arrest followed by reduction in mitochondrial membrane 
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potential, inducing apoptosis and necrosis resulting in enhanced cancer cell death. 
Tian et al. designed bufalin loaded biotinylated chitosan nanoparticles (Bu-BCS-
NPs) for targeting breast cancer [66]. In vitro cytotoxicity studies in MCF-7 cells 
demonstrated Bu-BCS-NPs exhibited a lower cytotoxicity (IC50; 0.582  µg/mL) 
vs native bufalin (IC50; 1.896  µg/mL). Further, Bu-BCS-NPs induced increase 
in intracellular ROS which was about 2.5 times that of free bufalin and triggered 
more mitochondria dysfunction than free bufalin which ultimately increased num-
bers of apoptotic cells. Treatment with Bu-BCS-NPs down-regulated expression 
of anti-apoptotic molecules Bcl-2 and survivin while up-regulating expression of 
pro-apoptotic molecules Bax and caspase-3. In vivo studies using MCF-7 tumor 
models in nude mice demonstrated significantly decreased body weight in case of 
free bufalin (10 mg/kg) while there was no apparent loss of body weight in case of 
Bu-BCS-NPs treatment.

In another chemical modification of chitosan, Sayari et  al. synthesized 
N-carboxyethyl chitosan-SN38 conjugate (CS-SN38) and forming it into the 
nanoaparticles by ionotropic gelation method using tripolyphosphate [67]. The 
nanoparticles were conjugated by MUC1 DNA aptamer as a targeting agent. In 
vitro cytotoxicity studies in HT-29 (human colon adenocarcinoma, MUC1+ can-
cerous cells) cell line demonstrated diminished efficacy of CS-SN38 NPs with 
respect to free drug which can be related to covalent conjugation of SN38 to chi-
tosan. However, the enhanced and selective uptake of CS-SN38-Apt as compared 
to CS-SN38 nontargeted NPs using confocal microscopy compensate for reduced 
efficacy of conjugate. Huang et  al. synthesized FA-conjugated chitosan–polylac-
tide (FA-CH-PLA) copolymers and encapsulated PTX using ionic gelation method 
[68]. In vitro cytotoxicity in MCF-7 cells was twofold or even threefold higher 
in case of FA-CH-PLA nanoparticles as compared to free PTX at an equivalent 
PTX dose of 1000 or 10,000  ng/mL. Further, the uptake of the nanoparticles in 
MCF-7 cells was more than sixfold higher as compared to native PTX during 
24-h incubation. Recently, Vivek et al. designed oxaliplatin loaded chitosan nano-
particles by solvent evaporation and emulsification cross-linking method [69]. In 
vitro cell cytotoxicity in MCF-7 cells demonstrated twofold increase in cytotox-
icity of oxaliplatin loaded chitosan nanoparticle when compared to native oxali-
platin (p ≤  0.05) after 48  h. Further, IC50 value decreased 13-times in case of 
oxaliplatin loaded chitosan nanoparticle (10  µg/mL) as compare to native oxali-
platin after 48  h incubation. Cellular uptake using confocal microscopy demon-
strated enhanced cellular uptake of Oxaliplatin loaded chitosan nanoparticle in 
the MCF-7 cells after 4 h, compared with native oxaliplatin. In the case of oxali-
platin loaded chitosan nanoparticle, the flow cytometry analysis showed that the 
number of apoptotic cells distribution increased to 21.3 ± 1.57, 54.4 ± 5.79, and 
93.6 ±  11.52  % when the concentration of oxaliplatin was 10, 15, and 20  µg/
mL, while in case of native oxaliplatin it was 11.74 ±  0.13, 21.57 ±  0.47, and 
70.68 ± 7.26 %. The study demonstrates that oxaliplatin chitosan NPs may be a 
potential drug delivery system for breast carcinoma.
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2.2 � Microspheres

Microspheres are spherical particles having the diameter in micrometer range. The 
microspheres have been prepared by the same techniques used for preparation of 
nanoparticles. Peng et al. designed composite microspheres based on gelatin (Gel) 
and chitosan (Cs) loaded with 5-fluorouracil (5-FU) using glutaraldehyde (GA) as 
a crosslinker [73]. In vitro cytotoxicity in the MCF-7 cell line demonstrated that 
as the amount of glutaraldehyde increased, cell viability was decreased in case of 
the empty Gel/Cs microspheres; however, the cell viability increased with increas-
ing glutaraldehyde content for the Gel/Cs microspheres loaded with 5-FU. This 
might be because 5-FU has much higher cytotoxicity than the crosslinker (GA); 
when the Gel/Cs microspheres with 5 FU crosslinked by higher GA then the 
release of 5-FU was slower and the cell viability was higher. Zhao et al. designed 
doxorubicin-loaded multilayer polyelectrolyte hollow microspheres fabricated via 
a layer-by-layer (LbL) assembly of fluorescein isothiocyanate (FITC)-modified 
chitosan (CSFITC) and sodium hyaluronate (HA) (as the polycation and poly-
anion, respectively) on polystyrene sulfonate (PSS) templates with galactosylated 
chitosan (GC) as the outermost layer to target hepatocytes specifically [74]. The 
cytocompatibility studies in HepG2 (liver hepatocellular carcinoma) cells dem-
onstrated that viability of the HepG2 cells was near 100 % (96.57−104.70 %) at 
the tested concentrations (0 −100 μg/mL) after 48 h of incubation, indicating that 
hollow microspheres have excellent nontoxicity toward HepG2 cells. Park et  al. 
designed doxorubicin-loaded chitosan microspheres by emulsification and cross-
linking methods [75]. In vivo study demonstrated blank chitosan microspheres led 
to a reduction in the tumour size; the size decreased by approximately 25 % and 
in case of doxorubicin-loaded chitosan microspheres tumour sizes were shrunk to 
one-third of the initial size. Therefore, synergistic anticancer activities of doxo-
rubicin-releasing chitosan microspheres were observed to VX2 cells in the rabbit 
auricle model.

2.3 � Chitosan-Drug Conjugates

A polymer–drug conjugate is an area of polymer therapeutics where the chemo-
therapeutic agent is not encapsulated but covalently linked to a polymeric macro-
molecular carrier via biodegradable spacer [3, 76, 77]. The spacer is usually stable 
in the systemic circulation but cleaved at the target site in response to specific 
stimuli, such as temperature, pH, redox potential, light, and enzymes. Such drug 
conjugates can be selectively accumulated at the tumor site by the phenomena of 
EPR, followed by release of the chemotherapeutic drug by cleavage of the spacer 
[4, 78]. Owing to presence of reactive amino moieties which are present in the 
backbone of chitosan, it and its derivatives has been successfully conjugated to 
various chemotherapeutic agents (Fig. 5).
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Recently Li et  al. synthesized O, N-carboxymethyl chitosan methotrexate 
(MTX) conjugate via dipeptide spacers [glycylglycine (Gly–Gly), glycyl–L-phe-
nylalanine (Gly–Phe), glycyl–L–tyrosine (Gly–Tyr)] [79]. In vitro cytotoxicity in 
RPMI 8226 (human myeloma) cells demonstrated free MTX had the maximum 
cell inhibition ratio, while prodrugs had the lower inhibition ratio at doses of 50, 
36, 24, 12, and 4 µg/mL after 48 h. However, MTX is released, when these prod-
rugs are internalized in tumor cells via the endocytosis pathway and entrapped 
in the acidic endosomal/lysosomal compartments. Kim et  al. synthesized PTX 
conjugate to low molecular weight chitosan via succinate linker in three differ-
ent molar ratios, yielding LMWC L (840 mg, 0.14 mmol), LMWC M (504 mg, 
0.084 mmol), and LMWC H (315 mg, 0.053 mmol) [80]. In vitro cytotoxicity in 
human non-small-cell-lung cancer cells (NCIH358) demonstrated IC50 values were 
similar to that of parent compound with all LMWC-PTX. However, LMWC PTX 
L and M exhibited higher cytotoxicity (IC50 0.26 and 2.71  ng/mL, respectively) 
against murine breast cancer cells (4T1) than did free PTX (IC50 12.4  ng/mL).  
In vivo pharmacokinetics demonstrated improved half-life of PTX in the blood 
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(at least sixfold) in all of the LMWC-PTX formulations as compared to that of 
the free PTX formulation (10 mg/kg). Mathiyalagan et al. synthesized ginsenoside 
compound K covalently conjugated to the backbone of hydrophilic glycol chi-
tosan (GC) through succinic acid linker [81]. In vitro cytotoxicity demonstrated 
GC-CK exhibited significantly higher or similar cytotoxicity compared as com-
pare to CK in HT29 and HepG2cells. However, GC-CK conjugates demonstrated 
slightly lower toxicity than CK in case of HT22 cells. Further, GC-CK conjugates 
also inhibited LPS induced NO production in RAW264.7 (murine macrophage) 
cells to a higher degree than CK. Li et  al. synthesized norcantharidin-chitosan 
conjugate (NCTD-CS) via alcoholysis reaction and examined the IC50 against 
human esophageal carcinoma ECA-109 cells and murine breast cancer EMT6 
cells (168.8 ± 8.9 and 90.7 ± 8.1 µg/mL, respectively) [82]. The IC50 values were 
much higher than that of NCTD, i.e., 9.4 ± 0.9  and 3.1 ± 0.3 mg/mL for ECA-109 
(human esophageal squamous carcinoma) and EMT6 (breast cancer) cells, respec-
tively. However, due to prolonged release of the drug from the conjugate these IC50 
values were understandable. Flow cytometric analysis indicated that NCTD-CS 
arrested ECA-109 cell cycle at the S phase and reduced the number of cells in the 
G0/G1 phase. In vivo antitumour efficacies in a breast tumor-bearing Kunming 
mouse model demonstrated control group had an average tumor burden of 1.02 g 
while the NCTD and NCTD-CS groups had average tumor burdens of 0.66 and 
0.55  g, respectively, a 35.87, and 45.82  % decrease in tumor growth compared 
with the control group.

In another study, Liu et  al. synthesized carboxymethyl chitosan–docetaxel 
(CMCS-DTX) conjugates which could spontaneously self-assemble into nanopar-
ticles in aqueous buffer, with uniform size of 127.2 ± 3.58 nm [83]. In vitro cyto-
toxicity in HepG2 and B16 (mouse melanoma) cell line demonstrate that when 
administrated at low doses (≤0.1  µg/mL), free DTX exhibited higher cytotoxic-
ity than CMCS-DTX conjugates, but when treated with relative high concentra-
tion of drug, CMCS-DTX conjugates showed comparable (1–10 µg/mL) or even 
higher (50 µg/mL) cytotoxicity than free DTX. Apoptosis analysis on HepG2 cells 
using Hoechst staining of nucleus showed the nucleuses of the control cells were 
homogeneously stained, while the nucleuses of the cells treated with the DTX or 
CMCS-DTX conjugates exhibited chromatin condensation and further distributed 
into apoptotic bodies. In vivo antitumor efficacy in murine carcinoma xenograft 
models in mice showed strong antitumor effect not only by prolonging the median 
survival time of the mice, but also by inhibiting the tumor growth. During the 
administration of CMCS–DTX conjugates (5 mg/kg equivalent of DTX), 37.5 % 
of the mice died during 30 days of treatment while in case of Duopafei® (com-
mercial formulation of DTX) 50 % of the mice died within 21 days. On the other 
hand, mice in control group (administered with normal saline) and CMCS group 
exhibited rapid death with 50  % dying within 15  days and 100  % dying within 
21 days. Moreover, the median survival time for control, Duopafei® and CMCS-
DTX conjugates were 12, 24, and >30 days, respectively. There was an enhance-
ment up to fourfold in maximum tolerated dose (MTD) of CMCS-DTX conjugates 
(>250 mg/kg) compared to Duopafei® (approximately 50 mg/kg), which was most 
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likely attributed to the excellent biocompatibility of CMCS and alleviation of the 
toxic solubilizer.

In other study by Gong et  al. amphiphilic conjugates of 6-mercaptopurine 
(6-MP) and carboxymethyl chitosan (CMCS) was synthesized via a glutathione 
(GSH) sensitive ɑ, β unsaturated linker for intracellular delivery [84]. GSH linker 
was chosen to design the conjugate because the concentration of GSH in cancer 
cells is fourfold higher than that in normal cells and will cause cleavage of ɑ, β 
unsaturated bonds in cancer cells. In vitro cytotoxicity in acute promyelocytic leu-
kemia cell line (HL-60) showed that free 6-MP had the maximum inhibition ratio 
while conjugate had the minimum inhibition ratio at each concentration varying 
from 50 to 250 µg/mL. This is due to interaction of free 6-MP with the plasma pro-
tein and conjugate protected 6-MP from interaction with other proteins and cells. 
However, in vitro cytotoxicity of conjugate on mouse fibroblast cell line L929 was 
much lower than that of 6-MP. Son et  al. synthesized doxorubicin conjugated to 
glycol chitosan (GC-DOX) via cis-aconityl linkage due to its pH-sensitive behav-
ior which results in hydrolysis in the acid environment of endosomes/lysosomes 
and the release of the drug to the cytoplasm [85]. In vivo antitumor activity of free 
DOX and GC-DOX nanoaggregates (10 mg/kg) in male Fisher 344 rats (implanted 
with solid tumor induced by II45 mesothelioma cells) demonstrated size of the 
tumor was suppressed over 10 days after i.v. injection of the free DOX and GC-
DOX. Further, body weight of free DOX-treated rat significantly decreased while 
that of the GC-DOX-treated rat was maintained constantly, over 10 days.From the 
examples evident above it is noteworthy that generally these chitosan-drug conju-
gates show lower or comparable in vitro cytotoxicity in comparison with the corre-
sponding free drug but their superiority is the significant performance in enzymatic 
physiological condition, where in vivo distribution will affect efficacy and safety 
of the treatment [7].

2.4 � Micelles

Polymeric micelles are another form of nanomedicines formed by the self-aggre-
gation of copolymeric amphiphiles above a certain concentration called critical 
micellar concentration (CMC) [86]. These micelles usually comprises of copoly-
mers such as X–Y diblocks and X–Y–X triblocks, where X and Y represent the 
hydrophilic and the hydrophobic blocks, respectively. During their synthesis 
hydrophilic blocks accommodate at the interface between the inner hydrophobic 
domain composed of the hydrophobic segments, known as core and the external 
medium, forming the micellar corona which control the release of the drug pay-
load [86–88]. Ideally, micelles developed for chemotherapeutic agents must be (i) 
small enough (10–200 nm) to effectively penetrate into cancer cells; (ii) unrecog-
nizable by the mononuclear phagocyte system (MPS) for a sufficient time in order 
to accumulate in target tissue; (iii) able to interact with the target cells; (iv) elimi-
nated from the organism either after degradation or dissolution; (v) have tunable 
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stability; (vi) improve the pharmacokinetic (PK) profile of the chemotherapeutic 
agent; (vii) possess high loading capacity; and (viii) synthesized in a reproduc-
ible, facile method which is reasonably inexpensive [89–91]. To improve the deliv-
ery of chemotherapeutic agents most of the chitosan micelles has been developed 
with modification of chitosan with hydrophobic moieties such as oleic acid [92], 
stearic acid [93–97], deoxycholic acid [98], linoleic acid [99], cholesterol [100], 
glycyrrhetinic acid [101], polycaprolactone [102] etc. These chitosan-modified 
hydrophobic moieties form self-assembled micelles when inserted into aqueous 
solutions.

Recently, Su et  al. synthesized doxorubicin (DOX) conjugated with a stearic 
acid-grafted chitosan oligosaccharide (CSO-SA) via disulfide linkers (DOX-SS-
CSO-SA) and these conjugates self assembled into nano-sized micelles of 62.8 nm 
[96]. In vitro cytotoxicity demonstrated IC50 values of CSO-SA micelles for BEL-
7402, MCF-7, and MCF-7/Adr cells were approximately 347, 307, and 488 μg/
mL, respectively. Further, there was only 3.4-fold difference between IC50 val-
ues of DOX-SS-CSO-SA in MCF-7/Adr and MCF-7 cells while in case of native 
DOX it was 118.6-fold, thus demonstrating reversal ability up to 34.8-fold. In vivo 
biodistribution in various tissues were calculated as %ID/g (the percentage of the 
injected dose per gram of tissue) and the results demonstrated that there was no 
accumulation in the heart (2.0  %, ID/g) thus relieved the DOX-induced cardiac 
injury in case of DOX-SS-CSO-SA micelles. There was accumulation of DOX in 
the liver (41.4 %, ID/g), spleen (35.5 %, ID/g), tumors (14.7 %, ID/g), and lungs 
(18.1 %, ID/g). In vivo tumor study in BEL-7402 xenograft tumor bearing nude 
mice showed tumor inhibition rate (IR) as 82.7 % for adriamycin treatment group 
and 70.8 % for DOX-SS-CSO-SA treatment group.

Jin et  al. synthesized amphiphilic graft copolymer, N-octyl-O-sulfate chitosan 
(NOSC), and its PTX-encapsulated micelles (PTX-M) in order to overcome mul-
tidrug resistance [103]. In vitro cytotoxicity on both the human hepatocellular 
liver carcinoma (HepG2) cells and the multidrug resistance HepG2 (HepG2-P) 
cells demonstrated PTX-M presented the highest cellular uptake and the low-
est efflux rate of PTX, which was due to a combination of the inhibiting P-gp 
effect of NOSC and the bypassing P-gp action of the intact PTX-M. The cellular 
uptake of PTX in HepG2-P cells with the NOSC concentrations of 0.008, 0.04, 
and 0.08  % (w/v) were detected to be 583.25 ±  138.33, 605.16 ±  192.11, and 
598.46  ±  139.02  ng/mg, respectively, which corresponds to 6.0-fold, 6.3-fold, 
and 6.2-fold that of free PTX control, respectively. In vivo tumor efficacy in the 
Heps-P tumor-bearing mice demonstrated tumor inhibition rate was in order of 
PTX-M > Taxol + NOSC > Taxol. These results were mainly explained by a com-
bination effect: (1) enhanced accumulation of PTX at the tumor site due to the 
EPR effect of PTX-M; (2) improved cellular uptake of PTX via endocytosis of 
PTX-M; (3) sustained release of PTX from PTX-M inside the cells and (4) persis-
tent P-gp inhibition effect by NOSC polymer and its micelles.

Yang et al. designed self assembled micelles (~100 nm) using lactobionic acid 
(LA)-modified chitosan–stearic acid (CSS-LA) for the delivery of doxorubicin 
(Fig.  6) [97]. In vitro cytotoxicity in HepG2 and BEL-7402 cells demonstrated 
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reduction in IC50 value of DOX by ~85 and ~90 % respectively in case of CSS-
LA/DOX, while it was by ~35 and ~32  %, respectively in case of CSS/DOX. 
Cellular internalization capacity of DOX in HepG2 cell line at the end of 6  h 
was ~450 and ~300 ng/mL for CSS-LA and CSS micelles, respectively. Further, 
in vivo studies in HepG2 cancer cell bearing xenograft nude mice demonstrated 
greater reduction in tumor volumes i.e. ~2400, 1500, 1100, and 650  mm3 for 
saline, free DOX, CSS/DOX, and CSS-LA/DOX treated mice, respectively. The 
study demonstrated that active targeted ligand conjugated micelles is a promising 
strategy in the treatment of hepatic cancer.

2.5 � Hydrogels

Hydrogels are comprised of cross-linked polymer networks that are hydrophilic 
and are able to provide sustained, local delivery of a variety of therapeutic agents 
[104]. These polymer networks have a high affinity for water, but are prevented 
from dissolving due to either by non-covalent attractions (such as hydrogen bonds, 
π–π interactions, and charge interactions) and physical entanglements, or by cova-
lent cross-linkages [105, 106]. Hydrogels usually have advantages than other drug 

Fig.  6   Schematic illustration of conjugation of chitosan (CS), stearic acid (SA), and lactobi-
onic acid (LA). Formation of polymeric micelles via self-assembly process has been depicted 
(Reprinted from Ref. [97], Copyright 2015, with permission from American Chemical Society)
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delivery system in terms of higher drug loading content (more than 10 %) and encap-
sulation of chemotherapeutic agents into the hydrogel or formation of the hydrogel 
by a drug derivative itself can eliminate the unexpected adverse effects from excipi-
ents. However, the most important feature of hydrogels is that they can be designed 
to undergo controllable and sustained release of chemotherapeutic agents by incor-
porating enzyme cleavable sites in the gelators [107]. These hydrogels can also be 
made thermoreversible, i.e., form transient gel or liquid states depending upon the 
environmental temperature. Chitosan itself have ability to form a gel, without using 
any additive by neutralization of –NH2 groups on chitosan. Further due to its polyca-
tionic nature in acidic medium, it forms hydrogels with polyanions via electrostatic 
interactions. Several types of cross-linkers such as small molecule crosslinkers, poly-
mer–polymer crosslinkers, photo-cross-linkers, enzymatic cross-linkers have been 
used to design chitosan hydrogels (Table 2) [104, 106, 107].

Li et  al. developed a thermosensitive chitosan/β-glycerophosphate (C/GP) 
hydrogel loaded with docetaxel DTX for intratumoral delivery [108]. In vivo 
study of DTX-loaded C/GP hydrogel (DTX-C/GP) at 20  mg/kg in H22 tumor-
bearing mice demonstrated significant reduction in tumor volume. As compare 
to saline group, the tumor inhibition rate of blank gel, intravenous DTX solu-
tion, intratumoral DTX solution, and DTX-C/GP was 2.3, 29.8, 41.9, and 58.1 %, 
respectively. Further, in vivo pharmacokinetic studies in H22 tumor-bearing mice 
demonstrated that DTX concentration of the gel was maintained above the detec-
tion limit until 21 days due to the sustained release nature of the DTX-C/GP and it 
had a long MRT of 9 days and a AUCplasma of 219.43 μg/L day.

Alexander et  al. synthesized PEGylated melphalan conjugates and these con-
jugates were incorporated into the medium molecular weight chitosan (CS)-
based smart thermoreversible in situ forming injectable hydrogel (MLPEG-CP 
gel) in order to improve dose frequency and local effect [109]. in vitro release of 
MLPEG-CP gel demonstrated that there was a controlled drug release of melpha-
lan approximately 80 % up to 100 h in hydrogel comprising CS (3.22 %, w/v) and 
glycerophosphate disodium salt (GP) (16 %, w/v).Taleb et al. synthesized sodium 
alginate/chitosan/hydroxyapatite (SA/CS/HAP) nanocomposite hydrogel of doxo-
rubicin (DOX) containing different amounts, 0.6, 2.0, 3.5, and 5.0 % wt/v, of HAP 
using gamma radiation as cross-linker for liver cancer [110]. In vitro release study 
behavior of the hydrogel showed Fickian profile and DOX release was pH depend-
ent, where samples showed higher release up to 95 % at pH 5, but 60 % at pH 7.4.

Ju et  al. designed thermosensitive micelles–hydrogel hybrid system based on 
poloxamer 407 (P407) in order to resolve the fast erosion and low loading capabil-
ity for local delivery of palcitaxel (PTX) (PTX-M-MG) [111]. For designing of 
hydrogels glutaraldehyde (GA) was used to generate cross-linked networks with 
carboxymethyl chitosan (CMCS) interpenetrated in P407 gels, in which PTX-
loaded N-octyl-O-sulfate chitosan micelles (PTX-M) were dispersed uniformly. 
The tissue distribution profiles after a single intratumoral administration (20 mg/
kg) in Heps tumor bearing mice demonstrated Taxol® and PTX-M exhibited 
higher concentrations of PTX in plasma or liver than PTX-M-P407 and PTXM- 
MG in the first 24  h after administration; however, PTX in Taxol® and PTX-M 
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were beyond the detection limit after 3 days whereas PTX in PTX-M-P407 and 
PTXM-MG hydrogels were above the detection limit till 7 and 15 days, respec-
tively. The study also revealed CMCS-modified P407 gels (PTXa-M-MG) pro-
longed retention at tumor sites, lasting for 20 days, and a superior tumor inhibition 
rate (64.27 %) with reduced toxicity compared with Taxol®, PTX-M, and PTX-M 
loaded unmodified P407 gels (PTX-M-P407).

Zhang et al. designed magnetic thermosensitive hydrogel for sustained and pro-
longed delivery of Bacillus Calmettee Guérin (BCG), which was formulated with 
chitosan (CS), β-glycerophosphate (GP) and Fe3O4 magnetic nanoparticle (Fe3O4-
MNP) [112]. In vivo antitumor studies revealed that both Fe3O4-BCG-CS/GP 
gel and BCG inhibited rat bladder carcinogenesis induced by nitrosamine (BBN) 
administration. Moreover, intravesical Fe3O4-BCG-CS/GP gel was superior to 
BCG alone in reducing the volume of tumors. Further, immunohistochemical 
staining and urinary cytokines analysis revealed the ability of Fe3O4-BCG-CS/GP 
gel to induce intenser CD4+ lymphocytic infiltration in bladder submucosa and 
greater levels of urinary cytokines (a stronger Th1 immune response) than BCG 
alone correlates with its superior antitumor activity (Fig. 7). These results support 
the potential application of hydrogels as nanocarriers for cancer chemotherapy.

Fig. 7   In vivo antitumor effect on bladder cancer orthotopic model in different groups*. a Rep-
resentative images of bladder tumors from four groups. b Summary data of bladder tumor num-
ber. c Summary data of bladder tumor volume.*This study was comprised of 24 female Wistar 
rats. After 10  weeks, these rats were divided into four groups (six rats each) according to the 
treatment administered intravesically: group 1, a control group given 0.1 ml phosphate-buffered 
saline (PBS); group 2, a treatment group given 1 mg/0.1 ml BCG; group 3, a CS/GP solution 
control group given 0.1 ml; group 4, a treatment group given 0.1 ml Fe3O4-BCG-CS/GP mix-
ture (containing 1 mg BCG). All the groups received intravesical treatment weekly for six times 
(Reprinted from Ref. [112], Copyright 2013, with permission from Elsevier)
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3 � Chitosan-Based Gene Delivery  
for Cancer Chemotherapy

In recent decades, many studies have reported the potential of gene delivery for 
cancer chemotherapy by silencing a gene (siRNA or shRNA), replacing defec-
tive genes or substituting missing genes [15, 113]. However, gene delivery is con-
fronted by many hurdles such as rapid degradation by nucleases, poor cellular 
uptake, non-specificity to the target cells, and low transfection efficiency [114]. 
For this purpose, viral systems have been widely used due to their efficient in 
vivo transfection, however, their undesirable side effects including possible tox-
icity, immunogenicity, and inflammatory effects have limited their clinical appli-
cations [15, 115]. In contrast, most nonviral vectors, such as chitosan, could be 
used as potential gene carriers for plasmid DNA (pDNA), oligonucleotides, and 
siRNA due to their biodegradability, biocompatibility, low toxicity and strong 
DNA binding ability. However, chitosan has low transfection efficiency and low 
cell specificity which has to be taken into consideration [114, 116]. Various fac-
tors which affect the transfection efficiency of chitosan are described in (Fig. 8). 
Further to overcome these limitations chitosan, has been modified by hydrophobic, 
hydrophilic, thermosensitive, pH-sensitive, and cell-specific ligand groups [114]. 
Chitosan has a potential for gene delivery due to its cationic property by which 
it can bind to negatively charged DNA/siRNA via an electrostatic interaction and 
leads to the spontaneous formation of nano-size complexes (polyplexes) in the 
aqueous milieu (Fig. 9) [15].

In a recent study Santosh et  al. coupled primary amines of low molecular 
weight (LMW) chitosan with 2-acrylamido-2-methylpropane sulphonic acid 

Fig.  8   Schematic illustration of the factors affecting transfection efficiency of chitosan/DNA 
complexes (Reprinted from Ref. [114], Copyright 2007, with permission from Elsevier)
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(AMP) for its application in gene delivery [117]. Circular dichroism spectra (CD) 
and molecular docking studies showed AMP modified chitosan (CSAMP) has 
good interaction with DNA. In vitro cytotoxicity of DNA/CSAMP polyplexes 
showed 98  % cell viability in HepG2, HeLa and A549 mammalian carcinoma 
cell lines. Further, flow cytometric studies demonstrated transfection efficiency of 
CSAMP as 33–37 % compared to the 12–13 % transfection efficiency of native 
chitosan. In vivo biodistribution of luciferase reporter pDNA (pGL3)/CSAMP 
complexes in a Balb/c mouse model showed higher gene expression in spleen, 
lungs, liver, and kidney as comparison to native chitosan.

Ki et al. designed chitosan-based hybrid nanocomplex (GP-L-CT) of Survivin 
(SVN) siRNA for prostate cancer [118]. Survivin is overexpressed in the many 
cancer cells and plays a very important role in inhibiting the apoptosis process 
of tumor cells [119]. In vitro gene silencing efficiency in prostate cancer (PC-3) 
cells demonstrated reduction in SVN expression rates to about 21.9 % in case of 
GP-L-CT and the gene silencing efficacy was 79.2 %. In vivo antitumor efficacy 
of GP-L-CT nano-complexes in PC-3 tumor xenograft mouse model demonstrated 
naked siRNA did not have any antitumor efficacy while tumor volume of the SVN 
siRNA GP-L-CT group was significantly smaller than those of the control (treated 
with PBS).

Fig. 9   Preparation of chitosan-based DNA/siRNA nanoparticles based on different mechanisms 
(Reprinted from Ref. [15], Copyright 2010, with permission from Elsevier)
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4 � Combination Therapy Using Chitosan-Based 
Nanomedicines

Combination therapy has been recommended for the treatment of cancer because 
it generates synergistic anticancer effects, reduces individual drug-related toxicity 
and suppresses drug resistance through distinct mechanisms of action [120, 121]. 
Chitosan-based NPs has also been prepared to deliver more than one chemothera-
peutic agents with different mechanism of actions in a single formulation. Shen 
et al. combined doxorubicin and verapamil (an antiangiocardiopathy drug) in with 
chitosan shell coated on magnetic nanoparticles (MNPs), followed by entrapping 
into the poly (lactic acid-co-glycolic acid) nanoparticles conjugated with tumor-
targeting ligand, cyclo(Arg-Gly-Asp-D-Phe-Lys) (cRGDfK) peptide [122]. In vitro 
cytotoxicity studies in HepG2 and S-180 cell lines demonstrated that cRGD-
DOX/VER-MNP-PLGA NPs possessed higher cell cytotoxicity in order of 75 and 
79  %, respectively at a DOX concentration of 15  µg/mL than free drugs due to 
cRGD-mediated targeting to cancer cells. Biodistribution and whole-mouse optical 
imaging studies demonstrated consistently preferential accumulation capability of 
the co-formulated NPs in the tumor tissue under magnetic guidance and DOX con-
centration was in order of tumor > liver > blood > kidney > heart > lung > spleen. 
Further, cardiac architecture of mice when treated with co-formulation showed 
regular cell distribution and normal myocardium histology without any damage.

A study by Anitha et  al. [123] evaluated combinatorial anticancer effect of 
curcumin/5-fluorouracil loaded thiolated chitosan nanoparticles in separate formu-
lations on colon cancer cells. In vitro cytotoxicity using MTT assay in HT29 cells, 
combination of both nanoparticles enhances the percentage of cell death (~86 %) 
after 48 h incubation. The mitochondrial membrane potential demonstrated high-
est number of apoptotic cells or dead mitochondria (~73  %) as compare to free 
curcumin and 5-fluorouracil or in combination in native form. Further, the in vivo 
pharmacokinetics demonstrated improved plasma concentrations of 5-FU and cur-
cumin up to 72 h, unlike bare curcumin and 5-FU.

In a recent study Jia et  al. developed both methotrexate (MTX) and mitomy-
cin C (MMC) loaded PEGylated chitosan nanoparticles (PEG-CS-NPs) pre-
pared by ionic gelation combined with a chemical cross-linking method [124]. 
In this study, methotrexate was used as a targeting agent due to its structural 
resemblance with folic acid. In vitro cytotoxicity on HeLa cells demonstrated 
(MTX+MMC)-PEG-CS-NPs induced a low cytotoxicity as compare to the free 
MTX+MMC at an equivalent MTX or MMC concentration which might be due 
to prolonged drug release from the multiple drugs-loaded NPs. However, in vitro 
cellular uptake was higher in case of FITC conjugated (MTX+MMC)-PEG-CS-
NPs as compare to FITC conjugated PEG-CS-NPs, MMC-PEG-CSNPs, which 
demonstrated MTX modification improves the cellular uptake efficacy. In vivo 
fluorescent images demonstrated that Cy5.5 NHS (near-infrared fluorescent dye) 
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conjugated (MTX+MMC)-PEG-CS-NPs clearly accumulated in the tumor, which 
was induced by inoculating H22 cells in the right axillary region of BALB/c nude 
mice. In case of Cy5.5 NHS conjugated (MTX+MMC)-PEG-CS-NPs, the fluo-
rescent signal was highest at 1 h and maintained up to 6 h while less fluorescent 
signal were observed in case of Cy5.5 NHS conjugated MMCPEG-CS-NPs and 
PEG-CS-NPs. Similar results were also obtained in ex vivo images and there 
was decreased accumulation of the fluorescence in the major organs, on contrary 
increased accumulation was observed in the tumor, indicating the less RES uptake 
in case of Cy5.5 NHS conjugated (MTX+MMC)-PEG-CS-NPs (Fig.  10). The 
study concluded that targeted drug co-delivery systems might have potential clini-
cal implications for combination cancer chemotherapy.

Besides delivery of two drugs in a same formulation, it has also been pro-
posed that co-delivery of chemotherapeutic agent and gene carrier would be 
efficient in overcoming multidrug cancer resistance [125]. Wei et  al. [126] used 
N-((2-hydroxy-3-trimethylammonium) propyl) chitosan chloride (HTCC) nano-
particles (HNPs) to deliver siRNA and paclitaxel (PTX). The co-delivery system 
(HNP/siRNA/PTX) at very low drug concentration (3 nmol/L of siRNA) signifi-
cantly improved the in vitro cytotoxicity against lung carcinoma cells (LLC) and 
demonstrated no significant side effects. The co-delivery system was capable of 
improving the intestinal absorption, enhancing cellular uptake, and avoiding 
lysosomal entrapment. Further, this co-formulation achieved synergistic effects 
by simultaneously transporting siRNA and PTX into the same cancer cells and 
enhancing the intratumoral drug concentrations.

Recently, Deng et  al. designed hyaluronic acid-chitosan nanoparticles for co-
delivery of MiR-34a and doxorubicin by iontropic gelation technique [127]. It 
is reported that inclusion of hyaluronic acid enhances the colloidal stability and 
transfection efficiency of siRNA-loaded nanoparticles [128]. In vitro cytotoxic-
ity in human breast cancer (MDA-MB-231) cells demonstrated that miR-34a/
doxorubicin dual loaded nanoparticles decreased BCL-2 expression and resulted 
in greater cytotoxicity. The IC50 of the co-formulation (0.12  µM) was approxi-
mately 4.58 times lower than the IC50 of free DOX (0.55 µM). Flow cytometric 
analysis also revealed co-delivery of miR-34 with DOX enhances DOX medi-
ated cell apoptosis, which in turn increases chemotherapeutic efficacy of DOX. 
Furthermore, co-delivered formulation also inhibited cell migration which may 
be potentially contributed by not only the intracellular delivery of miR-34a 
that down-regulated the expression of Notch-1, but also the increased killing 
effects of the co-delivery of DOX and miR-34a. In vivo studies in mice bearing 
MDA-MB-231 subcutaneous xenografts following intravenous co-delivery in nan-
oparticles demonstrated significant reduction in tumor volume as compare to free 
doxorubicin. This study revealed co-delivery of miRNAs and chemotherapeutic 
agents in nano-system has a great potential as combined therapeutic strategy in 
anticancer treatment.
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5 � Conclusion

In cancer chemotherapy there must be a balance between potential benefit and 
side-effects of the treatment. Nanomedicines are being developed in order to shift 
this balance in favor of the benefits. As reviewed in this chapter, a great deal of 
research has been dedicated to design, synthesis and evaluation of chitosan-based 
nanomedicines in cancer chemotherapy. Though an exponential rise in chitosan-
based nanomedicines have been witnesssed, questions arise around the absence of 
commercially available chitosan-based therapeutic formulations. One of the pos-
sible reasons may be different molecular weight and deacetylation degree of chi-
tosan alters its biological characteristics and poses many difficulties to regulatory 
agencies which are required to perform rigorous evaluations. The co-formulation 
of chemotherapeutic agent with other pharmacological agent or siRNA using chi-
tosan nanomedicines have shown promising results by reducing adverse effects 
related with the chemotherapeutic agents. The exponential improvements in chi-
tosan-based nanomedicines indicated that in a near future, a chitosan-based com-
mercial nano-formulation could be a reality.
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Abbreviations

PEC	� Polyelectrolyte complex
PVA	� Poly(vinyl alcohol)
AgNPs	� Silver nanoparticles
NPs	� Nanoparticles
MCNs	� Magnetic-Chitosan Nanogels
LPO	� Lactoperoxidase
E. coli	� Escherichia coli
P. aeruginosa	� Pseudomonas aeruginosa
Cu	� Copper

1 � Introduction

Regenerative medicine is a “process for replacing or regenerating cells, tissues or 
organs, to restore or establish normal function”. Regenerative medicine is gener-
ally connects the fields of tissue engineering, stem cell research, gene therapy and 
therapeutic cloning [1].

Although many polymers have been investigated for regenerative medi-
cine, chitosan drawn more attention towards this field. Chitosan is the principle 
derivative of chitin and it is obtained from crustacean shells and also from fungi 
[2]. Chitosan is polycationic in nature and is composed of glucosamine and 
N-acetylglucosamine units linked with each other by β-1,4 linkage.

Chitosan possesses some special characters such as biodegradability, biocompat-
ibility, hemostatic and antimicrobial activity [3–6]. Another important feature is that 
it can be easily fabricated into gel, film, microspheres, scaffolds and fibers [7–9].

To enhance biological properties such as hemostatic and wound healing of 
chitosan, it can be modified by incorporating antibiotics, anti-inflammatories, 
antiseptics, antibodies and other bioactives. The authors’ research laboratory has 
established milestone in the field of functionalization of chitosan by chemicals, 
nanoparticles, quantum dots and biomolecule [4, 10–13]. In this book chapter we 
have discussed the importance of chitosan based drug formulation in wound heal-
ing, tissue engineering and drug delivery towards regenerative medicine.

2 � Chitosan with Drug Formulations in Haemostatic  
and Wound Healing

Opening or breaking of skin results as wound. Proper healing with minimum time 
is important for repairing the damaged skin. The wound dressing plays important 
role by providing protection to wounded skin against microbes and dust particles. 
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Wound healing process through three overlapped phases such as inflammation, 
proliferation and maturation. Chitosan helps the process of heling by playing 
active role in every phase of wound healing.

The chitosan controls hemorrhage by forming clot. Chitosan elevates the agglu-
tination of erythrocytes and bounds with it to create artificial clot [14]. Chitosan 
induces platelet adhesion, aggregation and activates intrinsic blood coagulation 
[15]. It simulates the migration of mononuclear and polymorph nuclear (PMN) 
cells. These cells accelerates the process of the reepithelialization and regenera-
tion of normal skin [16]. Chitosan is known to have the ability to deliver drugs. 
Chitosan has the capability to encapsulate, stabilize, and deliver drugs that 
enhance connective tissue matrix growth (i.e., granulation tissue formation) during 
the proliferative phase of healing [17].

Chitosan will gradually depolymerize to release N-acetyl-β-D-glucosamine, 
which initiates fibroblast proliferation, helps in ordered collagen deposition and 
stimulates increased level of natural hyaluronic acid synthesis at the wound site. 
It helps in faster wound healing and scar prevention [18]. Chitosan possesses anti-
bacterial activity against positive as well as negative bacteria which prevents delay 
in healing and scar formation. It provides moist environment and helps in absorb-
ing exudates from wound. The controlled drug delivery to wound site from dress-
ings plays important role because it provides constant delivery for long term so 
that dressing changing frequency reduced.

Chitosan and alginate bilayer composite membrane containing ciprofloxacin 
hydrochloride was developed. They observed that the membrane plays impor-
tant role as reservoir because the amount of drug added was directly proportional 
to antibacterial activity. In drug release study they observed that (i) increasing 
crosslinking time slows drug release and (ii) lower concentration of calcium chlo-
ride prevents erosion of alginate from film and delays kinetics of drug release. 
So they selected 10 % calcium chloride for further studies. While New Zealand 
rabbits were used to study primary skin irritation test, in vivo pharmacodynamics 
efficacy and histopathological studies. The drug loaded composite membrane was 
compared with saline and Vaseline gauze. The healing was more in drug loaded 
composite membrane compared to other groups. Newly formed skin show bilayer 
epithelium tissue and no rotten flesh outside the skin [19].

Sung et  al. [20] were prepared chitosan hydrogel films by using Poly (vinyl 
alcohol) (PVA) and chitosan loaded with minocycline by freeze thawing method 
for wound healing applications. Results indicate that amount of chitosan affects 
crosslinking strength of hydrogel fraction and also flexibility of prepared gel. On 
increasing chitosan concentration, gel fraction and cross linking ability decreases. 
It also decreases thermal stability of PVA hydrogel, increases swelling ability up 
to 400 %, water vapour transmission rate and porosity of hydrogel. Data analysis 
reveals that loading of minocycline does not affect physical property of hydrogel. 
Minocycline loaded PVA hydrogel shows faster rate of healing in rat dorsum than 
the control (sterile gauze) in the wound healing test. Hydrogel loaded with drugs 
were found to be more favourable for reepithelization micro vessel formation, col-
lagen tissue and reconstruction of skin tissue than conventional product.
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A PEC made up of chitosan and sodium alginate prepared for wound dressing 
applications. First of all, they prepared freeze-dried chitosan sponge and kept in 
alginate solution to form PEC complex and freeze dried and then silver sulfadia-
zine and dehydroepiandrosterone. The efficacy of prepared dressing was com-
pared by an in vivo study on mice with vaseline gauze, chitosan sponge, silver 
sulfadiazine-impregnated PEC, and silver sulfadiazine and dehydroepiandroster-
one-impregnated PEC wound dressing and results showed that complete wound 
contraction in silver sulfadiazine-impregnated PEC, and silver sulfadiazine and 
dehydroepiandrosterone-impregnated PEC wound dressing whereas, irregularly 
thickened epidermis observed in vaseline gauze treated wounds and infiltration 
of leukocytes and proliferation of fibroblasts are more in the upper dermis. Well 
organised epidermis, and the thickness is thinner in silver sulfadiazine-impreg-
nated PEC than vaseline treated groups. In silver sulfadiazine and dehydroe-
piandrosterone-impregnated PEC wound dressing almost normal thickness of 
epidermis was observed. Kim et  al. [21] shows that dehydroepiandrosterone can 
prevent the systemic change of the immune function after burn, as well as pro-
gressive destruction of the thermally injured skin tissues which makes silver sul-
fadiazine and dehydroepiandrosterone-impregnated PEC wound dressing as plays 
effective role in wound healing than other treatment groups.

Composite films prepared with chitosan, sago starch, silver nanoparticles and 
gentamycin. To see the effect of gentamycin some films were without it. They 
found that addition of 2  mL of ethylene glycol as plasticizer increased tensile 
strength. Male Albino Wister rats were used to compare activity between cotton 
gauze dipped with gentamicin (control), chitosan-sago-silver nanoparticles and 
chitosan-sago-silver nanoparticles with gentamicin. Complete healing time for 
control, chitosan-sago-silver nanoparticles and chitosan-sago-silver nanoparticles 
with gentamicin were 24, 18 and 16  days respectively. Same proved by histo-
pathological study. Increased tensile strength thus increase in collagen matrix in 
chitosan-sago-silver nanoparticles with gentamicin treated wounds reflects faster 
healing. They concluded that this prepared dressing may be used as wound healing 
material [22].

Chitosan and dipotassium hydrogen orthophosphate were used to prepare 
hydrogel. Prepared hydrogels are non-toxic against human SaOS-2 osteoblast-like 
cell line. The release of FITC-dextran from hydrogel showed controlled release 
which quickly reached plateau so they concluded that it could be used for drug 
delivery applications [23].

Thiolated chitosan with poly(N-isopropyl acrylamide) loaded with ciprofloxacin 
formulations were prepared. They found that scratching of dressing from wound is 
easy without causing any pain or discomfort. The thermo responsive material was 
cytocompatible. The drug release was in controlled and continuous so it protects 
wound for a long time. They exhibited antibacterial activity against E. coli [24].

Chitosan film prepared by using drug Streptomycin and diclofenac with 
Polyox®, hydroxypropylmethylcellulose, carrageenan, sodium alginate and chi-
tosan. These dressings showed good antibacterial activity, swelling, mechanical 
properties with controlled drug release. They concluded that streptomycin acts as 
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anti-infectional and diclofenac helps by reliving the swelling and pain in inflam-
matory stage [25].

In a very recent study chitosan based derivatives 5-methyl pyrrolidinone chi-
tosan, N-carboxymethyl chitosan, and N-succinyl chitosan, for the sustained 
delivery of neurotensin (NT) were prepared with the aim of wound healing applica-
tions. The order of the hydrophilicity changes is SC > 5-methyl pyrrolidinone chi-
tosan  >  N-carboxymethyl chitosan and reduced glutathione release per mpolymer 
(g) is found the order of N-carboxymethyl chitosan (32.33 ± 0.72 %) < 5-methyl 
pyrrolidinone chitosan (67.65 ± 6.77 %) < N-succinyl chitosan (287.18 ± 14.92 %). 
C57BL/6 mice were used and neurotensin alone, 5-methyl pyrrolidinone chitosan 
foam alone and neurotensin-loaded 5-methyl pyrrolidinone chitosan foam in both 
control and diabetic mice. neurotensin—loaded 5-methyl pyrrolidinone chitosan 
treatment was more effective than 5-methyl pyrrolidinone chitosan alone treated 
groups. neurotensin-loaded 5-methyl pyrrolidinone chitosan can help healing in 
three phases by reducing the inflammatory response, higher collagen formation and 
stimulating re-epithelialization [26].

Recently, the authors’ laboratory is involved on chitosan based formulation for 
wound healing by using three solvents, namely, glacial acetic acid, glycerol and 
propylene glycol [27]. The current study enumerates the positive characteristics of 
chitosan hydrogels for wound healing. The rheological properties were determined 
by advance rheometer. The results showed that viscosity decreases with increas-
ing shear rate indicating that gel is formed. Elastic modulus has been found to be 
higher than loss modulus shows the formation of gel has taken. The results also 
confirmed that in certain range shear stress does not depend upon shear rate. The 
study shows that chitosan hydrogels are suitable in terms of gel strength for wound 
healing applications. Further study of chitosan hydrogels formulation for wound 
healing applications is under progress.

3 � Chitosan with Drug Formulations in Tissue  
Engineering Applications

Tissue engineering is an interdisciplinary field between engineering and the life 
sciences and its main objective is to create therapies either by repairing or replac-
ing the tissues and organs to restore their original functions which resulted due to 
congenital defects, disease, trauma and aging [28]. It is evident in Veda’s that peo-
ples were using different types of dressing materials from ancient time but from 
past few decades the field of biomaterials has evolved greatly [29, 30]. An ideal 
scaffolding material should be biocompatible, porous with inter connected pores, 
desired mechanical strength, degradation rate as per required function and ability 
to support cells in three dimensional way [31, 32]. The process of regeneration 
involves implantation of cells onto the designed scaffolding materials for regen-
erating tissue and subsequent deposition of extracellular matrix. These artificial 
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scaffolds plays very important role because they act as an artificial ECM and pro-
vide a temporary environment for cells to infiltrate, adhere, proliferate and differ-
entiate [33–35]. They provide an initial structural support and retain cells in the 
defective area for cell growth, metabolism and matrix production, and hence, their 
role during the development of engineered tissues is of prime importance [36].

Chitosan is a versatile biopolymer and its derivatives offer a wide range of bio-
medical applications due to their biodegradability, biocompatibility and nontoxic-
ity. They can also provide controlled release of growth factors and extracellular 
matrix components. To improve the adherent ability for seeding cells, the chi-
tosan allow for a wide range of molecules to be modified. The incorporation of 
collagen to chitosan as a chitosan-collagen scaffold will enhance its cell attach-
ment ability [37]. Recent studies further show that chitosan has good characteris-
tics for the attachment, proliferation and viability of mesenchymal stem cells [38, 
39]. Chitosan and their derivatives are mostly used for biomedical applications. 
Chitosan coated microparticles have many advantages such as improvement of 
drug payloads, bioadhesive property and prolonged drug release properties over 
the uncoated particles [40]. With these promising features, they are considered as a 
very interesting biomaterial for use in cell transplantation and tissue regeneration. 
Tissue engineering has been used to create various tissue analogs including skin, 
cartilage, bone, liver, and nerve in the past decades.

The unique characteristics of chitosan like acts as replacement for missing or 
damaged tissue [41] and supporting cell attachment and proliferation will make 
suitable for tissue engineering applications [42]. Chitosan has favourable condi-
tions like low immuno-genic activity, controlled biodegradability and  porous 
structure for tissue engineering applications.

Tı and lı et al. in his study found high deacetylation degrees (>85 %) showed 
higher mechanical strength. From cell adhesion studies, cell attachment favoured 
high in deacetylation degrees [43]. Insulin is essentially the only effective drug for 
the treatment of diabetes as well as known as a key adipogenic factor for adipose 
regeneration. Tan et al. prepared hydrogel with succinyl-chitosan, aldehyde hyalu-
ronic acid and insulin for adipose tissue regeneration. They found that controlled 
release of insulin from swelled hydrogel and suitable for adipose tissue engineer-
ing applications [44].

4 � Chitosan with Drug Formulations in Drug  
Delivery Applications

Biodegradable and biocompatible are the prerequisite condition for polymers 
for used in drug delivery applications. So generally natural polymers such as 
polysaccharides, polypeptides, or phospholipids used as building blocks for the 
formulations. The drug delivery systems and relevant release materials is gaining 
attention of many researchers because they could enhance the effectivity of some 
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available medicines in market. The delivery of drugs takes few days to years. 
Because of controlled release hydrogels frequently used for drug delivery appli-
cations. Hydrogels are polymeric networks with three-dimensional structure with 
capacity to absorb high amounts of water or biological fluids and this is due to 
hydrophilic groups such as –OH, –CONH–, –CONH2–, and –SO3H in polymers 
forming hydrogel structures [45, 46].

Drug rizatriptan benzoate loaded chitosan microparticles were prepared. The 
dissolution of drug was considerably slow (approximately less than 40 % of the 
drug dissolved in 3 h) where as it is 90–100 % of released drug was achieved in 
less than 2 h. Chitosan decreases mucocilliary clearance residence time of drug in 
nasal cavity [47].

Ampicillin trihydrate-loaded chitosan nanoparticles were prepared. The drug 
loaded nanoparticles showed higher antibacterial activity than unloaded nano-
particles [48]. A chitosan based dressing consist of two layers. First layer is car-
boxymethyl-chitin hydrogel and second layer consist of chitosan acetate foam 
and chlorherxidine gluconate. The prepared dressing shown antibacterial activ-
ity against Pseudomonas aeruginosa and Staphlycoccus aureus which were main 
cause of infection in burn wounds [49].

Chitosan was mixed with dexamethasone for dexamethasone delivery. 
Dexamethasone loaded chitosan films were potential sustained-release of drug and 
release time was longer than convensional ocular topical delivery dosage form. 
They concluded that it could be used as ocular delivery carrier [50].

Remuñán-López et  al. [51] proposed two types of microparticulate systems 
using chitosan as a carrier for site-specific oral delivery. One of the delivery sys-
tems included amoxycillin-loaded chitosan microspheres for targeted delivery to 
the gastric cavity. The authors proposed that chitosan microspheres adhered to the 
stomach mucosa to release the drug for the treatment of gastric ulcer caused by 
Helicobacter pylori. The other delivery system was based on pH sensitive micro-
particles for intestinal delivery.

Chitosan and silver nanoparticles were used for the preparation of hydrogel 
beads. Ibuprophen was incorporated to test the drug delivery activity. They found 
that silver nanoparticles prolonged the release of drug from chitosan beads. The 
drug release time from hydrogel beads prolonged because of longer path for drugs 
to migrate from nanocomposite bead to the media. So they concluded that it can 
be used in controlled delivery of drugs [52].

Chitosan and hyaluronic acid to used for preparation of mucoadhesive nano-
complexes. Heparin was loaded to this complex. High drug loading efficiency 
(approximately 70 %) and high stability in PBS showed by nanomaterial. From ex 
vivo experiments they concluded that it can be used for effective pulmonary deliv-
ery systems [53].

To chitosan nanoparticles, cyclosporine A was added. These loaded nano-
particles showed high encapsulation and loading efficacy efficiency of 73 and 
9 % facilitated the transport of cyclosporin A to the inner eye, and significantly 
increased the bioavailability [54]. The oral bioavailability of paclitaxel loaded in 
N-octyl-O-sulfate chitosan micelles was improved sixfold in comparison with that 
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Table 1   Chitosan based formulations for controlled drug delivery

Composition of matrix Drugs used Positive points Reference

Chitosan micro/
nanoparticles

Ampicillin High antibacterial activity, 
initially bust after that 
constant release of drug

[57]

Chitosan film Ibuprofen Deliver drug across the rabbit 
buccal mucosa in controlled 
manner, oral mucosal drug 
delivery

[58]

Poly(methyl 
methacrylate)-chitosan 
microspheres

Ampicillin Drug release and bio 
activity high in Poly(methyl 
methacrylate)-chitosan 
microspheres compared to 
virgin chitosan microspheres, 
oral drug delivery

[59]

Nanoparticulate 
hydroxyapatite/chitosan 
composites

Fluorescein Excellent cell spreading and 
proliferation of osteoblastic 
MC3T3-E1 cells, controlled 
release of drug

[60]

Chitosan micro and 
nanoparticles

Vancomycin At pH 2.0 partial release 
(resembling the release in 
the stomach), at pH 7.4 
approx. tenfold increased 
drug release, colon-targeted 
delivery

[61]

Chitosan, poly lactic 
acid, polyethylene glycol, 
gelatin nanoparticles

Rifampicin Potential carrier for  
controlled delivery of drug

[62]

N-gly-cyrrhetinic  
acid-polyethylene glycol 
(PEG)-chitosan,  
quaternaryammonium-
chitosan

Brucine Inhibit the growth of tumor, 
mitochondria targeting  
anticancer drug delivery

[63]

Chitosan, sodium starch 
gly, pectin, lactose 
monohydrate (tablet)

Theophylline PEC (1.1 %) and coat-
ing (3 %) showed highest 
swelling, 98.58 ± 1.92 % in 
presence of rat caecal content, 
buccal drug delivery

[64]

Chitosan coated magnetic 
iron oxide nanoparticles

Doxorubicin Targeted drug delivery to 
tumor cells

[65]

Chitosan-egg albumin-
PEG nanoparticles

Alprazolam Sustained drug release over a 
period of 24 h

[66]

Chitosan/o-carboxymethyl 
chitosan nanoparticles

Doxorubicin 
hydrochloride

Oral delivery system, prolong 
retention of drug in liver, 
spleen, lung and decrease 
level of drug in heart and 
kidney

[67]

(continued)
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of free paclitaxel, which was resulted from the interference of P-gp ATPase rather 
than down-regulation of P-gp expression by N-octyl-O-sulfate chitosan [55].

Jain et  al. [56] revealed that glutamate chitosan can enhance the transport of 
insulin across the nasal mucosa of sheep and rats. Only slight structural changes 
were observed in rat nasal membrane treated with 0.5 % (w/v) chitosan glutamate 
for 60 min. They concluded that chitosan microspheres can be used as carrier sys-
tem for vaccine delivery. In fact, chitosan microspheres have been studied as a 
promising carrier system for mucosal vaccination, especially via the oral and nasal 
route to induce enhanced immune responses. Some of the chitosan based formula-
tions for the release of drugs were discussed in Table 1.

5 � Chitosan as Drug Targeting Applications

5.1 � Chitosan Magnetic Nanoparticles

Magnetic NPs consisting of magnetite (Fe3O4) possess unique characteristics that 
make them promising agents for antibacterial applications [71] because the Food and 
Drug Administration approved that superparamagnetic iron oxide nanoparticles are 
biocompatible with human body [72]. It is interesting to mention that only magnetite 
particles with size of less than 30 nm have a large surface area and exhibits super-
paramagnetic properties that make them prone to magnetic fields and they do not 
become permanently magnetized without an external magnetic field to support them.

In a study conducted by  Shrifian-Esfahni et  al. [73] Superparamagnetic iron 
oxide nanoparticles/Citosan biocompatible nanocomposites were formulated by 
dissolving FeCl2·4H2O and FeCl3·6H2O in acidic solution of chitosan by using N2 
and optimum pH of 6.9 was maintained by using sodium hydroxide solution. Slow 
rate addition is an important and critical factor, leading to a uniform and black sta-
ble aqueous colloidal suspension. The solid forms of nanoparticles were obtained 
centrifuging the black stable aqueous colloidal suspension.

Table 1   (continued)

Composition of matrix Drugs used Positive points Reference

Chitosan-Alginate verapamil 
hydrochloride

Drug to polymer ratio 1:1 
and cross linking agent 4 % 
showed highest swelling 
ratio, drug release and in 
vivo bioavailability, oral drug 
delivery

[68]

Chitosan/PEG blended 
PLGA nanoparticle

paclitaxel Superior anti-proliferative 
effect and cell cycle inhibi-
tion, tumor drug delivery

[69]

Chitosan, graphene oxide FLuorescein 
sodium

controlled transdermal drug 
delivery

[70]
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The antibacterial activity of magnetic nanoparticles was tested against two 
pathogenic strains of gram-negative bacteria P. aeruginosa (ATCC 27853) and E. 
coli (ATCC 25922) and ciprofloxacin was used as a standard drug. NPs showed 
enhancement in antibacterial activity due to the greater stability and arrest of bac-
terial growth. Chitosan interacts very easily with bacterium and binds to DNA, 
glycosaminoglycans and most of the proteins enhancing the antimicrobial effect of 
NPs. The minimum inhibitory concentration of NPs was found to be much lower 
than reported value.

5.2 � Chitosan-Hybrid Hydrogel

Critical observation and applications of Cox-2 and NSAIDs has influenced the 
need for alternative non-medicinal products for osteo-arthritis. Cross-linked 
Hyaluronate has been approved as medical device for several applications in 
orthopedics such as visco-supplement for knee OA and others synovial joints pain. 
Zeitoun et  al. [74] successfully formulated chitosan and hyaluronate hydrogels 
for innovative biocompatible implants and visco-supplements in painful orthope-
dic pathologie. Hydrogels were formulated and various studies were conducted to 
evaluate their stability and usefulness.

The study concluded that while no effective method for supplementing the 
intervertebral disc gel does exists, chitosan and Hyaluronate hydrogel should 
act as partial replenishment of disc gel with minimum or no damage to the disc 
structure. Formulated hydrogels restored the mechanical properties of the disc in 
a biomechanical model of animal spine and allowed restoration in part of the disc 
height lost during aging after injection (tested in animal spine).

5.3 � Copper-Chitosan Nanoparticles

Chitosan is naturally occurring bio-polymer having strong affinity towards variety 
of transition metal ions. In various research studies chitosan is complexed with Cu, 
Fe, La, Mo, Ni and Zr etc. The prepared complexes can be used for the remedia-
tion and preconcentration of heavy metals in the wastewater [75, 76].

In a research conducted by Manikandan et  al. [77] chitosan-metal ions (Cu 
ions) nanoparticles has been synthesized in order to generate an green (non-
hazardous) alternative for antimicrobials currently in used. Chitosan can form 
co-ordinate bonding with variety of metal ions. When Cu salts dissolve in acidi-
fied chitosan solution, Cu ion binds to the polymer chains via amino groups. 
The reduction of these ions takes place further, coupled with the oxidation of the 
hydroxyl groups [78, 79].

For the determination of antimicrobial activity gram negative (E. coli, Salmonella 
paratyphi) and gram positive bacterial (Bacillus) stains were used. Antimicrobial 
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activity of nanoparticles was compare with standard drugs ampicillin and strepto-
mycin and it was found that chitosan stabilized Cu-NPs exhibited inhibitory activity 
towards gram negative, positive bacteria. In fact, one of the reasons for the anti-
microbial character of chitosan it’s positively charged amino group which inter-
acts with negatively charged microbial cell membranes, leading to the leakage of 
proteinaceous and other intracellular constituents of the microorganisms [80, 81]. 
Furthermore greater surface area to volume ratio of chitosan-Cu nanoparticles 
allows NPs to be effective in very small amounts.

5.4 � PH-Triggered Magnetic-Chitosan Nanogels  
(MCNs) for Doxorubicin Delivery

Magnetic nanoparticles (MNPs) are a rapidly evolving materials contributing to 
their multifunctional properties including small size, superparamagnetism and low 
toxicity [82]. Particularly in the pharmaceutical field, they have now attracted a lot 
of interests owing to their intrinsic magnetic properties for targeted drug delivery 
[83]. Doxorubicin is among the most widely used anticancer drugs in chemother-
apy treatment; however, it suffers from various side effects. Sadighian et  al. [84] 
formulated (Sodium tripolyphosphate) TPP cross linked magnetic chitosan nano-
gels (TPP/MCNs) and Glutaraldehyde cross-linked magnetic chitosan-nanogels 
(GA/MCNs) which were then followed by doxorubicin loading. Magnetized nanogels 
were formulated by using Ferric chloride hexahydrate (FeCl3·6H2O) and ferrous 
chloride tetrahydrate (FeCl2·4H2O). The drug release behavior of MCNs was stud-
ied in physiological pH of 7.4. To evaluate the pH dependency of drug release from 
MCNs, the release study was also conducted in acidic media with pH value of 5.3.

The finding revealed that both MCNs provide a sustained release pattern. It was 
found that the maximum drug release attainable for TPP/MCNs was higher than 
the one for GA/MCNs, probably due to the high stability of chemically cross link-
ing compared to the physically cross linking method. The release study of doxo-
rubicin also revealed that the extent of drug release at pH = 5.3 was promisingly 
more than drug release at pH = 7.4 for both MCNs. Generally, it can be concluded 
that type of drug cross linking provide an opportunity to tune drug release pattern 
of MCNs according to the specific drug delivery purpose [85].

5.5 � Immobilization of Lactoperoxidase  
by Tragacanth-Chitosan Nano-Biopolymers

Lactoperoxidase (LPO) is a glycoprotein enzyme with a wide range of antimi-
crobial activity. The only problem with LPO is its stabilization. Gum tragacanth 
is a biopolymer, which is used for encapsulation and chitosan is used as a 
matrix for protein immobilization. In a study conducted by Nayeri et  al. [86] 
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tragacanth-chitosan-LPO nanoparticles were formulated. The existence of nega-
tively charged carboxyl and hydroxyl groups on tragacanth [87] and positively 
charged amino groups on chitosan [88] facilitated the ionic interaction between tra-
gacanth and chitosan.

Considering the cationic properties of chitosan, LPO encapsulated in chitosan 
molecule and the COO– groups on tragacanth and NH3 +  on chitosan electro-
statically bond together, to produce the tragacanth-chitosan-LPO complexes. The 
results of the study showed that formulated tragacanth-chitosan nanocomposites 
are more stable at higher temperature.

5.6 � Starch-Chitosan Nanocomposites for Control Drug 
Release of Curcumin

Since the discovery of chitosan and its derivatives, pharmaceutical field have wit-
nessed a revolutionary development of novel drug delivery systems. Carrier mate-
rials such as chitosan have been employed to protect the pharmaceutical agent so 
that it may be released under optimal absorption conditions, or to adjust the timing 
of release of different pharmaceutical agents administered simultaneously [88].

Mohanty et  al. [89] prepared novel nanocomposites of Starch, which is one 
of the most abundant polysaccharides polymer, which blended with the chitosan 
and Cloisite 30B. Starch/chitosan/MMT blend films were prepared by varying the 
concentration of Cloisite 30B. Cloisite 30B is a montmorillonite modified with a 
quaternary ammonium salt. Cloisite 30B was incorporated in the formulation as 
a matrix material component which also plays the role of a co-emulsifier in the 
nanocomposite preparation. Furthermore the kinetics of the drug release was 
investigated and it was found that drug was released in a controlled manner. The 
drug release studies indicated that the release was much more pronounced in the 
basic medium than the acidic medium.

6 � Conclusion

Chitosan is a unique polymer and can be fabricated into gel, membranes, nanofib-
ers, beads, microparticles, nanoparticles, scaffolds and sponges. It is used in 
regenerative medicine due their structural similarities with native extracellular 
matrix, chemical versatility and typically good biological performance such as 
better biocompatibility and low immunogenicity. But due to its weak mechani-
cal modulus, it is used as blends, polyelectrolyte complexes or hybrids with dif-
ferent biodegradable synthetic/biopolymers. Continuous supply of growth factor 
is one of the most challenging task because seeded cells need slow and continu-
ous release to proliferate and differentiate into identical tissue. It is also impor-
tant to give attention that during regeneration process in vivo, specific drugs are 
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needed to avoid infections. To overcome this problem, growth factors/drugs were 
encapsulated into biodegradable polymeric materials and prepared in different 
shape and size such as micro/nano beads, nano capsules, micelles, micro/nano fib-
ers, etc. But at the same time it is also important to note down that the structural 
integrity of scaffolds should be retained. Moreover, it was realised that the incor-
porated growth factors/drugs were abundantly present at the surface of the scaf-
fold, hence cells will likely prefer to stay on the surface without migrating into the 
bulk which represents that modification or optimization of different parameters of 
regenerative medicine is yet to be solved.
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	22.	Alemdaroğlu C, Değim Z, Celebi N, Zor F, Oztürk S, Erdogan D (2006) An investigation on 
burn wound healing in rats with chitosan gel formulation containing epidermal growth factor. 
Burns 32:319–327

	23.	Arockianathan PM, Sekar S, Kumaran B, Sastry TP (2012) Preparation, characterization and 
evaluation of biocomposite films containing chitosan and sago starch impregnated with silver 
nanoparticles. Int J Biol Macromol 50:939–946

	24.	Radhakumarya C, Antontyb M et al (2011) Drug loaded thermoresponsive and cytocompat-
ible chitosan basedhydrogel as a potential wound dressing. Carbohydr Polym 83:705–713

	25.	Pawar HV, Tetteh J, Boatang JS (2013) Preparation, optimisation and characterisation of 
novel wound healing film dressings loaded with streptomycin and diclofenac. Colloid Surf B 
Biointerface 102:102–110

	26.	Moura LIF, Dias AMA, Leal EC, Carvalho L, De Sousa HC, Carvalho E (2014) Chitosan-
based dressings loaded with neurotensin an efficient strategy to improve early diabetic 
wound healing. Acta Biomater 10:843–857

	27.	Kashyap M, Dutta J, Dutta PK (2011) Rheological characteristics of chitosan hydrogels in 
different solvent systems for wound healing applications. Asian Chitin J 7:15–20

	28.	Chien KR (2008) Regenerative medicine and human models of human disease. Nature 
453:302–305

	29.	Khademhosseini A, Vacanti JP, Langer R (2009) Progress in tissue engineering. Sci Am 
300:64–71

	30.	Place ES, Evans ND, Stevens MM (2009) Complexity in biomaterials for tissue engineering. 
Nat Mater 8:457–470

	31.	Senni K, Pereira J, Gueniche F, Delbarre-Ladrat C, Sinquin C, Ratiskol J, Godeau G, Fischer 
AM, Helley D, Colliec-Jouault S (2011) Marine polysaccharides: a source of bioactive mol-
ecules for cell therapy and tissue engineering Mar. Drugs 9:1664–1681

	32.	Wu J, Tan H, Li L, Gao C (2009) Covalently immobilized gelatin gradients within three-
dimensional porous scaffolds. Chin Sci Bull 54:3174–3180

	33.	Lee KY, Mooney DJ (2012) Alginate: properties and biomedical applications. Prog Polym 
Sci 37:106–126

	34.	Lee KY, Yuk SH (2007) Polymeric protein delivery systems. Progr Polym Sci 32:669–697
	35.	Pawar SN, Edgar KJ (2012) Alginate derivatization: a review of chemistry, properties and 

applications. Biomaterials 33:3279–3305



275Chitosan: A Promising Substrate for Regenerative Medicine …

	36.	Tan H, Gong Y, Lao L, Mao Z, Gao C (2007) Gelatin/chitosan/hyaluronan ternary complex 
scaffold containing basic fibroblast growth factor for cartilage tissue engineering. J Mater Sci 
Mater Med 18:1961–1968

	37.	Cuy JL, Beckstead BL, Brown CD, Hoffman AS, Giachelli CM (2003) Adhesive protein 
interactions with chitosan: Consequences for valve endothelial cell growth on tissue-engi-
neering materials. J Biomed Mater Res A 67:538–547

	38.	Dang JM, Sun DD, Shin-Ya Y, Sieber AN, Kostuik JP, Leong KW (2006) Temperature-
responsive hydroxybutyl chitosan for the culture of mesenchymal stem cells and interverte-
bral disk cells. Biomaterials 27:406–418

	39.	Cho JH, Kim SH, Park KD, Jung MC, Yang WI, Han SW, Noh JY, Lee JW (2004) 
Chondrogenic differentiation of human mesenchymal stem cells using a thermo sensi-
tive poly(N-isopropylacrylamide) and water-soluble chitosan copolymer. Biomaterials 
25:5743–5751

	40.	Agnihotri SA, Mallikarjuna NN, Aminabhavi TM (2004) Recent advances on chitosan-based 
micro- and nanoparticles in drug delivery. J Control Release 100:5–28

	41.	Dutta P, Rinki K, Dutta J (2011) Chitosan: a promising biomaterial for tissue engineering 
scaffolds. Chitosan for biomaterials II. In: Jayakumar R, Prabaharan M, Muzzarelli RAA 
(eds) Advances in polymer science. Heidelberg: Springer Berlin, p 45–79

	42.	Jagur-Grodzinski J (2003) Biomedical applications of polymers 2001–2002. e-Polym Paper 
No 12

	43.	Ma Z, Lim LY (2003) Uptake of chitosan and associated insulin in Caco-2 cell monolay-
ers: a comparison between chitosan molecules and chitosan nanoparticles. Pharm Res 
20:1812–1819

	44.	Tan H, Rubin JP, Marra KG (2010) Injectable in situ forming biodegradable chitosan-hyalu-
ronic acid based hydrogels for adipose tissue regeneration. Organogenesis 6:173–180

	45.	Brannon-Peppas L (1990) Preparation and characterization of crosslinked hydrophilic net-
works. In: Brannon-Peppas L, Harland RS (eds) Absorbent Polymer Technology. Elsevier, 
Amsterdam, pp 45–66

	46.	Peppas NA, Khare AR (1993) Preparation, structure and diffusional behavior of hydrogels in 
controlled release. Adv Drug Del Rev 11:1–35

	47.	Jyotsna CD, Rajendra DC (2010) Formulation and evaluation of chitosan based microparticu-
late nasal drug delivery system of rizatriptan benzoate. Int J Pharm Tech Res 2:2391–2402

	48.	Saha P, Goyal AK, Rath G (2010) Formulation and evaluation of chitosan-based ampicillin 
trihydrate nanoparticles. Trop J Pharm Res 9:483–488

	49.	Loke WK, Lau SK, Yong LL, Khor E, Sum CK (2000) Wound dressing with sustained anti-
microbial capability. J Biomed Mater Res 53:8–17

	50.	Rodrigues LB, Leite HF, Yoshida MI, Saliba JB, Cunha AS Jr, Faraco AA (2009) In vitro 
release and characterization of chitosan films as dexamethasone carrier. Int J Pharm 368:1–6

	51.	Remuñán-Lopez C, Bodmeier RJ (1997) Mechanical water uptake and permeability prop-
erties of crosslinked chitosan glutamate and alginate films. Control J Control Release 
44:215–225

	52.	Yadollahia M, Farhoudiana S, Namazi H (2015) One-pot synthesis of antibacterial chitosan/
silver bio-nanocomposite hydrogel beads as drug delivery systems. Int J Biol Macromol. 
doi:10.1016/j.ijbiomac.2015.04.032

	53.	Oyarzun-Ampuero F, Brea J, Loza M, Torres D, Alonso M (2009) Chitosan–hyaluronic acid 
nanoparticles loaded with heparin for the treatment of asthma. Int J Pharm 381:122–129

	54.	De Campos AM, Sanchez A, Alonso MJ (2001) Chitosan nanoparticles: a new vehicle for the 
improvement of the delivery of drugs to the ocular surface. application to cyclosporin a. Int J 
Pharm 224:159–168

	55.	Mo R, Jin X, Li N, Ju C, Sun M, Zhang C, Ping Q (2011) The mechanism of enhance-
ment on oral absorption of paclitaxel by N-octyl-O-sulfate chitosan micelles. Biomaterials 
32:4609–4620

http://dx.doi.org/10.1016/j.ijbiomac.2015.04.032


276 M. Kashyap et al.

	56.	Jain SK, Jain NK, Gupta Y, Jain A, Jain D, Chaurasia M (2007) Mucoadhesive chitosan 
microspheres for non-invasive and improved nasal delivery of insulin. Indian J Pharm Sci 
69:498–504

	57.	Arya N, Chakraborty S, Dube N, Katti DS (2009) Electrospraying: a facile technique for syn-
thesis of chitosan-based micro/nanospheres for drug delivery applications. J Biomed Mater 
Res Part B: Appl Biomater 88B:17–31

	58.	Tang C, Guan YX, Yao SJ, Zhu ZQ (2014) Preparation of ibuprofen-loaded chitosan films 
for oral mucosal drug delivery using supercritical solution impregnation. Int J Pharm 
473:434–441

	59.	Changerath R, Nair PD, Mathew S, Nair CP (2009) Poly(methyl methacrylate) grafted 
chitosan microspheres for controlled release of ampicillin. J Biomed Mater Res B Appl 
Biomater 89:65–76
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Abstract  Glucosamine (GlcN), an amino sugar, is a compound derived from 
substitution of a hydroxyl group of a glucose molecule with an amino group. GlcN 
and its acetylated derivative, N-acetylglucosamine (GlcNAc), have been widely 
used in food, cosmetics, and pharmaceutical industries and are currently produced 
by acid hydrolysis of chitin (a linear polymer of GlcNAc) extracted from crab and 
shrimp shells. In this review, distribution and production of GlcN and GlcNAc, 
their chemistry and determination in the complex samples will be treated first. This 
review will describe the procedure to identify a high-quality glucosamine prod-
uct for Glucosamine/chondroitin Arthritis Intervention Trial (GAIT) and to clarify 
confusing product information and nomenclature. GlcN is a precursor of the gly-
cosaminoglycans and proteoglycans that make up articular cartilage. Glucosamine 
sulfate and glucosamine hydrochloride have used for the treatment of osteoarthritis 
for more than 30 years, with no major known side effects. The notion that augment-
ing the intake of the precursor molecule, glucosamine, may directly stimulate artic-
ular proteoglycan synthesis to modulate osteoarthritis has provided the rationale for 
its widespread use. Theoretically, exogenous glucosamine may augment glycosami-
noglycan synthesis in cartilage. There is a simultaneous theoretical concern that it 
might also induce insulin resistance in insulin-sensitive tissues. While the efficacy 
of glucosamine was published in the definitive medical journals, there were views 
against it. This concern will be also discussed. While glucosamine was not effective 
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without combination with chondroitin sulfate in the some trial, glucosamine alone 
was effective in the other trial. Some concerns about these trials will be discussed 
together with the mechanism of action of glucosamine and chondroitin for antiar-
thritic potential. Finally, the review will focus on the biomedical and other applica-
tion of the glucosamine and chitosan oligosaccharide. Such biomedical applications 
include wound healing, bone regeneration, antibacterial effect, and oral hygiene. It 
also discusses the role of chitosan oligosaccharide as a drug carrier for molecular 
therapies, such as the drug and the gene delivery systems and the role in imaging 
for tumor and cancer detection.

Keywords  Chitin  ·  Glucosamine  ·  D-Glucosamine  ·  N-Acetyl D-glucosamine  ·  
Osteoarthritis

Abbreviations

GlcN	� Glucosamine
GlcNAc	� N-acetylglucosamine
NAG	� N-acetyl-D-glucosamine
GS	� Glucosamine Sulphate
OA	� Osteoarthritis
GAGs	� Glycosaminoglycans
GlcNHCl	� Glucosamine hydrochloride
RP-HPLC	� Reversed phase high-performance liquid chromatography
HCl	� Hydrochloric acid
NaOH	� Sodium hydroxide
rRNA	� Ribosomal ribonucleic acid
GEO	� Genetically engineered organisms
IGF-I	� Growth factor-I
bFGF	� Basic fibroblast growth factor
TGF-b1	� Transforming growth factor bea1
TMJ	� Temporomandibular joint
HA	� Hyaluronic acid
QD	� Quantum Dots
GAIT	� Glucosamine/chondroitin Arthritis Intervention Trial

1 � Introduction

Chitin is the most abundantly available polysaccharide on earth after cellulose, 
and chitin is a main constituent of cell walls of fungus, insect exoskeletons, 
and crustaceans. It is one of the most ample renewable biopolymer on earth [1]. 
Accordingly, a very huge number of applications of D-glucosamine and N-acetyl 
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D-glucosamine like food technology, biomaterial science, microbiology, agri-
culture, techniques for wastewater treatment, drug delivery, tissue engineer-
ing, bionanotechnology had been earlier described. The structure of chitin is a 
biopolymer of N-acetyl-D-glucosamine (NAG) allied by beta-glycosidic bonding. 
Polysaccharides, oligosaccharides, and monosaccharides are the main derivatives 
of chitin, which also includes several therapeutic activities such as immunomodu-
lation [2, 3], antitumor [4] osteoarthritis treatment [5], wound healing, tissue engi-
neering, drug delivery, and for regenerative medicines [6–10]. Also, in the recent 
years, NAG, the end hydrolytic product of chitin, has become an attractive bio-
material as food supplements and cosmetics [11–13]. Also, N-acetyl glucosamine 
has a pure sweet taste that has also been projected to be utilized as a substitute for 
similar applications [14].

Researchers has investigated about the glucosamine and analyzed that it 
has two major beneficial properties. First, Glucosamine declines the level of an 
enzyme that degrades articular cartilages. Secondly, it has also helped in repairing 
the damaged articular tissues [15].

In recent years Glucosamine sulphate (GS) has been widely studied as a treat-
ment selection for osteoarthritis (OA) which is a great boon in the field of tissue 
engineering and regenerative medicines. Glucosamine helps efficiently in regener-
ating the damaged cartilages. Glucosamine is also a natural building block of any 
of the articular cartilage [16].

1.1 � Chemical Structure of D-Glucosamine and N-Acetyl 
D-Glucosamine

Chitin polysaccharides, which are commonly known as amino sugars with the 
fundamental structural entity of N-acetyl-β-D-glucosamine are identified for enor-
mous biological functions such as antitumor activity, elicitor action, and anti-
inflammatory activity. Chitin is fragmented by endo and exo enzymes called as 
chitinases (EC3.2.1.14) and β-N acetyl hexosaminidase (EC3.2.1.52), respectively 
[17]. The degradation of chitin is generally initiated by sudden breakage within 
the chain of chitin by chitinases to liberate the oligomers of N-acetyl glucosa-
mine chains. The molecular formula of this monosaccharide is C8H15NO6. The 
chemical structure of glucosamine and N-acetyl glucosamine is shown in Fig. 1. 

Fig. 1   Chemical structure 
of glucosamine and 
N-acetylglucosamine
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Generally, it’s a whitish and sweetish powder that decays at 221 °C. The solubility 
of GlcNAc is about 25 % in water and 1 % aqueous solutions are colorless, odor-
less, and transparent [18]. Apart from the structural constituent of homogeneous 
polysaccharide like chitin, N-acetyl-D-glucosamine is also a component of hetero-
geneous oligosaccharides like murein [19], hyaluronic acid (HA) [20, 21].

2 � Production of D-Glucosamine and N-Acetyl-D-
Glucosamine

GlcNAc and GlcN are the basic constituents for glycoproteins, proteoglycans, gly-
cosaminoglycans (GAGs) and other building units used in connective tissue. [22–
27]. Apart from GlcNAc existed in free form in nature, except in human milk [28, 
29]. The methods of GlcNAc production summarizes in Fig. 2.

About 150 billion tons of chitin/D-glucosamine is crafted in nature [30–
32], which makes chitin a appropriate biomass source for the synthesis of 
D-glucosamine and GlcNAc. GlcNAc can be synthesized through the procedure 
that was established on chitin hydrolysis utilizing chitin as feed-stock.

2.1 � Preparation of D-Glucosamine and N-Acetyl 
D-Glucosamine Using Chemical Method

Hydrolysis of chitin using acids such as hydrochloric acid, sulphuric acid etc., 
which is type of an industrial process for the synthesis of glucosamine hydrochlo-
ride salt (GlcNHCl), one of the most popular food supplements, drugs utilized for 
osteoarthritis and other biomedical applications [33]. The main focus is to under-
stand that the treating temperature and the concentration of the acid should be 

Fig. 2   Methods for 
preparation of glucosamine
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chosen wisely. All such factors must be highly adequate to degrade only chitin not 
so high temperature that glucosamine or GlcNAc products are demolished.

Falk et al. discovered that the rates of development of acetic acid and glucosa-
mine were the same but at starting it was less than the rate of N-acetylglucosamine 
synthesis. From this, it was presumed that the vast majority of the acetic acid was 
produced by the hydrolysis of N-acetylglucosamine, instead of by hydrolysis of 
the polymers’ N-acetyl groups. Falk also establish a maximum concentration of 
N-acetylglucosamine when 10 M HCl was used for hydrolysis of 50 % of the chitin. 
The authors concluded that controlled acid hydrolysis of chitin did not result best 
yield of N-acetylglucosamine [34]. There are a few instances which show chemi-
cally synthesized D-glucosamine and GlcNAc. Like Kuyama et  al. [35] synthe-
sized totally deacetylated chitosan dodecamers started with glucosamine monomer 
using amino protective group. Aly et  al. [36] explained a technique to synthesize 
fully N-acetylated D-Glucosamine from GlcN monomers using dimethyl maleoyl 
as an amino protective group for production of two enzymes, i.e.; chitotetraose and 
chitohexaose. Removal of the amino protective group and N-acetylation was also 
achieved in a one reaction to provide the required product [37].

The typical procedure for the preparation of glucosamine by direct acid hydrol-
ysis [38]. But this process has a disadvantage of chitin, which includes high cost, 
lower yield (below 65 %), and acidic leftover which was formed by HCl. The esti-
mated production is 6.42 g/L GlcNAc can be produced in 1 h [39].

Also Varum et  al. studied the effect of concentration of hydrochloric acid on 
hydrolysis of the glycosidic linkages and the N-acetyl linkage of moderately 
N-acetylated. Hydrolysis of N-acetyl linkage was achieved by SN2 reaction 
mechanism where water addition in carbonium ion was rate determining stage. It 
was concluded due to SN2 that in concentrated acid depolymerization in tenfolds 
higher than de-N-acetylation and in dilute acid it was equal. [40].

Likewise Zhan synthesized an improved method for N-acetylation of 
Glucoasmine in which he has used pyridine as a solvent in the presence of tribu-
tylamine and acetic anhydride. Approximate 99 % pure GlcNAc can be attained 
after a series of purification methods. The estimated yield of this method had been 
reported to be higher than 70 % [41].

In another related study, Trombotto et  al. [42] prepared homogeneous series 
of chito-oligomers having 2–12 degrees of polymerization (DP) and different 
(0–90 %) degrees of N-acetylation (DA) was also obtained via two-step chemical 
modification. First, they hydrolyzed completely N-deacetylated chitosan followed 
by selective precipitations to produce glucosamine oligomers. In second step 
hydro-alcoholic solution of acetic anhydride was used in controlled way for partial 
N-acetylation glucosamine unit of oligomers. The drawback of this method, as for 
the enzymatic preparation of chitooligosaccharides,is the heterogeneity of the pre-
pared chitooligosaccharides. Goyal et al. synthesized and screened an innovative 
class of N-acetyl glucosamine with methoxybenzylidene acetal protective group. 
This modification did not exert a negative influence on the gelation. On the con-
trary, it actually enhanced the gelation tendency for many derivatives. The intro-
duction of the additional methoxy group on the phenyl ring led to low molecular 
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weight gelators with a higher pH responsiveness. The resulting gels were stable 
at neutral pH values but degraded in an acidic environment [43]. Also, Trombotto 
et  al. [44] prepared glucosamine hydrochloride (GluNHCl) from various crusta-
cean shells like Penaeus monodon (Indian shrimp), Portunus pelagicus (blue crab) 
and Portunus sanguinolentus (three spot crab) of acids through the hydrolysis 
and its evaluation was analyzed by reversed phase high performance liquid chro-
matography (RP-HPLC). The results showed that the yield of chitin after demin-
eralization with 0.5  M HCl was 87.83, 89.18 and 51.11  % and deacetylation of 
chitin with 2 N NaOH resulted in the yield of 68.91, 75.67, and 30 % for P. san-
guinolentus, P. pelagicus, and P. monodon, respectively. The HPLC analysis also 
gives that the obtained glucosamine hydrochloride revealed species of Portunus 
(21.64 mg g−1 and 21.83 mg g−1) were better source of Glu-HCl than P. mono-
don (3.32 mg g−1). Although the manufacture of GlcNAc by chemical methods 
were assessed to be adequately profitable, thus, the product was not reflected as 
a usual natural polysaccharide due to the chemical alteration of GlcNAc. That is 
why, GlcNAc prepared using chemicals typically flavors bitter due to these altera-
tions. In addition, the usage of ozone has also been developed [45].

Thus, the use chemically modified GlcNAc and glucosamine covers a wide range 
of applications like in food additives, cosmetics and pharmaceuticals, and medicines.

2.2 � Preparation of D-Glucosamine and N-Acetyl 
D-Glucosamine Using Enzymatic Method

The drawback of chemical method not only due to practical causes but also 
because of the other environment interests of producing D-glucosamine and 
N-acetyl D-glucosamine, this is why synthesis via chemical method is not widely 
commercialized.

Kuk et al. investigated how a bacteria, GJ18, which are having robust chitino-
lytic activity which was isolated from soil of coastal areas. Then isolated strain 
was recognized as A. hydrophila by its structural and biochemical characteristics 
along with 16S rRNA gene sequences. The results showed up to 45  °C, it was 
effectually hydrolyzed to GlcNAc by A. hydrophila GJ18 crude enzyme; however 
the hydrolysis process started decreasing when the temperature is above 50  °C. 
However, the enzymatic hydrolysis of chitin can synthesize the same under trivial 
surroundings [46].

They both not only performs physiochemical functions but also utilized in the 
field of pathological aspects [47–52].

The whole collection of chitinolytic enzymes which consists of endochitinases, 
exochitinases, chitobiosidases, and acetylglucosaminidases (NAGases) that are 
synthesized and secreted through a prokaryotic or a eukaryotic entities [53].

Earlier, Muraki et  al. separated D-glucosamine oligosaccharides from a chi-
tosan hydrolyzate prepared with the cellulose enzyme derived from Trichoderma 
viride. The separation was done by using weak ion exchange chromatography with 
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the elution by 0.01 N Hcl. At last titration procedure was used to find the glucosa-
mine content. The results showed that this technique is efficient for the synthesis 
of highly pure oligosaccharides [7]. In contrasting study, few microorganisms, like 
Trichoderma hamatum strain or Trichoderma harzianum strain, produced N-acetyl 
glucosamine in the medium in the absence of chitin or its derivatives [54].

A huge variety of enzymes is sterilized from major production of microorgan-
isms, genetically engineered organisms (GEO) for the purpose of the industrial 
production of D-glucosamine and N-acetyl glucosamine [55–57].

Setthakaset et al. prepared N-acetyl glucosamine from squid pen β-chitin utiliz-
ing Aspergillus species chitinase using hydrolysis process through enzymes. The 
results showed that the growth of the fungus in the media at pH 3.5 and 40 °C for 
5 days which provides the maximum chitinolytic activity of 3.1 U/mL. The crude 
enzyme achieved from the growth of fungus is used in the hydrolysis process of 
milled squid pen β-chitin at acidic pH 4 and 45 °C using 22 U of enzyme per gram 
of chitin [58]. Chen et al. proved to synthesize N-acetyl glucosamine Chitinibacter 
tainanensis which was isolated from Southern Taiwan soil. The results showed 
that when Chitinibacter tainanensis was incubated with chitin. Chitin degrading 
factors was successfully converted to N-acetyl-glucosamine [59].

Recently, Sun et al. produced D-glucosamine by hydrolyzing chitosan with the 
use of two crude enzymes chitosanase and β-d-glucosaminidase showed that the 
optimal conditions were temperature 50 °C, substrate conc is 20 mg/mL, the opti-
mum ratio of enzyme to chitosan 1.5 U/60 mg, pH 6.8. Under above conditions, 
it was completely hydrolyzed in 5 h and thus this method can be used efficiently 
used for producing D-glucosamine which can be further utilized for other applica-
tions [60].

In one study, around 100 % pure N-Acetylglucosamine was synthesized by uti-
lizing enzymes from Aeromonas hydrophila [61], while another enzyme chitobi-
ose was also synthesized using B. chitinases [62]. The study clearly showed that 
the endochitinases, exochitinases, and N-acetylglucosaminidases are essential for 
the ample absorption of chitin, and more N-acetylglucosaminidases activity gives 
a higher and efficient purity of GlcNAc. Thus, chitin crystalline structure and the 
enzymatic constituents of these reactions are the vital characteristics in the synthe-
sis of GlcNAc through enzymatic reactions.

3 � Application of D-Glucosamine and N-Acetyl 
D-Glucosamine

Glucosamine belongs to a huge section of amino groups of sugars that per-
form various numbers of vital roles in human system and are also located in the 
humans. It has become of great interest not only as an under utilized resource, but 
also as a novel efficient substance with extraordinary ability in enormous fields, 
and latest progress in chitin or chitosan chemistry is quite remarkable. All the 
above mentioned properties, together with the very safe toxicity, make them an 
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exciting and promising product to get utilized for various applications such as bio-
medical applications, tissue engineering, wound healing, cosmetics, etc. The vari-
ous application of glucosamine is shown in Fig. 3.

3.1 � Application in Tissue Engineering

Glucosamine likewise assumes a part during the course of tissue engineering. 
Regardless of numerous studies in glucosamine and the more endeavors on supra-
molecular gelators or self-collected nanofibers and other tissue designing applica-
tions [15, 35, 63, 64].

Shaunak et  al. utilized used anionic, polyamidoamine dendrimers to prepare 
innovative water-soluble conjugates of D-glucosamine and D-glucosamine 6-sul-
fate for effective immunogenic and antiangiogenic characteristics, respectively. 
After various evaluation and clinical trials conducted on rabbits the study showed 
that specially designed macromolecules such as the dendrimers depicted in this 
study might be altered to have specific immunogenic and antiangiogenic charac-
teristics, and they utilized collectively to check wound tissue formation which can 
be majorly utilized in the field for regenerative medicine [65].

Likewise, Wang et al. studied the comparative study between the various out-
comes of insulin-like growth factor-I, basic fibroblast growth factor, transforming 
growth factor beta1, and glucosamine sulphate on temporomandibular joint condy-
lar cartilage and ankle cartilage cells in monolayered culture. The results showed 
that GS enhanced the cell propagation and synthesis at explicit concentrations and 
exceed growth elements in definite cases [66].

Fig. 3   Applications of 
glucosamine and chitin
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3.2 � Application in Cosmetics

Human skin comprises of stratum corneum and dermis to protect the skin from 
different extreme natural circumstances like aridness and UV illumination. 
Stratum corneum assumes an indispensable part in maintaining the solidness of 
the skin. It additionally comprises of smoothed dead cells, corneocytes and a com-
plex of lipid network, and characteristic dampness properties [67].

Chitin has a high review of UV radiation resistance, purification resistance, and 
oxidation resistance. Henceforth, it turns into the ideal common beautifiers crude 
materials. Chitin with saturating, film, and dynamic cell capacity can keep the skin 
damp, glossy, and adaptable in the readiness of a mixture of healthy skin restora-
tive. It can likewise upgrade the metabolic capacity of epidermal cells, repress free 
radical oxidation, and wipe out lipofuscinosis quality, age spots, repair skin harm, 
concealment of bugs, and other harm to the skin. HA is primarily delivered from 
fibroblasts and keratinocytes and N-acetyl glucosamine are the primary building 
unit of HA so the last is chiefly included in skin change and assists in treating 
with skin maturing and detachment. Fitting organization of GlcNAc is utilized to 
enhance skin quality.

Bisset et  al. [68] mulled over that GlcNAc helps in lessening the presence 
of facial hyperpigmentation in 8  week, which was demonstrated by the twofold 
visually impaired clinical trial [69]. Utilizing as a part of in vitro genomic trials, 
the mechanism by which GlcNAc decreases melanin creation has been found to 
include the up-regulation of a few gene, for example, epidermal turnover qualities 
and cell reinforcement-related qualities, and the down-regulation of the cytoskel-
eton qualities included in melanosome transport [70]. It is likewise viewed as that 
an important fixing in beautifiers for enhancing skin wrinkles and shading due to 
its flexible properties of GlcNAc [71]. As examined in past segment, glucosamine 
advances the proliferation of keratinocytes and fibroblasts and builds the creation 
of HA in the skin, it has likewise been effectively used to recuperate wounds in 
skin [72, 73].

3.3 � Chitin as Drug Delivery Carriers

As chitin is the main constituent of Glucosamine, its important function is to act as 
a carrier for drug delivery. But the main feature of chitin is that it must not accrue 
inside the human system nor must it be toxic [74].

Chitin formulations like carboxymethyl chitin, succinyl chitosan [75], chi-
tosan derived hydrogel [76], hydroxyethyl chitin [77] had been clearly mentioned 
to contain such properties. The colloidal structure of chitosan can easily entrap 
macromolecules by enormous methods. All such associated molecules have been 
revealed to transport via mucosa membrane and epithelial cells more effectively. 
Cationic chitosan when combined with other natural biopolymers have also clearly 
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been indicated to increase the drug encapsulation efficiency of liposomes through 
layer by layer self-assembly method [78]. Nanoparticles prepared from chitosan/
chitin with polyethylene oxide which has widely utilized as an effective carrier 
for proteins as well. Furthermore, an oral route for delivering drugs has also been 
established by using chitosan and tripolyphosphate, alginate, etc., In such system, 
microparticles and nanoparticles were get entrapped inside the beads which are 
synthesized from chitosan in solution of tripolyphosphate, etc.,

3.4 � Application in Regenerative Medicine- Treatment  
of Osteoarthritis

Osteoarthritis (OA) is the most widely recognized manifestation of joint inflam-
mation, is a general wellbeing issue all through the world. A few elements have 
been painstakingly examined for the symptomatic and auxiliary administration of 
OA. This review provides published studies regarding the effect of GS and chon-
droitin sulfate synthesis on the development of knee or hip OA. Since 1969, when 
first clinical trial of glucosamine conducted in Germany, various studies have con-
trasted glucosamine sulfate and nonsteroidal anti-inflammatory agents or with pla-
cebo. In the early 1980s, a little number of controlled human trials was directed in 
Europe and in Asia to evaluate the clinical utilization of glucosamine sulfate in the 
treatment of OA [79]. Glucosamine along with chondroitin sulfate are successfully 
utilizing in treat of osteoarthritis. Glucosamine and chondroitin sulfate, when com-
bined, are found efficient in the subclass of patients with moderate-to-severe knee 
pain. In North America, glucosamine hydrochloride or sulfate along with chondroi-
tin sulfate are measured as nutraceuticals (nutrition + pharmaceutical), although in 
maximum European nations they are promoted as pharmaceuticals and hence prep-
aration, manufacture and marketing of glucosamine are watched more precisely in 
Europe [80]. Laverty et al. investigated that in maximum clinical related outcomes 
in Glucosamine/chondroitin Arthritis Intervention Trial (GATI) a perfect blend 
of sodium chondroitin sulfate and glucosamine hydrochloride were taken due to 
enhance the bioavailability of sulfates [81]. Clegg et al. showed the Glucosamine/
chondroitin Arthritis Intervention Trial (GAIT) for 24 week, randomized, double 
blind, placebo and celecoxib controlled, multicenter trial to estimate severely the 
worth and protection of glucosamine-chondroitin sulfate, and the two in combina-
tion in the handling of pain because of the knee osteoarthritis [82].

Alindon et al. conducted a 12 week study and the consequences of this study 
recommended that glucosamine was no more viable than placebo in treating the 
indications of knee OA. Be that as it may, it ought to be observed that this study 
was intended for an alternate reason than evaluation of glucosamine [83, 84].

Hochberg et al. conducted a compare study of the effectiveness and safety of 
chondroitin sulfate and glucosamine hydrochloride against celecoxib over 606 
patients in France, Germany, Poland, and Spain having knee osteoarthritis and 
severe pain. It was concluded that in comparison with glucosamine + chondroitin 
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sulfate was reducing pain, stiffness, functional limitation, and joint swelling/effu-
sion after 6 months in patients and having a decent safety outline [85].

3.5 � Application in Cancer/Tumor Imaging

Tada et al. prepared 2-deoxy-2-[18F] fluoroacetamido-d-glucopyranose via amide 
bond formation with 18F labeled carboxylic acid [Fig. 4]. Rediochemical yield and 
purity was 9.1 and 98 %, respectively. The compound utilized in diagnosing tumor 
through imaging [86]. After an hour of injection of 2-deoxy-2-[18F] fluoroaceta-
mido-d-glucopyranose, a high uptake were measured in tumor cells which were 
used to diagnosed and visualized by positron emission tomography (PET) [87].

Qi et  al. designed and synthesized 99  % pure N-(2-[18F] fluoro-4-nitrobenzoyl) 
glucosamine, a glucosamine derivative, via many step reaction and their performance 
were checked by in vivo and in vitro study. Results showed that tumor/blood ratio 
of glucosamine derivative was 4.40 and tumor/muscle ratio of glucosamine deriva-
tive was found 4.84. The prepared 18F derivative can showed it importance in tumor 
imaging using by positron emission tomography (PET) technique [88]. Carroll et al. 
designed 18F-labeled glucosamine analogs because glucosamine had a role in the bio-
chemical production of glycosylated proteins and lipids and this property was used 
for imagining of cancer cells. They design three 18F labeled glucosamine by explor-
ing 18F radiochemistry imine formation via aldehyde condensation, alkylation, and 
copper mediated click chemistry reaction. The three synthesized 18F labeled glucosa-
mine were verified in vivo in mice by using HEY Rab25 tumors (human ovarian car-
cinoma cell-line. Figure 5c displayed favorable in vivo characteristics, with no bone 
uptake, quick clearance and most significantly noticeable tumor uptake [89].

Yang et  al. [90] labeled glucosamine derivative with gallium 68 (68Ga) to 
design a radiotracer for diagnosing tumor cells using micro-positron emission 
tomography (μPET). Glucosamine was first modified with 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA) by reaction of D-glucosamine 
hydrochloride and 2-(4-isothiocyanatobenzyl)-DOTA. Microwave irradia-
tion of 25 W for 5  min and 50 W for 5  min were used for labeling of 68Ga on 
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DOTA-D-glucosamine derivative. After an hour of incubation of 68Ga labeled 
glucosamine treated human epithelial carcinoma cells (A431), 15.7 % uptake was 
observed. μPET images of A431 tumors bearing mice displayed acceptance of 
68Ga labeled glucosamine in the tumors [91]. Igawa et al. [92] studied uptake of 
D-glucosamine conjugate carboxylated QDs into cultured osteoblastic cells. Size 
of the core carboxylated QDs and D-glucosamine conjugated QDs were calculated 
around 3 nm and 20–30 nm, respectively. Glucosamine modified QDs adhere on 
cell surface and conveyed into the cytoplasm in three hours of incubation and the 
process was confirmed by using specific fluorescent staining [93].

4 � Concluding Remarks

Glucosamine has always shown low cytotoxicity, biodegradable, and biocom-
patible in nature which makes them utilized for various biomedical applica-
tions. It also consists of chitinases which is widely available in nature and found 
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almost in all the bacteria, fungi as well as in plants, and in the digestive sys-
tems of various animals. D-glucosamine and N-acetyl D-glucosamine is synthe-
sized using substrate, i.e.; chitin by various chemical, enzymatic methods. New 
methods using glucose as a substrate can also be applied to obtain n acetyl glu-
cosamine using genetically engineered microorganisms. D-Glucosamine and N-
acetyl D-glucosamine has a wide application in regenerative medicine like for 
osteoarthritis through which the damaged cartilages can be replaced by using 
Glucosamine. At last, the versatile characteristics of both enhance its usage as a 
novel candidate for utilization not only in regenerative medicine but also for drug 
development and other biomedical applications.
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Abstract  Quantum dots (QDs) are the semiconducting inorganic substances that 
form luminescent nanocrystals with unique optical properties. The formation of 
shell and or functionalization of it may be utilized as probes or carriers for target-
specific cells or tissues for proper utilization in the field of regenerative medicine. 
Thus, the association of chitosan makes the entire body as biocompatible and suit-
able for optical stability in physiological environment. QDs-bound hybridization 
probe design reported for detection of intracellular pre-miRNA using chitosan 
poly(γ-glutamic acid) complex as a gene vector toward the progress and progno-
sis of cancer. It is also demonstrated that chitosan-based QD hybrid nanospheres 
can be internalized by tumor cells and hence act as labeling agent in cell imaging 
by optical microscopy. The challenge of such cell imaging in the field of molecu-
lar imaging is also being discussed.  Overall, the interest in using chitosan–QDs 
in regenerative medicine and the current barriers to moving the technique into the 
clinic as great challenges will also be discussed.
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DTG	� Dithioglycerol
DCC	� N,N′:dicyclohexylcarbodiimide
DNA	� Deoxyribose nucleic acid
ECM	� Extracellular network
EDAC	� 1-Ethyl-3-(-3-dimethylaminopropyl)carbodiimide
GNP	� Gold nanoparticle
GSH	� Glutathione
LA	� Lipoic acid
MPA	� Mercaptopropionic acid
MPS	� Mercaptopropyltris(methyloxy)silane
MSA	� Mercaptosuccinic acid
MUA	� Mercaptoundecanoic acid
NPs	� Nanoparticles
NHS	� N-Hydroxysuccinimide
PEG	� Polyethylene glycol
PVA	� Polyvinyl alcohol
PVK	� Polyvinylcarbazole
QDs	� Quantum Dots
RNA	� Ribose nucleic acid
SA	� Sialic acid
TEM	� Transmission electron microscope
TGA	� Thioglycolic acid
TGL	� Thioglycerol
TOP	� Trioctylphosphine
TOPO	� Trioctylphosphine oxide

1 � Introduction

Nanoscale biological systems such as proteins, lipids, nucleic acids, antibod-
ies, antigens, and enzymes which work throughout the life without any func-
tional problems were synthesized and developed by a chief architect, “Nature.” 
These nanodimension components are the building block components of our life. 
Nanomaterials together with nanotechnology have fascinated science world for 
to develop and deliver new tools in the area of therapeutics, molecular imaging, 
regenerative medicine, and labeling applications. Growth of nanosized probe for 
understanding of molecular and cell biology results in a new approach for regen-
erative medicine. Nanosized probe like NPs [1] and QDs [2] has propelled high 
expectation in modern molecular [3], genetic [4] and biochemical field [5]. It can 
be assumed that these probes can explain many fundamental questions concerning 
molecular level at biological system. To explore these fundamental processes in 
biological sciences entails straightforward tools and technique for easy, fast, accu-
rate, trustworthy, and reproducible detection of targeted molecule in a complicated 
molecular and genetic reaction.
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From the last two decades, QDs emerges as a new light emitting particle, a 
major breakthrough in the vast and deep area of fluorescent labeling for analysis 
[6], imaging [7, 8] and therapeutic studies [9]. By their unique electronic and opti-
cal properties like size-tunable light emission, narrow and symmetric emission 
spectra, broad absorption spectra, and simultaneous excitation of multiple fluo-
rescence colors [10], QDs stop domination of organic fluorophores in the field of 
imaging and labeling [11]. Electronic property of QDs play key role in QDs wide-
spread application. Once the dimension of the QDs goes below than the size of the 
Bohr radius, quantum confinement effects correlate between band gap and quanti-
zation of the energy levels [12].

Regenerative medicine, significant area of research in life science [13, 14], has 
appealed a countless attention of investigators from several fields such as stem cell 
research [15–17], tissue engineering [18], therapeutic cloning [19], and gene ther-
apy [20] aiming to develop artificial tissues for repair or replacement of missing 
or injured tissue, body part and organs [21, 22]. New regenerate tissues are trans-
planted with the support of scaffolds and biomolecules [23]. Regenerative medi-
cine and tissue engineering are somehow closely related term that can substitute 
each other. Embryonic stem cells or adult stem cells [24, 25], biomaterials [26] 
and growth factors [27] are three central constituents’ of regenerative medicine 
and tissue engineering too. So recently, biomaterial is the main focus of research 
to develop new tissue-specific scaffolds as improved drug delivery systems for 
regenerative medicine. Three-dimensional permeable frameworks for the most part 
serves three capacities one is to give basic upkeep of the state of a deformity and 
void, second is to help as a starting provisional extracellular network (ECM) for 
cell bond, expansion, separation and development, and third one is capacity as a 
bioactive atoms, development components, and cells stacked conveyance vehicle 
for tissue morphogenesis and imperfection mending [28].

Chitosan, a natural cationic polymer, display unique physicochemical properties 
and their unique ability that allows further adaptation renders them appealing for 
various therapeutic, regenerative, and biomedical applications [29]. In addition their 
inherent bioactive properties such as biocompatibility, biodegradability to harm-
less products, nontoxicity, physiological inertness, antibacterial properties, heavy 
metal ions chelation, gel forming properties, hydrophilicity, and remarkable affinity 
to proteins make chitosan more promising for further enhanced regenerative medi-
cines, therapeutic potential and tissue engineering applications, and future demands 
on bioproducts [30]. Due to their potential to form polyelectrolyte complexes with 
nucleic acids (DNA, RNA, and PNA) chitosan seeking interest of scientist working 
in the field of therapeutic applications and regenerative medicines [31]. Chitosan 
is becoming excellent candidates for gene delivery by providing shield from enzy-
matic degradation of DNA, RNA, and facilitate cellular uptake and endolysoso-
mal escape. In the arena of regenerative medicine, chitosan is the most extensively 
investigated because of their suitable significant potential like it can used as an arti-
ficial extracellular matrix (ECM) material to study cell–biomaterial interactions, 
development of tissue-specific chitosan-based scaffolds with or without cells and 
growth factors, repair and regenerate a variety of human tissues.
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2 � Functionalized Chitosan

The utmost importance of carbohydrate science using nanotechnology is to 
advance the current knowledge of existing therapeutic strategies like cell-based 
transplantation, tissue engineering, and gene therapy. Conjugated saccharide moie-
ties with proteins or lipids form glycoproteins and glycolipids, commonly known 
as Glycoconjugates, are critical components of biological organisms, including 
cells, tissues of animals and plants due to its structural maintaining properties.

Historically, in 1811, Professor Henri Braconnot, isolated fibrous substances 
from mushroom and found them to be insoluble in aqueous acidic solution. A 
decade later in 1823, Ojer named it “chitin” from Greek “khiton” meaning “enve-
lope” present in certain insects. In 1894, Hope Seyle named it as “chitosan.” From 
1930 to 1940, this biopolymer of glucosamine gained much interest in the field of 
medicine [32]. Chitosan, a natural biopolymer, is a polysaccharide composed of 
repeating units of glucosamine and N-acetyl-glucosamine which is produced from 
chitin, the second most abundant polysaccharide in nature. Chitin is isolated from 
shells of several crustaceans such as krill and squid pen. Other sources are also 
there like exoskeleton of insects and cell walls of fungi. Chitin is a high-molecular 
weight polymer which is then further processed by base hydrolysis under forcing 
conditions which removes the acetyl groups and at this point the material is gener-
ally described as chitosan. N-deacetylation of chitin produces chitosan. One can 
draw a border between chitin and chitosan only after at the point when chitin is 
sufficiently deacetylated and only after a high degree of deacetylation, the result-
ant polymer is soluble in dilute acid. Along with molecular weight, degree of dea-
cetylation (DD) plays a main role for deciding the physicochemical properties of 
chitosan.

The authors’ research laboratory has established milestone in the field of func-
tionalization of chitosan by chemicals [33–36], nanoparticles [37–41], QDs [42, 
43], and biomolecule [44]. The preparation of chitosan-based QDs, chitosan-GNP 
derivatives, and fullerene-based chitosan derivatives, and the immobilization of 
gold nanoparticles onto thiol-functionalized chitosan were reported by author [45].

2.1 � Nanoparticles

Inspite of enormous biomedical and theronostics application of nanoparticles, bare 
nanoparticles still have restricted in many fields. Making these bare nanoparticles 
functionalized is the new strategy that has been adopted. In this strategy, accord-
ing to the need ligands have been chosen. Organic ligands, inorganic molecules 
and ligands, biomolecules like lipid, DNA, RNA, enzymes, polymers, biopoly-
mers like chitin, chitosan, cellulose, etc., have been used it make bare nanoparticles 
functionalized and quality of their application upsurges rapidly. Biocompatibility 
and stability are the factors that decide the mode of application. Functionalization 
is a process which not only enhances its biocompatibility but also it stabilizes 
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nanomaterials against agglomeration to render them compatible with another phase, 
to use modified inorganic nanofillers in organic polymers, and to enable their self-
organization. Any inorganic, organic molecule, ligand or biopolymer material 
whose incorporation or coating will enhance the functional properties of potential 
interest like nanoparticles biocompatibility and stability can be used as function-
alizing agent. Mostly insertion of well-designed and functional organic groups 
(–COOH, NH2, –SH, etc.) or biomolecule (DNA, RNA, antigen, antibody, proteins, 
etc.) or polymer (chitosan, chitin, PEG, PVA, etc.) on the surface of nanoparticles 
gives us another efficient tool in the field of biotechnology, biomedical, classical 
reaction chemistry, solar cells, biosensing, bioimaging, etc. [46]. Preparation and 
properties of various nanoparticles functionalized chitosan are given in Table 1.

2.2 � Organic Compound/Complex

A lot of work has been published and still published in the field of functionali-
zation of chitosan. The reason behind functionalization of chitosan is to alter its 
solubility and other physiochemical properties [61–64]. Introduction of a group 
not only modify its chemical and physical property but also transform it biological 
properties. Majority of functionalization reaction of chitosan depend on nucleo-
philicity of the –NH2 group present on chitosan. Schiff base formation, reductive 
amination, and amide bond formation cover chitosan chemistry significantly. 
Biological activity is enhanced by modifying its solubility which is one of the 
important factor while consider its use in biomedical. Chemically modified chi-
tosan has been used in tissue engineering [65], regenerative medicine [66], wound 
healing [67], efficient gene delivery [68], etc. Maximum number of chitosan-based 
reaction follow three type of reaction, i.e., Schiff base formation, reductive ami-
nation, and amide bond formation (Fig. 2). Thiolated chitosan is a thiol-function-
alized chitosan which show better chelating property due to addition of another 
group having sufficient electron. Basically, three type of synthesis strategy was 
followed for preparation of thiolated chitosan which shown in Fig. 3. Reaction of 
chitosan with different organic reactants are summarized in Table 2.

2.3 � Biomolecule

Biomolecules like DNA, RNA, Antigen, Antibody, ATP, liposomes, and growth 
factors are conjugated directly to chitosan. Widely, conjugation strategy is based 
on either amide bond formation or electrostatic interaction. Positively charged 
chitosan easily form complex with negatively charged biomolecule. Chitosan is 
used to form various shape and size of chitosan–biomolecule complex. Chitosan-
encapsulated nanoparticle, spherical micro- and macrobeads, nanofiber, gels, and 
spray dried molecule are successfully synthesized. Some of the chitosan function-
alized biomolecules are listed in Table 3.



302 H. Kumar and P.K. Dutta

Ta
bl

e 
1  

P
re

pa
ra

tio
n 

an
d 

pr
op

er
tie

s 
of

 n
an

op
ar

tic
le

s 
fu

nc
tio

na
liz

ed
 c

hi
to

sa
n

C
hi

to
sa

n
N

an
op

ar
tic

le
s

Sy
nt

he
si

s 
pr

oc
ed

ur
e 

an
d 

ap
pl

ic
at

io
ns

R
ef

er
en

ce
s

C
hi

to
sa

n
A

u 
an

d 
Fe

3O
4

A
u 

N
Ps

/c
hi

to
sa

n 
an

d 
m

ag
ne

tic
 A

u 
N

Ps
/c

hi
to

sa
n/

Fe
3O

4 
co

m
po

si
te

s 
w

er
e 

sy
nt

he
si

ze
d 

w
ith

ou
t a

ny
 

to
xi

c 
ch

em
ic

al
s 

an
d 

w
er

e 
us

ed
 e

ffi
ci

en
tly

 a
s 

bi
oc

he
m

ic
al

 c
at

al
ys

is
 o

r 
th

er
ap

y
[4

7]

C
hi

to
sa

n
A

u 
N

Ps
A

u 
N

Ps
 w

er
e 

sy
nt

he
si

ze
d 

on
 c

hi
to

sa
n 

th
at

 f
ur

th
er

 tr
an

sf
or

m
 in

to
 s

el
f-

co
lla

ps
in

g 
ge

ls
. T

he
 g

el
s 

sh
ow

 g
oo

d 
bi

oc
om

pa
tib

ili
ty

 th
at

 c
an

 b
e 

us
ed

 to
 e

nc
ap

su
la

te
 d

ru
g 

fo
r 

co
nt

ro
lle

d 
re

le
as

e 
in

 d
ru

g 
de

liv
er

y

[4
8]

C
hi

to
sa

n
Fe

3O
4

Fe
3O

4–
ch

ito
sa

n 
na

no
ca

ta
ly

st
 w

as
 u

se
d 

as
 a

 r
eu

sa
bl

e 
or

ga
no

ca
ta

ly
st

. R
ea

ct
io

n 
be

tw
ee

n 
su

bs
tit

ut
ed

 
be

nz
ils

 a
nd

 u
re

a/
th

io
ur

ea
 d

er
iv

at
iv

es
 w

er
e 

ca
ta

ly
ze

d 
by

 n
an

oc
at

al
ys

t f
or

 s
yn

th
es

is
 o

f 
5,

5-
di

ph
en

yl
-

hy
da

nt
oi

ns
 a

nd
 5

,5
-d

ip
he

ny
l-

2-
th

io
hy

da
nt

oi
ns

 e
ff

ec
tiv

el
y

[4
9]

C
hi

to
sa

n
Si

lic
a 

co
at

ed
 F

e 3
O

4
Si

lic
a 

co
at

ed
 F

e 3
O

4 
N

Ps
 w

er
e 

fu
nc

tio
na

liz
ed

 b
y 

bi
op

ol
ym

er
, c

hi
to

sa
n.

 S
o 

fo
rm

ed
 F

e 3
O

4-
si

lic
a-

ch
ito

sa
n 

N
Ps

 s
ho

w
ed

 o
ut

st
an

di
ng

 a
ds

or
be

nt
 f

or
 D

N
A

 w
ith

 e
ffi

ci
en

cy
 o

f 
~8

8 
%

 a
nd

 a
 h

ig
h 

el
ut

io
n 

ef
fic

ie
nc

y 
of

 ~
98

 %

[5
0]

C
hi

to
sa

n
C

op
pe

r-
si

lv
er

 N
Ps

In
 th

e 
sy

nt
he

si
s 

of
 c

or
e-

sh
el

l c
op

pe
r-

si
lv

er
 N

Ps
, c

hi
to

sa
n 

us
ed

 a
s 

a 
te

m
pl

at
e.

 R
ed

uc
tio

n 
of

 C
uS

O
4 

w
as

 d
on

e 
by

 h
yd

ra
zi

ne
 h

yd
ra

te
 in

 th
e 

pr
es

en
ce

 o
f 

ch
ito

sa
n 

as
 s

ta
bi

liz
er

 th
en

 A
gN

O
3 

w
as

 a
dd

ed
 

to
 s

he
ll 

C
u 

N
Ps

. S
yn

th
es

iz
ed

 C
S–

C
u–

A
g 

N
P 

co
m

po
si

te
 w

as
 a

ss
es

se
d 

on
 E

sc
he

ri
ch

ia
 c

ol
i a

nd
 

B
ac

il
lu

s 
ce

re
us

 b
ac

te
ri

a 
by

 tu
rb

id
ity

 m
ea

su
re

m
en

t a
nd

 fl
ow

cy
to

m
et

ry
. R

es
ul

t r
ev

ea
le

d 
th

at
 th

e 
C

S-
C

u@
A

g 
N

P 
co

m
po

si
te

 w
as

 h
ig

hl
y 

ef
fe

ct
iv

e 
in

 r
ed

uc
in

g 
ba

ct
er

ia
l g

ro
w

th
 d

ue
 to

 s
yn

er
gi

st
ic

 
ef

fe
ct

 o
f 

C
S 

an
d 

C
u@

A
g 

N
Ps

[5
1]

C
hi

to
sa

n 
ol

ig
os

ac
ch

ar
id

e
A

u 
N

Ps
In

 th
is

 s
tu

dy
 A

u 
N

Ps
 w

as
 s

ta
bi

liz
ed

 b
y 

m
ul

tid
en

ta
te

 z
w

itt
er

io
ni

c 
ch

ito
sa

n 
ol

ig
os

ac
ch

ar
id

e.
 L

ip
oi

c 
ac

id
 a

nd
 z

w
itt

er
io

ni
c 

ac
ry

lo
yl

ox
ye

th
yl

 p
ho

sp
ho

ry
lc

ho
lin

e 
w

er
e 

us
ed

 to
 o

bt
ai

n 
zw

itt
er

io
ni

c 
ch

i-
to

sa
n.

 D
ith

io
la

ne
 e

nd
 h

av
e 

hi
gh

 a
ffi

ni
ty

 to
 A

u 
m

et
al

s.
 Z

w
itt

er
io

ni
c 

m
od

if
ca

tio
n 

of
 c

hi
to

sa
n 

re
m

ar
k-

ab
ly

 b
oo

st
ed

 th
e 

st
ab

ili
ty

 a
nd

 b
io

co
m

pa
tib

ili
ty

 o
f A

u 
N

Ps
. T

he
 Z

w
itt

er
io

ni
c 

ch
ito

sa
n-

m
od

ifi
ed

 
A

u 
N

Ps
 m

ig
ht

 m
od

er
at

el
y 

es
ca

pe
 f

ro
m

 e
nd

os
om

es
/ly

so
so

m
es

 to
 c

yt
os

ol
 a

nd
 a

cc
ru

e 
ar

ou
nd

 th
e 

nu
cl

eu
s;

 w
hi

ch
 c

an
 b

e 
us

ed
 a

s 
in

tr
ac

el
lu

la
r 

de
liv

er
y 

ef
fic

ac
y 

of
 N

Ps
 f

or
 b

io
m

ed
ic

al
 a

pp
lic

at
io

ns

[5
2]

C
hi

to
sa

n
Fe

3O
4,

 A
u 

N
Ps

In
 th

is
 p

ap
er

, c
hi

to
sa

n 
w

as
 m

od
ifi

ed
 to

 c
ar

bo
xy

m
et

hy
l c

hi
to

sa
n 

an
d 

fa
br

ic
at

e 
w

ith
 F

e 3
O

4 
N

Ps
. 

T
he

n 
th

is
 c

hi
to

sa
n–

Fe
3O

4 
na

no
pa

rt
ic

le
s 

w
er

e 
th

io
la

te
d 

by
 2

-i
m

in
ot

hi
ol

an
e 

w
hi

ch
 w

er
e 

us
ed

 to
 

co
nj

ug
at

e 
w

ith
 A

u 
N

Ps
. T

o 
de

ve
lo

p 
th

e 
bi

or
ec

og
ni

tio
n 

to
w

ar
d 

J5
 c

an
ce

r 
ta

rg
et

 c
el

ls
, A

u–
ch

ito
sa

n-
 

Fe
3O

4 
na

no
pa

rt
ic

le
s 

w
er

e 
fu

rt
he

r 
m

od
ifi

ed
 to

 T
ra

ns
fe

rr
in

[5
3]

(c
on

tin
ue

d)



303Functionalized Chitosan: A Quantum Dot-Based Approach …

Ta
bl

e 
1  

(
co

nt
in

ue
d)

C
hi

to
sa

n
N

an
op

ar
tic

le
s

Sy
nt

he
si

s 
pr

oc
ed

ur
e 

an
d 

ap
pl

ic
at

io
ns

R
ef

er
en

ce
s

C
hi

to
sa

n
Si

lv
er

-r
ut

he
ni

um
 

hy
br

id
 n

an
op

ar
tic

le
s

M
PA

-s
ta

bi
liz

ed
 A

g 
N

Ps
 w

er
e 

sy
nt

he
si

ze
d 

by
 in

 s
itu

 r
ed

uc
tio

n 
re

ac
tio

n 
w

ith
 N

aB
H

4.
 T

hi
ol

 g
ro

up
 

th
e 

A
g 

su
rf

ac
e 

at
om

s.
 E

le
ct

ro
st

at
ic

 in
te

ra
ct

io
n 

ch
em

is
tr

y 
w

er
e 

us
ed

 to
 f

or
m

 s
ta

bl
e 

bo
nd

 b
et

w
ee

n 
C

O
O
−

 g
ro

up
s 

of
 A

gN
Ps

 s
ta

bi
liz

ed
 w

ith
 3

-M
PA

 a
nd

 a
qu

eo
us

 [
R

u(
bp

y 3
)]

2+
 c

om
pl

ex
 . 

A
bu

nd
an

t 
am

in
e 

gr
ou

ps
 o

f 
ch

ito
sa

n 
he

lp
ed

 to
 f

or
m

 a
 h

yb
ri

d 
ha

vi
ng

 c
oo

rd
in

at
io

n 
bo

nd
 in

 b
et

w
ee

n 
A

gN
Ps

@
[R

u(
bp

y)
3]

2+
. C

hi
to

sa
n-

m
od

ifi
ed

 c
or

e-
sh

el
l N

Ps
 e

xh
ib

iti
ng

 a
 s

el
ec

tiv
e 

flu
or

es
ce

nc
e 

qu
en

ch
in

g 
ef

fe
ct

. A
qu

eo
us

 s
ol

ut
io

ns
 o

f 
si

al
ic

 a
ci

d 
(S

A
) 

w
ith

 in
te

rf
er

en
ts

 e
xh

ib
ite

d 
si

gn
ifi

ca
nt

 fl
uo

re
sc

en
ce

 
qu

en
ch

in
g 

of
 c

hi
to

sa
n–

hy
br

id
 N

Ps
 in

 c
om

pa
ri

si
on

 w
ith

 S
A

 f
re

e 
in

te
rf

er
en

t s
ol

ut
io

ns

[5
4]

C
hi

to
sa

n
C

u 
N

Ps
D

if
fe

re
nt

 c
he

m
ic

al
ly

 m
od

ifi
ed

 c
hi

to
sa

n–
ca

rb
on

 (
ca

rb
on

 n
an

ot
ub

es
 o

r 
gr

ap
hi

te
) 

w
er

e 
pr

ep
ar

ed
 

to
 c

re
at

e 
ne

w
 e

nv
ir

on
m

en
t f

or
 C

u 
N

Ps
 g

ro
w

th
. c

hi
to

sa
n 

w
as

 fi
rs

t r
ea

ct
 w

ith
 g

ra
ph

ite
 th

en
 th

is
 

gr
ap

hi
te

-m
od

ifi
ed

 c
hi

to
sa

n 
w

as
 tr

an
sf

or
m

 in
to

 N
-c

ar
bo

xy
et

hy
l c

hi
to

sa
n 

m
et

hy
l e

st
er

–g
ra

ph
ite

, 
am

in
e 

gr
ou

p 
gr

af
te

d 
ch

ito
sa

n–
gr

ap
hi

te
 a

nd
 th

io
l g

ro
up

 g
ra

ft
ed

 c
hi

to
sa

n–
gr

ap
hi

te
 b

y 
di

ff
er

-
en

t c
he

m
ic

al
 r

ea
ct

io
ns

 a
s 

sh
ow

n 
in

 F
ig

. 1
. T

he
se

 d
if

fe
re

nt
 g

ro
up

 g
ra

ft
ed

 c
hi

to
sa

n-
gr

ap
hi

te
 w

as
 

de
co

ra
te

d 
w

ith
 C

u 
N

Ps
 b

y 
re

du
ct

io
n 

of
 c

op
pe

r 
(I

I)
 s

ul
fa

te
 b

y 
so

di
um

 b
or

oh
yd

ri
de

. T
hi

s 
m

od
ifi

ed
 

ch
ito

sa
n/

C
N

T
/C

uN
Ps

 u
til

iz
e 

to
 p

re
pa

re
 a

 s
en

si
tiv

e 
se

ns
or

 a
pp

lic
at

io
n 

fo
r 

gl
uc

os
e 

ox
id

at
io

n 
an

d 
hy

dr
og

en
 p

er
ox

id
e 

re
du

ct
io

n

[5
5]

C
hi

to
sa

n
Z

nO
 N

Ps
X

an
th

in
e 

ox
id

as
e 

(X
O

D
),

 a
 M

o,
 F

e,
 a

nd
 S

 c
on

ta
in

in
g 

fla
vo

pr
ot

ei
n 

w
as

 im
m

ob
ili

ze
d 

on
 Z

nO
 

N
Ps

/c
hi

to
sa

n/
ca

rb
ox

yl
at

ed
 M

W
C

N
T

/p
ol

ya
ni

lin
e 

m
od

ifi
ed

 P
t e

le
ct

ro
de

. T
hi

s 
el

ec
tr

od
e 

w
as

 w
or

k-
in

g 
el

ec
tr

od
e 

an
d 

A
g/

A
gC

l a
s 

re
fe

re
nc

e 
el

ec
tr

od
e.

 T
hi

s 
am

pe
ro

m
et

ri
c 

xa
nt

hi
ne

 b
io

se
ns

or
 s

uc
ce

ss
-

fu
lly

 d
et

ec
ts

 x
an

th
in

e 
le

ve
l i

n 
fis

h 
m

ea
t d

ur
in

g 
its

 1
6 

da
ys

 o
f 

st
or

ag
e 

at
 r

oo
m

 te
m

pe
ra

tu
re

. T
he

 
Z

nO
/M

W
C

N
T

 d
ec

or
at

ed
 P

t e
le

ct
ro

de
 w

as
 c

he
ck

ed
 u

p 
to

 8
0 

us
es

 o
ve

r 
1 

m
on

th
 a

nd
 3

0 
%

 a
ct

iv
ity

 
lo

st
 w

as
 m

ea
su

re
d

[5
6]

C
hi

to
sa

n
C

u 
N

Ps
Io

di
ne

-s
ta

bi
liz

ed
 C

u 
N

Ps
 w

er
e 

pr
ep

ar
ed

 in
 c

hi
to

sa
n 

so
lu

tio
n 

an
d 

an
tib

ac
te

ri
al

 a
ct

iv
ity

 w
as

 c
he

ck
ed

 
ag

ai
ns

t G
ra

m
-n

eg
at

iv
e 

gr
ee

n 
flu

or
es

ce
nt

 e
xp

re
ss

in
g 

E
. c

ol
i a

nd
 G

ra
m

-p
os

iti
ve

 B
. c

er
eu

s 
ba

c-
te

ri
a.

 C
uS

O
4 

w
er

e 
re

du
ce

d 
in

 s
itu

 in
 c

hi
to

sa
n 

en
vi

ro
nm

en
t b

y 
hy

dr
az

in
e 

to
 s

yn
th

es
iz

e 
C

u 
N

Ps
. 

M
ol

ec
ul

ar
 io

di
ne

 w
as

 u
se

d 
to

 s
ta

bi
liz

e 
C

u 
N

Ps
 a

nd
 a

ls
o 

en
ha

nc
e 

ef
fic

ac
y 

as
 a

 p
ot

en
t a

nt
ib

ac
te

ri
al

 
ag

en
t

[5
7]

(c
on

tin
ue

d)



304 H. Kumar and P.K. Dutta

Ta
bl

e 
1  

(
co

nt
in

ue
d)

C
hi

to
sa

n
N

an
op

ar
tic

le
s

Sy
nt

he
si

s 
pr

oc
ed

ur
e 

an
d 

ap
pl

ic
at

io
ns

R
ef

er
en

ce
s

C
hi

to
sa

n
A

g 
N

Ps
A

g 
N

Ps
 w

er
e 

gr
ow

n 
in

 s
itu

 b
y 

U
V

 ir
ra

di
at

io
n 

on
 th

e 
ce

llu
lo

se
 m

ic
ro

fib
ri

l b
un

dl
es

 c
oa

te
d 

w
ith

 
tit

an
ia

/c
hi

to
sa

n 
co

m
po

si
te

 fi
lm

s.
 T

ita
ni

a/
ch

ito
sa

n 
fil

m
 w

er
e 

de
po

si
te

d 
la

ye
r 

by
 la

ye
r 

on
 c

om
-

m
on

 fi
lte

r 
pa

pe
r 

th
en

 c
he

la
tin

g 
po

w
er

 o
f 

ch
ito

sa
n 

is
 u

se
d 

to
 f

or
m

 c
he

la
te

 w
ith

 s
ilv

er
 io

n 
w

hi
ch

 
w

as
 tu

ne
d 

to
 s

ilv
er

 n
an

op
ar

tic
le

s 
by

 U
V

 ir
ra

di
at

io
n 

(3
65

 n
m

, 1
6 

W
) 

fo
r 

2 
h.

 E
vi

de
nt

ly
, 4

–2
0 

nm
 

di
am

et
er

s 
po

ly
di

sp
er

se
 A

g-
N

Ps
 o

n 
ce

llu
lo

se
/ti

ta
ni

a/
ch

ito
sa

n 
co

m
po

si
te

 m
ic

ro
fib

ri
l w

er
e 

di
sp

la
y 

im
pr

es
si

ve
 a

nt
ib

ac
te

ri
al

 a
ct

iv
iti

es
 a

ga
in

st
 E

. c
ol

i a
nd

 S
ta

ph
yl

oc
oc

cu
s 

au
re

us

[5
8]

C
hi

to
sa

n
C

oF
e 2

O
4

In
 th

is
 p

ap
er

, s
im

pl
e 

an
d 

ge
ne

ra
l p

ro
to

co
l w

as
 d

es
cr

ib
ed

 to
 p

ro
du

ce
 w

el
l d

is
pe

rs
e 

an
d 

st
ab

le
 in

 
so

lu
tio

n 
C

C
oF

e 2
O

4 
N

Ps
 in

 c
hi

to
sa

n 
po

ly
m

er
. C

hi
to

sa
n 

w
er

e 
al

so
 f

un
ct

io
na

liz
ed

 C
oF

e 2
O

4 
N

Ps
 to

 
en

ha
nc

e 
ra

di
at

io
n 

re
le

as
ed

 th
ro

ug
h 

th
e 

ch
em

ilu
m

in
es

ce
nc

e 
ox

id
at

io
n 

of
 lu

m
in

ol
 b

y 
H

2O
2.

 P
re

pa
re

d 
N

Ps
 s

ho
w

 it
s 

ca
ta

ly
tic

 p
er

fo
rm

an
ce

 to
 H

2O
2 

de
co

m
po

si
tio

n 
in

to
 ̇O

H
 r

ad
ic

al
s

[5
9]

C
hi

to
sa

n
Z

nO
So

no
ch

em
ic

al
 m

et
ho

d 
w

as
 u

se
d 

to
 p

re
pa

re
 h

yb
ri

d 
an

tim
ic

ro
bi

al
 c

oa
tin

gs
 o

f 
Z

nO
 N

Ps
 p

re
se

nc
e 

of
 c

hi
to

sa
n 

on
 c

ot
to

n 
fa

br
ic

s.
 C

hi
to

sa
n-

en
ha

nc
ed

 a
nt

ib
ac

te
ri

al
 e

ffi
ci

en
cy

 o
f 

Z
nO

 N
Ps

 a
ga

in
st

 S
. 

au
re

us
 a

nd
 E

. c
ol

i a
nd

 c
hi

to
sa

n 
si

gn
ifi

ca
nt

ly
 u

pg
ra

de
d 

th
e 

bi
oc

om
pa

tib
ili

ty
 o

f 
th

e 
Z

nO
 c

oa
tin

gs
 

w
ith

ou
t a

ny
 a

dv
er

se
 e

ff
ec

ts
 o

n 
hu

m
an

 h
ea

lth
. Z

nO
–c

hi
to

sa
n 

tr
ea

te
d 

fa
br

ic
s 

sh
ow

ed
 p

ot
en

tia
l r

es
is

t-
an

t t
o 

S.
 a

ur
eu

s 
an

d 
E

. c
ol

i e
ve

n 
af

te
r 

m
ul

tip
le

 w
as

hi
ng

 c
yc

le
s 

at
 7

5 
°C

[6
0]



305Functionalized Chitosan: A Quantum Dot-Based Approach …

Ta
bl

e 
2  

P
re

pa
ra

tio
n 

an
d 

pr
op

er
tie

s 
of

 o
rg

an
ic

 c
om

po
un

d 
fu

nc
tio

na
liz

ed
 c

hi
to

sa
n

C
hi

to
sa

n
O

rg
an

ic
 r

ea
ct

an
t

R
ea

ct
io

n
Fi

na
l p

ro
du

ct
A

pp
lic

at
io

n/
pr

op
er

ty
R

ef
er

en
ce

s

C
hi

to
sa

n
2-

Py
ri

di
ne

 
ca

rb
ox

al
de

hy
de

Sc
hi

ff
’s

 b
as

e 
fo

rm
at

io
n

C
hi

to
sa

n-
py

ri
dy

l-
im

in
e 

co
m

pl
ex

A
ds

or
be

nt
s 

an
d 

ca
ta

ly
st

s
[6

9]

C
hi

to
sa

n
2-

O
-(

Fo
rm

yl
m

et
hy

la
te

d)
-

α
-c

yc
lo

de
xt

ri
n

R
ed

uc
tiv

e 
am

in
at

io
n 

N
aC

N
B

H
3

α
-C

D
–C

hi
to

sa
n 

co
m

pl
ex

α
-C

D
–C

hi
to

sa
n 

sh
ow

 b
et

te
r 

in
cl

us
io

n 
ab

ili
ty

 w
ith

 p
-n

itr
o 

ph
en

ol
at

e 
w

hi
ch

 is
 u

se
fu

l i
n 

co
sm

et
ic

 in
du

st
ry

[7
0]

C
hi

to
sa

n
β

-C
yc

lo
de

xt
ri

n
β

-C
yc

lo
de

xt
ri

n-
2-

ch
ito

sa
n

A
bs

or
pt

io
n 

of
 io

di
ne

[7
1]

C
hi

to
sa

n
Sa

lic
yl

al
de

hy
de

 d
er

iv
at

iv
e

Sc
hi

ff
’s

 B
as

e 
Fo

rm
at

io
n

C
hi

to
sa

n-
sa

lic
yl

de
hy

de
 S

ch
if

f 
ba

se
H

et
er

og
en

eo
us

 c
at

al
ys

ts
[7

2]

C
hi

to
sa

n
4-

M
er

ca
pt

ob
en

zo
ic

 a
ci

d
A

m
id

e 
bo

nd
 f

or
m

at
io

n
C

hi
to

sa
n-

4-
M

er
ca

pt
ob

en
zo

ic
 a

ci
d

O
ra

l o
r 

in
 s

itu
 g

el
lin

g 
fo

rm
ul

at
io

ns
[7

3]

C
hi

to
sa

n
A

ld
eh

yd
e-

en
di

ng
 

si
al

od
en

dr
im

er
s

R
ed

uc
tiv

e 
A

m
in

at
io

n 
N

aC
N

B
H

3

C
hi

to
sa

n 
si

al
ic

 a
ci

d 
de

nd
ri

m
er

 h
yb

ri
d

Sy
nt

he
si

s 
an

d 
pr

op
er

ty
[7

4]

C
hi

to
sa

n
A

cr
yl

ic
 a

ci
d 

es
te

rs
M

ic
ha

el
 R

ea
ct

io
n

N
-A

lk
yl

at
ed

 c
hi

to
sa

n 
pr

od
uc

t h
av

in
g 

PE
G

, q
ua

te
rn

ar
y 

am
m

on
iu

m
, a

nd
 a

n 
am

id
e 

gr
ou

p

M
od

ifi
ed

 c
hi

to
sa

n 
de

ri
va

-
tiv

es
 a

re
 w

at
er

-s
ol

ub
le

 a
nd

 
bi

od
eg

ra
da

bl
e

[7
5]

C
hi

to
sa

n
A

cy
l c

hl
or

id
e,

 M
eS

O
3H

A
ce

ty
la

tio
n

N
,O

-a
ce

ty
la

te
d 

ch
ito

sa
n 

de
ri

va
tiv

e
W

at
er

 s
ol

ub
le

, s
ta

bl
e 

in
 w

at
er

, 
im

po
rt

an
t r

ol
e 

on
 th

e 
bi

ol
og

ic
al

 
ac

tiv
ity

[7
6]

C
hi

to
sa

n
p-

Fo
rm

yl
ph

en
yl

 
β

-m
el

ib
io

si
de

, N
aC

N
B

H
3

R
ed

uc
tiv

e 
am

in
at

io
n

α
-G

al
ac

to
sy

l-
ch

ito
sa

n 
co

nj
ug

at
es

α
-G

al
ac

to
sy

l-
ch

ito
sa

n 
ar

e 
w

at
er

 s
ol

ub
le

 a
nd

 s
ho

w
 r

ob
us

t 
af

fin
ity

 to
w

ar
d 

hu
m

an
 a

nt
i 

α
-g

al
ac

to
si

de
 a

nt
ib

od
ie

s

[7
7]

(c
on

tin
ue

d)



306 H. Kumar and P.K. Dutta

Ta
bl

e 
2  

(
co

nt
in

ue
d)

C
hi

to
sa

n
O

rg
an

ic
 r

ea
ct

an
t

R
ea

ct
io

n
Fi

na
l p

ro
du

ct
A

pp
lic

at
io

n/
pr

op
er

ty
R

ef
er

en
ce

s

C
hi

to
sa

n
L

au
ry

l a
ld

eh
yd

e
Sc

hi
ff

’s
 b

as
e 

fo
rm

at
io

n
N

,N
-D

ila
ur

yl
 c

hi
to

sa
n 

pe
nt

am
er

St
ab

le
 a

nd
 m

on
ol

ay
er

 o
f 

D
ila

ur
yl

 c
hi

to
sa

n 
pe

nt
am

er
 

w
er

e 
fo

rm
ed

 o
n 

w
at

er
 a

nd
 s

ol
id

 
su

rf
ac

e 
w

ith
 1

.7
 n

m
 th

ic
kn

es
s

[7
8]

C
hi

to
sa

n
Ph

os
ph

or
ou

s 
ac

id
, 

fo
rm

al
de

hy
de

R
ed

uc
tiv

e 
am

in
at

io
n

N
-M

et
hy

le
ne

 p
ho

sp
ho

ni
c 

ch
ito

sa
n

Po
w

er
fu

l c
he

la
tin

g 
ag

en
t

[7
9]

C
hi

to
sa

n
Ph

os
ph

or
ou

s 
ac

id
, 

fo
rm

al
de

hy
de

, 
po

ly
(e

th
yl

en
eg

ly
co

l)
-

al
de

hy
de

R
ed

uc
tiv

e 
am

in
at

io
n

Po
ly

(e
th

yl
en

e 
gl

yc
ol

)-
cr

os
sl

in
ke

d 
N

-m
et

hy
le

ne
 p

ho
sp

ho
ni

c 
ch

ito
sa

n
Pr

ep
ar

ed
 fi

lm
 le

ad
s 

to
 c

el
l 

at
ta

ch
m

en
t a

nd
 p

ro
lif

er
at

io
n

[8
0]

C
hi

to
sa

n
L

ac
to

bi
on

ic
 a

ci
d

A
m

id
e 

fo
rm

at
io

n 
(E

D
C

 
an

d 
N

H
S)

G
al

ac
to

sy
la

te
d 

ch
ito

sa
n

G
al

ac
to

sy
la

te
d 

ch
ito

sa
n 

co
at

ed
 

po
ly

st
yr

en
e 

di
sk

 h
as

 b
ee

n 
us

ed
 

fo
r 

he
pa

to
cy

te
s 

ad
he

si
on

[8
1]

C
hi

to
sa

n
D

eo
xy

ch
ol

ic
 a

ci
d

A
m

id
e 

fo
rm

at
io

n 
(E

D
C

)
D

eo
xy

ch
ol

ic
 a

ci
d-

m
od

ifi
ed

 c
hi

to
sa

n
M

od
ifi

ed
 c

hi
to

sa
n 

w
as

 u
se

d 
fo

r 
ph

ys
ic

al
 e

nt
ra

pm
en

t a
nd

 c
ar

ri
er

 
of

 a
dr

ia
m

yc
in

 d
ru

g

[8
2]

G
ly

co
l 

ch
ito

sa
n

Pa
lm

iti
c 

ac
id

 
N

-h
yd

ro
xy

su
cc

in
im

id
e 

(P
N

S)

A
m

id
e 

fo
rm

at
io

n
C

hi
to

sa
n 

la
ur

yl
am

id
e

Sy
nt

he
si

ze
d 

hy
dr

og
el

 w
as

 u
se

d 
as

 e
ro

di
bl

e 
co

nt
ro

lle
d 

re
le

as
e 

sy
st

em
 f

or
 th

e 
de

liv
er

y 
of

 
hy

dr
op

hi
lic

 m
ac

ro
m

ol
ec

ul
es

[8
3]

C
hi

to
sa

n
N

ic
ot

in
ic

 a
ci

d,
 l

-A
la

ni
ne

A
m

id
e 

bo
nd

 f
or

m
at

io
n

C
hi

to
sa

n 
di

hy
dr

on
ic

ot
in

am
id

e 
co

nj
ug

at
es

E
th

yl
 b

en
zo

yl
fo

rm
at

e 
w

as
 

re
du

ce
d 

by
 th

e 
co

nj
ug

at
e.

 
R

ed
uc

in
g 

pe
rf

or
m

an
ce

, a
sy

m
-

m
et

ri
c,

 s
el

ec
tiv

ity
 a

nd
 c

he
m

ic
al

 
yi

el
d 

w
er

e 
in

cr
ea

se
d 

by
 in

tr
o-

du
ct

io
n 

of
 l

-a
la

ni
ne

[8
4]

(c
on

tin
ue

d)



307Functionalized Chitosan: A Quantum Dot-Based Approach …

Ta
bl

e 
2  

(
co

nt
in

ue
d)

C
hi

to
sa

n
O

rg
an

ic
 r

ea
ct

an
t

R
ea

ct
io

n
Fi

na
l p

ro
du

ct
A

pp
lic

at
io

n/
pr

op
er

ty
R

ef
er

en
ce

s

C
hi

to
sa

n
N

ic
ot

in
ic

 a
ci

d,
 l

- 
an

d 
d

-p
he

ny
la

la
ni

ne
A

m
id

e 
bo

nd
 f

or
m

at
io

n
C

hi
to

sa
n 

di
hy

dr
on

ic
ot

in
am

id
e 

co
nj

ug
at

es
E

ff
ec

t o
f 
l
- 

an
d 

d
-p

he
ny

la
la

-
ni

ne
 s

pa
ce

r 
ar

m
s 

on
 a

sy
m

m
et

-
ri

c 
re

du
ci

ng
 p

er
fo

rm
an

ce
 o

f 
ch

ito
sa

n 
di

hy
dr

on
ic

ot
in

am
id

e

[8
5]

C
hi

to
sa

n
L

am
in

in
-r

el
at

ed
 p

ep
tid

e
A

m
id

e 
bo

nd
 f

or
m

at
io

n
C

hi
to

sa
n 

hy
br

id
 o

f 
a 

la
m

in
in

-r
el

at
ed

 
pe

pt
id

e 
(A

c-
Ty

r-
Il

e-
G

ly
-S

er
-

A
rg

(H
C

l)
-β

A
la

-G
ly

-c
hi

to
sa

n)

Sy
nt

he
si

ze
d 

co
nj

ug
at

e 
en

ha
nc

ed
 th

e 
an

tim
et

as
ta

tic
 

ef
fe

ct
 in

 m
ic

e 
an

d 
ca

n 
be

 u
se

d 
as

 d
ru

g 
ca

rr
ie

r

[8
6]

C
hi

to
sa

n
D

od
ec

an
oy

l c
hl

or
id

e
A

cy
la

tio
n

Po
ly

(a
cy

l)
ch

ito
sa

ns
Sy

nt
he

si
s 

of
 p

ol
y(

ac
yl

)c
hi

to
sa

n 
so

lu
bl

e 
in

 o
rg

an
ic

 s
ol

ve
nt

[8
7]

C
hi

to
sa

n
M

al
to

de
xt

ri
n

R
ed

uc
tiv

e 
A

m
in

at
io

n 
N

aC
N

B
H

3

C
hi

to
sa

n-
gr

af
t-

m
al

to
de

xt
ri

n
T

he
 c

op
ol

ym
er

 w
as

 u
se

d 
as

 
D

N
A

 v
ec

to
r. 

m
al

to
de

xt
ri

n 
en

ha
nc

es
 w

at
er

 s
ol

ub
ili

ty
, s

ta
-

bi
lit

y 
an

d 
se

lf
-a

ss
em

bl
in

g 
ab

il-
ity

 in
to

 s
ph

er
ic

al
 n

an
op

ar
tic

le
s

[8
8]



308 H. Kumar and P.K. Dutta

Ta
bl

e 
3  

P
re

pa
ra

tio
n 

an
d 

pr
op

er
tie

s 
of

 b
io

m
ol

ec
ul

e 
fu

nc
tio

na
liz

ed
 c

hi
to

sa
n

C
hi

to
sa

n
B

io
m

ol
ec

ul
e

A
pp

lic
at

io
n

R
ef

er
en

ce
s

C
hi

to
sa

n 
ol

ig
os

ac
ch

ar
id

e
A

de
no

si
ne

 tr
ip

ho
sp

ha
te

 (
A

T
P)

A
T

P 
w

as
 e

nc
ap

su
la

te
d 

in
 c

hi
to

sa
n 

ol
ig

os
ac

ch
ar

id
e 

(C
SO

) 
vi

a 
W

/O
 m

in
ie

-
m

ul
si

on
, c

he
m

ic
al

 c
ro

ss
-l

in
ki

ng
 a

nd
 io

ni
c 

co
m

pl
ex

at
io

n.
 C

SO
 N

Ps
 w

ith
 

40
.6

–6
9.

5 
%

 A
T

P 
lo

ad
in

g 
ef

fic
ie

nc
ie

s 
fo

rm
ed

 A
T

P/
C

SO
 io

ni
c 

co
m

pl
ex

 
ha

vi
ng

 1
10

 n
m

 d
ia

m
et

er
 a

nd
 2

0 
m

V
 s

ur
fa

ce
 z

et
a 

po
te

nt
ia

l. 
A

T
P 

lo
ad

in
g 

ef
fic

ie
nc

y 
an

d 
A

T
P 

re
le

as
e 

ra
te

 w
er

e 
af

fe
ct

ed
 b

y 
am

ou
nt

 a
nd

 th
e 

m
ol

ec
ul

ar
 

w
ei

gh
t o

f 
ch

ito
sa

n 
ol

ig
os

ac
ch

ar
id

e 
an

d 
m

ol
ar

 r
at

io
 o

f 
gl

ut
ar

al
de

hy
de

 to
 

ch
ito

sa
n 

ol
ig

os
ac

ch
ar

id
e

[8
9]

C
hi

to
sa

n
D

N
A

C
oa

ce
rv

at
io

n 
pr

oc
es

s 
w

as
 u

se
d 

to
 p

re
pa

re
 c

hi
to

sa
n-

D
N

A
 N

Ps
 b

y 
va

ry
in

g 
im

po
rt

an
t p

ar
am

et
er

s.
 p

H
 v

al
ue

 r
eg

ul
at

e 
su

rf
ac

e 
ch

ar
ge

 o
f 

th
es

e 
pa

rt
ic

le
s,

 
i.e

., 
ze

ta
 p

ot
en

tia
l. 

T
he

 tr
an

sf
ec

tio
n 

ef
fic

ie
nc

y 
of

 c
hi

to
sa

n-
D

N
A

 N
Ps

 w
as

 
3–

4 
or

de
rs

 o
f 

de
gr

ee
 th

an
 b

ac
kg

ro
un

d 
le

ve
l i

n 
H

E
K

29
3 

ce
lls

 a
nd

 tw
o 

to
 te

n 
tim

es
 le

ss
er

 th
an

 th
at

 a
tta

in
ed

 b
y 

L
ip

of
ec

tA
M

IN
E

-D
N

A

[9
0]

C
hi

to
sa

n
si

R
N

A
C

hi
to

sa
n-

si
R

N
A

 n
an

op
ar

tic
le

s 
w

er
e 

fo
rm

ul
at

ed
 f

or
 R

N
A

-m
ed

ia
te

d 
th

er
ap

y 
of

 s
ys

te
m

ic
 a

nd
 m

uc
os

al
 d

is
ea

se
. F

or
m

ul
at

ed
 n

an
op

ar
tic

le
s 

w
er

e 
al

so
 in

tr
o-

du
ce

d 
as

 n
ov

el
 d

el
iv

er
y 

sy
st

em
 f

or
 R

N
A

 in
te

rf
er

en
ce

 in
 v

itr
o 

(P
er

ito
ne

al
 

m
ac

ro
ph

ag
es

 f
ro

m
 G

FP
 tr

an
sg

en
ic

 m
ic

e)
 a

nd
 in

 v
iv

o 
(H

12
99

 G
FP

)

[9
1]

C
hi

to
sa

n
L

ip
os

om
e

C
hi

to
sa

n 
w

er
e 

us
ed

 to
 c

oa
t l

ip
os

om
al

 to
 b

e 
te

st
ed

 a
s 

th
e 

ne
w

 s
iR

N
A

 d
el

iv
er

y 
sy

st
em

. C
hi

to
sa

n 
co

at
ed

 li
po

so
m

e 
lo

ad
ed

 w
ith

 s
iH

IF
1-
α

 a
nd

 s
iV

E
G

F 
sh

ow
ed

 g
oo

d 
st

ab
ili

ty
 a

nd
 g

ua
rd

 s
iR

N
A

 f
ro

m
 s

er
um

 d
ep

ri
va

tio
n 

af
te

r 
1 

da
y 

in
cu

ba
tio

n 
an

d 
pr

om
in

en
tly

 q
ua

sh
 e

xp
re

ss
io

n 
le

ve
l o

f V
E

G
F 

m
R

N
A

 in
 

M
C

F-
7 

an
d 

M
D

A
-M

B
43

5 
ce

lls

[9
2]



309Functionalized Chitosan: A Quantum Dot-Based Approach …

2.4 � Inorganic Compound

Chitosan and its derivatives are projected as effective selective adsorbents and in 
high demand due to recovery, regeneration, and separation of precious and other 
industrially important metals. Chelating property of chitosan is used to adsorb 
an inorganic salt or complex on chitosan surface. When these chitosan–inorganic 
complexes are using as a catalyst, it showed its excellent efficiency in synthetic 
organic chemistry as compared to bare inorganic complex. Also chitosan–inor-
ganic complex were reported effective as potential antitumor agents, antimicrobial, 
and antibacterial activities. Some of them are summarized in Table 4.

3 � Quantum Dots

Semiconductor nanocrystals materials with characteristic size in the range 
between 1 and 20 nm are popularly known as QDs. Nanosized luminescent semi-
conductor crystal from group II–VI elements (e.g., CdS, CdSe, CdTe, ZnS, ZnSe, 
ZnTe) and III–V elements (e.g., GaN, GaP, GaAs, GaSb, InN, InP, InSb, InAs) are 
most studied and applied. As the structure is concerned in Table 5, different QDs 
show different crystal structure.

The unique property of QDs arises from its size and electronic property. 
Quantum confinement effect works at the place where size of the matter is below 
Bohr radius as a result of it energy bandgap between the valence and conduction 
bands increases. Quantum confinement is resulted by opposite charge carrier inter-
action or coulomb interaction. QDs are photoelectrochemically active. When QDs 
were excited by a photon, energy was absorbed by valence band electron. This 
high energy electron jump to conduction band leaving a hole behind. QDs most 
prominent quality, i.e., luminescence is a phenomenon that originates from the 
recombination route of the photogenerated holes and electrons from the valence 
and conduction bands across the bandgap. Size of the QDs regulates the emission 
wavelength directly. Figure  1 shows tuning in color of l-cysteine-capped CdTe 
QDs by collecting the samples from reaction solution at different time [42]. As the 
reaction proceed with time, size of the QDs increases resulting emission to higher 
wavelengths. The small-sized semiconductor crystal has a large band gap which 
means it needs more energy to excite its valance band electron to jump into con-
duction band electron leaving a hole behind. When this electron returns for recom-
bination, it releases more radiative energy which we see in the form of light. This 
is the reason why when we move from smaller (2 nm) QDs to larger (6 nm), we 
see tuning over the entire visible part of the electromagnetic spectrum, from blue 
to red as shown in Fig. 4.

Brus and Henglein set a milestone by successfully synthesizing colloidal QDs 
in 1980s [101, 103]. The synthesis procedure uses basic principles of aqueous 
and ionic chemistry which lead to increase our knowledge about QDs’s electronic 
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Table 5   Bulk semiconductor parameter [100]

Type Bulk semiconductor Band gap Egap (eV) Crystal structure

II–VI CdS, 2.49 Wurtzite

CdSe 1.74

CdTe 1.43 Zinc Blend

ZnS 3.61 Zinc Blend

ZnSe 2.69

ZnTe 2.39

III–V GaN 3.44 Wurtzite

GaP 2.27 Zinc Blend

GaAs 1.42

GaSb 0.75

InN 0.8 Wurtzite

InP 1.35 Zinc Blend

InAs 0.35

InSb 0.23

IV–VI PbS 0.41 Sodium Chloride

PbSe 0.28

PbTe 0.31
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structure. Synthesis till 1990s were based on either one phase or two phase synthe-
sis where stabilizers (surfactant-type or polymer-type) were used for precipitation 
in homogeneous aqueous solutions in one phase synthesis and inverse micelles-
mediated precipitation of QDs by amphiphilic surfactant was two phase synthesis 
[104–106].

First, revolutionary synthesis of high-quality optical colloidal QDs was 
reported by Murray, Norris and Bawendi in 1993 where organic solvent is used 
to produce QDs with narrow size distribution high quantum yield by pyrolysis of 
organometallic compound with hot coordinating ligands [107]. Dimethyl cadmium 
used as a cadmium precursor, phosphine selenide used as a selenium precursor, 
phosphine telluride used as a tellurium precursor, and bistrimethylsilyl sulfide 
used as a sulpher precursor in a mixture of coordinating solvent like trioctylphos-
phine (TOP) and trioctylphosphine oxide (TOPO). Discrete homogeneous nuclea-
tion, slow growth, and annealing were the key steps in their synthesis. The use of 
the coordinating solvent mixture is to provide high temperature (≈300 °C) which 
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Fig. 2   Reaction on –NH2 of chitosan through schiff base formation, reductive amination, and 
amide bond formation
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potentiated crystallinity, annealed out defects, control size, and monodispersity. 
The hot-injection method is a quick injection of organometallic precursors into an 
organic solvent at high temperature.

Synthesis of QDs with high-quality optical and electronic properties got a new 
energy when Murray, Norris and Bawendi developed a new route by pyrolysis of 

O
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Fig. 3   Chemistry of functionalization of chitosan with thiol-containing organic compound via 
amide bond, amidine bond formation and ring opening reaction

Fig.  4   Showing tuning in color of L-cysteine-capped CdTe QDs at different time intermittent 
fluorescence was a blinking phenomenon of QDs occurred when during crystal growth some sur-
face defects developed in the structure act which trap the electron or hole preventing the radiative 
recombination and results alternation of trapping and untrapping events which cause blinking
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organometallic reagents in hot coordinating solvent to synthesize CdE (E = S, Se, 
Te). For high quantum yield and narrow size distribution, the main steps in their 
synthesis were discrete homogeneous nucleation, slow growth, and annealing. 
Methods used in starting years to synthesize QDs utilize hydrophobic molecule 
like TOPO, TOP, and TBP as a ligand for surface passivation surface of such QDs 
is covered by hydrophobic molecules such as TOPO, TOP, and TBP. On the other 
hand, QDs with hydrophilic surface molecules and reactive functional groups are 
necessary for biological applications.

The challenges related to synthesis of QDs bioconjugate are not trifling. Due 
to fascinating optical and electronic properties, applications of QDs in the applied 
field biology, nanotechnology, and regenerative studies are significantly increas-
ing. For practical application nanosized QDs must be modified chemically or 
fixed in a solid matrix. Regardless potential and demonstrated application of QDs 
ultimately depends, on a large extent, on the ability to bioconjugate regardless of 
whatever the formation chemistry utilized in a controlled and desirable manner. 
QDs bioconjugate is defined as an assembly where QDs pair with biomolecules 
such as protein (antibodies, enzymes, collagen, receptors, myoglobin, etc.), pep-
tides (glutathione, cell penetrating peptides, enzyme inhibitors), nucleic acids 
(DNA,RNA, ribozymes, DNAzymes), fatty acids, lipids, carbohydrates, chitin, 
chitosan, chitosan derivatives, and all related members of each of these super-fam-
ilies of biomolecules [108]. Intrinsic functionalities of these QDs decorated bio-
molecules are not altered and they can explore in targeting and imaging purposes. 
The biomolecule act as an encapsulating agent or structural intermediary. All other 
those are actively participate in biological application (drugs, enzymatic cofactors) 
or that deliver a chosen activity in the living matrix (fluorophores, radiolabels, 
MRI probes) are also can be used to attach or encapsulate QDs to look after the 
change in process inside the living organism [109].

Surface modification strategies are mainly governed by QDs size, shape, struc-
ture and surface chemistry. Other factors that dictated bioconjugation strategies 
include nature, shape, size, chemical composition and functional group availability 
of surface ligand. Intrinsic composition of QDs also plays an important role while 
choosing a surface ligand. Aubin-Tam et al. showed how size, shape, structure, and 
morphology took attention in conjugation strategy. Surface modification is mainly 
achieved by ligand exchange process, surface silanization and amphiphilic com-
bination. Ligand exchange is a process where existing nonfunctional ligands are 
replaced by mono or multifunctional ligand. Ligand exchange delivers QDs with 
bonus properties such as water solubility, flexibility, biocompatibility, and aim-
ing [110, 111]. Hexadecylamine (HDA), trioctylphosphine (TOP), trioctylphos-
phine oxide (TOPO), oleic acid (OA), and tetradecyl phosphonic acid (TDPA) 
are the organic ligands having long chain to provide excellent stability and solu-
bility in organic non-coordinating solvents, suppress continues crystal growth, 
and aggregation during synthesis and passivate surface defects to retain its fluo-
rescence [112–115]. Ligands maintain dynamic equilibrium with surface ligands 
and ligand in solvent. They attach and detach continuously on the surface of QDs 
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[116, 117]. Dynamic equilibrium process shift toward forward side by adding new 
ligand. New ligand competes for the surface of QDs for passivation. Concentration 
of the replacing ligand should be higher than existing ligand for maximum ligand 
exchange on QDs surface [118]. If replacing ligand has low passivation affin-
ity even then increasing concentration of replacing ligand push ligand exchange 
because the probability of attaching ligand was increased [119].

In a biological system, QDs could induce toxicity either by slow deliverance 
of cadmium ion by oxidation of QD on ultraviolet light introduction or it involves 
the generation of reactive oxygen species (ROS) like hydroxyl, superoxide free 
radicals, and singlet oxygen, therefore before biomedical applicationwide analysis 
is obviously desired. Strength and quality of capping agent regulate the appear-
ance symptom of meddling with cell functioning by release of cadmium ion [120]. 
ROS is responsible for permanent damage to nucleic acids, enzymes, plasma and 
nuclear membranes, and cellular components [121].

3.1 � Cadmium Chalcogenides (CdX)

A chalcogenides are a chemical compound containing of at least one chalcogen 
anion and at least one cation. Group 16 elements are demarcated as chalcogens 
but sulfides, selenides, and tellurides are commonly termed as chalcogenides. 
Cadmium chalcogenides (CdX) (X = S, Se, Te) were known as first synthesized 
chalcogenides. In early phase synthesis of CdX, organic solvent were used for 
synthesis of CdX by mixing a solution of trioctylphosphine (TOP) chalcogenide 
(either S, Se, or Te) and cadmium alkylphosphonate (a mixture of hexylphos-
phonate and octadecylphosphonate) in trioctylphosphine oxide (TOPO) at 280–
380 °C, under nitrogen. Now many easy methods were developed using aqueous 
solution and at room temperature. In Table 6, many important cadmium chalcoge-
nides are summarized along with their short synthesis procedure and application.

3.2 � Zinc Chalcogenides

Non- or low-toxic nanosized semiconductor materials are always in demand and 
zinc chalcogenides appeal researcher’s attention due to the environment benign 
properties. Most importantly, decreasing demand of heavy metal pollutants like 
Cd, Hg, Pb in preparation of semiconductor QDs which serve our society with-
out much harmful effect. The most innovative materials developed via an aque-
ous approach among zinc chalcogenides are ZnSe NCs. Shavel et al. successfully 
developed aqueous colloidal synthesis of strongly emitting ZnSe NCs [135]. 
Table 7 summarizes synthesis of zinc chalcogenides core QDs with different shell 
composition and their applications.
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3.3 � Lead Chalcogenides

Lead chalcogenides are group III–V semiconductor materials which are most com-
monly used in modern infrared optoelectronics. It has rocksalt crystal lattice and 
face-centered cubic unit cell structure. After synthesis of first lead chalcogenides, 
first application was observed in infrared detector. Synthesis and application of 
lead chalcogenides core with dfferent shell are summarized in Table 8.

3.4 � Carbon Dot

Buckminsterfullerene (C60), single-walled (SWCNT)/multiple-walled (MWCNT), 
nanodiamonds, carbon nanofibers, and graphene are the family members of carbon 
nanomaterials. These members are well known for their remarkable physicochemi-
cal properties. Carbon Dot is the new generation of its popular cousins since 2004. 
Discovery of carbonaceous QDs, so-called Carbon dots or C-dot, were serendipity. 
In 2004, during purification of arc-discharge shoot-derived single-walled carbon 
nanotubes electrophoratically, two new classes of nanomaterials were isolated one 
is tubular carbon and other was fluorescent nanomaterials which was later termed 
as Carbon dots [147].

Carbon dots display excellent water solubility due to their surface that typically 
covered with many carboxylic acid and hydroxyl groups. These groups enable 
carbon dots for their water solubility and surface functionalization with various 
species. The ultrafine dimensions of carbon dot, isotopic size along with tun-
able emission make carbon dot a strong competitor against semiconductor QDs. 
Most important is the toxicity issue where carbon dot leave semiconductor QDs 
far behind. Carbon dots are nearly nontoxic. They have the potential to replace 
semiconductor QDs in various biomedical fields including bioimaging and sens-
ing. Nowadays carbon dot is at the focus of substantial research efforts for green, 
low cost, and less toxic agents that can be used for gene therapy, therapeutic, and 
regenerative medicines.

There are many synthetic routes developed to generate carbon dot. Top-down 
and bottom-up approaches are two main groups for synthesizing carbon dot. 
Top-down approaches are based on broken off a larger carbon structure and this 
approach is used by arc discharge [148], laser ablation [149–152], and electro-
chemical oxidation [153–156]. In bottom-up approaches carbon dots are synthe-
sized from molecular precursor where surface of carbon material are oxidized by 
nitric acid (HNO3) and further purified using centrifugation, dialysis, or another 
separation technique. Bottom-up approaches comprise combustion/thermal [157], 
supported synthetic [158, 159] or microwave methods [160].
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4 � Functionalization of Chitosan by QDs

Biopolymers have gained focus in biomedical field where abundant studies exam-
ine resources such as alginate, chitosan, and gelatin as regenerative medicine. In 
recent years, carbohydrate polymers have been surprisingly mark their impact in 
thereputics biomedical and pharmaceutical applications because of their biocom-
patibility and biodegradability. Polysaccharides represent one of the most abun-
dant industrial raw materials and have been the subject of intensive research owing 
to their sustainability, biodegradability, and biosafety. Currently, the uses of chi-
tin and chitosan have been postulated in numerous areas of biopharmaceutical 
research, such as mucoadhesion, permeation enhancement, vaccine technology, 
gene therapy, and wound healing.

It is an accepted fact that bare QDs are not feasible for applications related to 
biological environment for numerous explanations. First is related to their synthe-
sis. Many of the synthesis strategies prepare water insoluble QDs using organic 
solvent like TOP & TOPO. Heavy metal composition is the second reason that 
discourages their use typically in biological application due to their toxicity and 
biocompatibility issue. Third, high reactivity and large surface area-volume ratio 
of QDs make vague contacts with biological macromolecules that leading to the 
increase in particle size by aggregation and this affect their fluorescence intensity.

Chitosan provides a suitable matrix for the synthesis of QDs and also biofab-
rication of QDs with chitosan makes it suitable for other application [161]. There 
are few important reasons why chitosan is suitable for QDs:

1.	 QDs are formed by crystal growth and its main property is linked with its size, 
so its size should be small to produce different emissions used in biosensing 
and bioimaging. Well-established chains of chitosan hole the QDs well and pre-
vent agglomeration during crystal growth which maintains its size.

2.	 Chitosan provides active sites for the formation of QDs. Abundant hydroxyl 
and amine group initiate the synthesis of QDs by chelation of metal (Cd, Zn, 
Ag, Pb, and Cu).

3.	 Surface functionalization of QDs passivates the surface of QDs and enhances 
its properties.

4.	 Encapsulation of QDs by chitosan can reduce toxic nature of QDs.
5.	 Cationic nature of chitosan is used to encapsulate anionic QDs by electrostatic 

attraction.
6.	 Using film-forming ability of chitosan it is easy to impart favorable bulk 

mechanical properties to QDs.
7.	 Active amine group of chitosan provides a site for attachment of different 

amino acid-functionalized QDs.
8.	 Chitosan is deeply studied in the field of drug delivery. We can easily track our 

drug using combined effect of fluorescence property of QDs and drug delivery 
ability of chitosan.



325Functionalized Chitosan: A Quantum Dot-Based Approach …

4.1 � Synthesis Strategy

In today’s world, research has been more focused to develop a method to accom-
plish our necessity and most importantly that method does not affect our envi-
ronment. This type of synthesis is known as green chemistry. For the fabrication 
of the QDs, both academia and industry are constantly working for an environ-
mentally benign method. Chitosan is a biopolymer that provides a suitable matrix 
which can be used for both synthesis of QDs and postsynthesis application of 
QDs. Among the 12 principles of green chemistry, synthesis of QDs using chi-
tosan fulfills two key principles of relevance, i.e., “safer solvents” and to “design 
for energy efficiency” [162]. So preparation of QDs using chitosan as a sol-
vent can be claimed as green synthesis. On the basis of use of chitosan in QDs 
synthesis strategy, it can be divided into in situ and ex situ synthesis. Different 
approaches of chitosan-QDs synthesis are shown in Fig. 5.

4.1.1 � In Situ Synthesis

In situ is a Latin phrase typically means “in the reaction mixture.” In situ prepara-
tion of QDs any polymer has a better compatibility with living cells. In situ syn-
thesis of QDs does not require any chemical that harm our environment. Due to 
ease of synthesis and biocompatibility research, in situ synthesis of QDs has been 
increased in the last 3 years tremendously. Here we use this term in the context 
of synthesized QDs in chitosan matrix and take this QDs–chitosan composite or 
nanocomposite for different purposes.

Chitosan-QDs

In-situ 
approach

via Chelation
via -

radiation

Ex-situ 
approach

via 
Electrostatic  
attraction

via Amide 
bond 

formation

Fig. 5   Stepwise presentation of synthesis strategy
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By Chelation

Chelating capacity of chitosan is the main basic property that prepares a platform 
on which different QDs synthesis takes place. Having much electron-rich oxygen 
as hydroxyl group and nitrogen as primary amine group makes chitosan a valu-
able choice for synthesis of QDs under ordinary environment. Chitosan has the 
maximum chelating capability when compared with seafood waste-based natural 
polymers [163] and natural substances like bark, activated sludge, etc. Chitosan 
has binding abilities of more than 1 mmol/g for heavy and toxic metals other than 
chromium. Chelating capacity of a compound depends on the number of func-
tional group containing donor atoms such as O, N, S, and P. Chitosan has a better 
binding ability for transition metals even in presence of alkali and alkaline earth 
metals [164].

Adsorption capacity of chitosan had been used for removal of harmful metal 
ion. Chitosan have been modified with numerous agents like sand [165], trip-
olyphosphate beads [166], bentonite [167], PVC beads [168], epichlorohy-
drin-triphosphate [169], hydroxyapatite [170], glutaraldehyde [171], magnetic 
phenylthiourea resin [172], magnetic 2-aminopyridine glyoxal [173], etc., for 
removal of lead, copper, nickel, cadmium, mercury, zinc, cobalt which are 
important environmental concern. Several studies have been carried out to check 
adsorption capacity of chitosan and modified chitosan. Isotherm, kinetic, and ther-
modynamic studies of acid-modified chitosan have been studied to establish a con-
nection between adsorption capacity of chitosan and metal [223].

In situ syntheses of various QDs were reported time to time. CdS QDs [174], 
ZnS QDs [175], Mn-doped ZnS QDs [176], Cu-doped ZnS NPs [177], CdSe 
NPs [178], CdSe QDs [179], CdS-Ag core-shell QDs [180], etc. It is the safest 
way to synthesize QDs with a capping agent. QDs synthesized on chitosan tem-
plet were monodispersed and well passivated. Explicit polymer chains of chitosan 
could check QDs from agglomeration during the crystal formation. Highly regular 
structure and orderly sited –NH2 and –OH groups of chitosan favors formation of 
chelation complex with cadmium and zinc metal which makes it possible for its 
metal ion complexes to be used as precursors to synthesize QDs. Figure 6 displays 
that how chitosan forms chelate with cadmium and zinc. After forming metal–chi-
tosan complex, counterpart (S or Se) is added by simply adding S or Se precursor. 
Before adding sulfur precursor, pH of chitosan–metal complex solution was main-
tained at 5.5 [181]—6.0 [175]. For sulfide addition, mostly sodium sulfide (Na2S) 
solution was used under ordinary condition. For selenide addition, NaHSe was 
used as a selenium precursor [179]. There is also many reports where modified 
chitosan was used to fabricate various QDs like anti-CD20 polyclonal antibody 
(pAbCD20)-modified chitosan for ZnS [181], poly(ethylene glycol)-graft-chitosan 
for CdSe [182], chitosane-poly(methacrylic acid) networks for CdSe [183].
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By γ-Radiation

Irradiation by γ ray is another simple, green, and environment friendly route to 
synthesize QDs in a polymer matrix. This route is also an example of in situ syn-
thesis of QDs in chitosan matrix. Kang et al. [179] had prepared CdSe QDs first 
time by γ-radiation route using chitosan as a molecular template. Results indicated 
that size of CdSe QDs were about 4 nm with cubic zinc blende structure, narrow 
size distribution, and good solubility in water. By TEM images, it was clearly 
explained that chitosan glaze the surface of CdSe QDs core and exhibits light-
green fluorescence. Later, Chang et al. [176] fabricated 5 nm size chitosan-coated 
ZnS QDs and chitosan-coated manganese-doped ZnS QDs through γ-radiation 
method. Figure  7 shows schematic presentation of synthesis of QDs in chitosan 
solution.

Fig. 7   Schematic presentation of synthesis of QDs in chitosan by γ-radiation
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4.1.2 � Ex Situ Synthesis

Ex situ is a Latin phrase classically used in chemistry at place to describe “outside 
the reaction mixture”. Here we use this term in the perspective of synthesis of dif-
ferent QDs outside the chitosan matrix and after synthesis it transfer in chitosan 
solution for desired application. As discussed earlier, there are many ways to pre-
pare various QDs in organic solvent and water both. QDs synthesized in organic 
solvent need to go through a ligand exchange process to make it biocompatible 
and used in biomedical and regenerative purposes. QDs like l-cysteine-capped 
CdTe [42], MPA-capped CdTe [184], MPA-capped ZnS [185].

Electrostatic Attraction

Two strategies have been used mostly to interact QDs with chitosan. First, strat-
egy utilizes cationic property of chitosan. As discussed earlier in this chapter, 
chitosan is soluble in slightly acidic solution. Chitosan is a weak polybase with a 
pKa around 6.5, implying that its charge density varies in the pH range of 6–6.5. 
By accepting one proton from the acidic solution, primary amine group of chi-
tosan have been changed into tertiary amine (–NH3

+) and that makes chitosan a 
cationic polymer. Cationic property of chitosan attracts intense research interest 
due to their potential to form polyelectrolyte complexes with nucleic acids (DNA, 
RNA, and PNA). Figure 8 displays how cationic chitosan electrostatically attract 
anionically charged QDs. Nowadays maximum approach in synthesis of QDs is 
based on aqueous route with thiol capping agent. While choosing thiol-containing 
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ligands, other functional groups (–COOH, –NH2) are also being considered for 
bioconjugation. Carboxylic acid is an interesting group that is mostly used in 
bioconjugation.

When carboxylic acid containing ligand on QDs is incorporated in acidic solu-
tion, it deprotonate a proton and become anionic. These anionic QDs electrostati-
cally trapped in chitosan cationic structure and form a uniform coating on QDs. 
carboxymethyl chitosan-coated CdTe QDs [186], gelatin-modified chitosan-CdS 
[187], carboxymethyl chitosan-coated CdTe/CdS [188].

Amide Bond Formation

Amide bond is formed between carbon of carbonyl group (–C=O) and nitrogen of 
amine group (–NH2). Generally, amide bond is formed by removal of a water mol-
ecule between carboxyl group (–COOH) and amine group (–NH2). Suitable rea-
gent is used to assist amide bond formation. 1-Ethyl-3-(-3-dimethylaminopropyl)
carbodiimide (EDAC) along with N-hydroxysuccinimide (NHS) is a reagent in 
trend for amide bond synthesis (Fig. 9). N,N′-dicyclohexylcarbodiimide (DCC) is 
also used a lot in developing a bond between carboxyl group (–COOH) and amine 
group (–NH2). l-cysteine, MPA, MSA, TGA, GSH are thiol ligands having mul-
tiple functional groups (–COOH, –NH2), has been used tremendously over years 
for biocompatible QDs synthesis. Addition of chitosan by amide bond formation 
is adding one more protective and reactive functional layer that not only enhances 
their biocompatibility but also alter their optical properties which have been used 
for fluorescence resonance energy transfer (FRET) [189], cell imaging, antibacte-
rial agent [18], DNA trafficking [189], and drug delivery.
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5 � QDs-Functionalized Chitosan: Applications 
in Regenerative Medicine, Biomedical and Industrial Field

Regenerative medicine, an emergent multidisciplinary area, aimed to refurbish, 
preserve, and improve tissues/organ roles. With the combination of tissue and 
material, aim of regenerative medicine can be achieved. Specific cell deliver func-
tionality and material used as base for cell proliferation. In experiments, human 
cells behave in vivo in nature to the biological signals attained from the neighbor-
ing environment. The methodology of regenerative medicine mainly includes two 
steps, first, to find the targeted area, and second use a 3D porous biomaterial that 
can launch tissue formation and mimic the exact signals that can direct the cells 
toward a required performance. Scaffolds are suitable 3D structure and fulfill the 
criteria of regenerative medicine. Chitosan, unlike the expensive natural polymers, 
induces minimal foreign body response [190, 191] and freeze-dried chitosan solu-
tion produce 3D scaffold. Not only Chitosan 3D scaffold [192] but also the liquid 
nitrogen-dried chitosan beads [193] are found suitable for cell delivery. Cell deliv-
ery is second area of interest in regenerative medicine because after getting a suit-
able base (scaffold), cells are directly seeded on it. Mainly, two approaches can be 
used to apply chitosan scaffold support in regenerative medicine. One is to implant 
scaffold at target site and permit cells to transfer in scaffold and multiply. In sec-
ond approach, scaffold with seeded cells are graft at the targeted site and allow 
them to grow [194]. Stem cells, gifted with a property to differentiate, are reported 
in regenerative medicine [195]. Chitosan fibers in association with mesenchymal 
stem cells are successfully used in bone regeneration [196]. Monitoring cell occu-
pation and its communication in the cellular atmosphere unlocks enormous area of 
insinuations regenerative medicine. Applications of QDs-functionalized chitosan 
are shown in Fig. 10.

To understand the whole process, starting from implantation to regenerative 
outcome of stem cells, it is required to tag the stem cells with some imaging agent 
which can be monitored throughout the process [197, 198]. Superparamagnetic 
iron oxide (SPIO) [199], Eu3+-doped Gd2O3 hybrid NPs [200], gadolinium hex-
anedione NPs [201] are magnetic resonance imaging (MRI)-based contrast-
ing agents, used to track transplanted stem cells. For long-term tagging of stem 
cells throughout its self-replication and differentiation process, various QDs are 
reported working efficiently in this area like RGD peptide conjugated QDs [202], 
NIR QDs [203], QDs [204–207], graphene QDs [208, 209]. Chitosan–QDs bio-
conjugate is making its deep impact mainly in bioimaging which unties new 
opportunities in regenerative medicine. Here we discuss chitosan–QDs conjugate 
used in different areas such as regenerative medicine, biomedical, and industrial 
applications. Cell imaging, cancer diagnosis, controlled drug delivery, gene deliv-
ery, pathogen detection, DNA detection; insulin delivery, and pollutant dye degra-
dation, etc., are major areas where chitosan–QDs give their strong impression.
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5.1 � Detection of Pathogen

Detection of Escherichia coli by fluorescence Imaging of Microbial Cells with 
chitosan-capped Mn-doped ZnS QDs was established by Dutta et al. [210]. They 
tried a strategy to dope manganese in ZnS QDs by coprecipitation reaction in 
acidic solution of chitosan. Well-distributed 4–5 nm size Mn-doped ZnS QDs on 
chitosan matrix with 3.2 eV band gap can be easily seen in TEM images.

Wu et al. [211] grew CdS QDs in chitosan to develop a fast, delicate, and bio-
compatible biosensor for Pseudomonas aeruginosa and Staphylococcus aureus. 
Bacteria membranes have a comparable chemical structure like chitosan and that 
similarity helps to interact with bacterial membrane. Bioaffinity of chitosan was 

Fig. 10   Application of QDs-functionalized chitosan



332 H. Kumar and P.K. Dutta

used to prepare chitosan-coated CdS probe for pathogenic S. aureus and P. aer-
uginosa at detection rang of 1.5 × 102–18.0 × 102 cfu mL−1 within 1 min. They 
also conclude negative enthalpy (ΔH) while positive entropy (ΔS) is responsible 
for hydrophobic and electrostatic interaction between chitosan-modified CdS and 
bacterial membrane whereas negative free energy (ΔG) was accountable for spon-
taneous progressions.

Kumar et  al. [42] conjugated l-cysteine-capped CdTe QDs with chitosan via 
amide bond formation by EDAC. Mechanism of amide bond formation was pro-
posed. Novel CdTe QDs–chitosan film was screened out for their antibacterial 
activity against Gram-positive (S. aureus) as well as Gram-negative (Pseudomonas 
aurigionasa and E. coli) bacteria by disk diffusion method. Result concluded that 
prepared functionalized film shows greater zone of inhibition when comapred to 
chitosan and bare l-cysteine CdTe. Chitosan–CdTe fluorescent film can be used as 
a good antibacterial agent.

5.2 � DNA Detection

Ying Lia [187] developed a tactic for facile preparation and highly stable chitosan–
gelatin-modified electrode and fabricated with CdS electrostatically. Modified 
electrode used as an electrochemical biosensors for the recognition of real sample 
DNA. Over 100 continuous scan cycles of successful measurement of guanine (G) 
and adenine (A) by electrode, the electrode loses its peak heights of the cyclic vol-
tammograms less than 5 % and loses current response 8 % after 20 days.

5.3 � Gene Delivery

Tan et al. [212] encapsulate QDs with biopolymer chitosan to fulfill their objec-
tive, i.e., delivery of siRNA, tracking their delivery, and monitoring their trans-
fection efficiency. Targeted delivery of HER2 siRNA to HER2-overexpressing 
SKBR3 breast cancer cells was shown to be specific with chitosan/QD NP surface 
labeled with HER2 antibody targeting the HER2 receptors on SKBR3 cells. HER2 
ELISA assay confirmed that chitosan-encapsulated QDs NPs efficiently used to 
convey siRNA into cells with a great precision. This experiment concludes that 
with the help of chitosan-encapsulated QDs labeled with suitable ligand, we can 
successfully track gene delivery with high precision.

Ho et al. [213] established a very delicate technique to illustrate the structural 
composition and intracellular fate of polymeric DNA nanocomposite, designed by 
reducing plasmid DNA with chitosan biopolymers via electrostatic connections. 
Sensible strategy of additional capable polymeric gene carriers was designed for 
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possible mechanistic insights of non-viral gene transfer process. Arrangement and 
binding dynamics chitosan–plasmid DNA nanocomposite were characterized by 
fluorescence resonance energy transfer (FRET). Plasmid, labeled with QDs works 
as donor and chitosan, a polymer carrier behave as acceptor, was labeled with 
N-hydroxy-succinimide (NHS)-functionalized Cy5. Figure  11 represents modifi-
cation of chitosan with fluorescent organic dyes and condensing pDNA through 
complex coacervation method. Fluorescence microscopy used to localize red emis-
sion of pDNA-QDs and green emission of Cy5-chitosan. Colocalization of red 
and green emissions displayed their close association and effective energy transfer 
from donor to acceptor.

5.4 � Sensing Application

Fang et al. [178] prepared CdSe–chitosan hybrid fluorescent films through in situ 
synthesis of CdSe QDs on chitosan film. QDs were fabricated by dipping the cad-
mium containing chitosan film in selenium precursor (NaHSe) under inert atmos-
phere. Sensing performance of the prepared hybrid film was tested by quenching 

Cy5-Chitosan conjugateQDs decorated plasmid DNA QDs-plasmid DNA-Cy5-Chitosan nanocomplex

Excitation

FRET emissi
on

Energ
y Tran

sfe
r

N N

O

O N

O

O

Cl-

O O
O

HO

NH
OH

O

HO OH

O

n xNH2

Chitosan (1mg/ml) N-hydroxy-succinimide (NHS)-Cy5 
dissolved in DMSO (1mg/ml)

pH=6.5
12 h

in Dark

Fig. 11   Illustration of structural composition and intracellular fate of polymeric DNA nanocom-
posite by FRET



334 H. Kumar and P.K. Dutta

mechanism and it was observed that tertiary amines display a slight quenching to 
the emission. Out of other polyamine, ethylenediamine quench the emission maxi-
mum probably due to chelating of EDA to Cd2+ of the hybrid film.

Chitosan was started using in preparation of QDs since 2003. Pang el al syn-
thesized CdS QDs using chitosan matrix under mild conditions. They use chitosan 
to synthesize CdS QDs and also to prevent agglomeration of QDs. They adopt a 
strategy to chelate cadmium bivalent ion with acidic solution of chitosan. Fresh 
Na2S aqueous solution was used to add counterpart, i.e., sulfur.

Lai et al. [214] prepared CdS QDs modified with chitosan and developed fluo-
rescence probe for copper (II) ion determination based on the quenching of fluo-
rescence signals of the functionalized CdS QDs. Quenching in fluorescence signal 
was due to chemical displacement of Cd2+ of CdS by Cu2+ and form CuS.

Sharma et al. [215] report a DNA biosensor for detection of chronic myelog-
enous leukemia (CML). Electrochemical sensor was assembled by electropho-
retic deposition of chitosan-encapsulated cadmium–telluride QDs nanostructured 
onto indium tin oxide (ITO)-coated glass substrate. CML-specific probe DNA 
(pDNA) sequence identified from the BCR–ABL gene was immobilizing on chi-
tosan–CdTe/ITO electrode. This nucleic acid sensor detected as low as 2.56 pM 
concentration of complementary target DNA within 60 s with a shelf life of about 
6 weeks and can be used for about 5–6 times. This leukemia biosensor responded 
excellent when experiments conducted using clinical patient samples.

Chen et al. [216] described a direct gas–liquid microfluidic method to produce 
uniform-sized chitosan microcapsules covering CdS QDs. These microcapsules 
showed fluorescent reactions to chemical environmental stimuli. α-cyclodextrin 
(α-CD) brings clear deviations on the fluorescent color of the microcapsules 
whether β-cyclodextrin (β-CD) had a slight impact on the outline and fluorescent 
color of the microcapsules. So these stimuli-responsive microcapsules can be use-
ful as a possible microdetector to chemicals, such as CDs.

5.5 � Cancer Diagnosis, Cell Imaging,  
and Controlled Drug Delivery

The combination of strong fluorescent QDs and chitosan is an advanced emerg-
ing research area. Specifically, when high-fluorescence quantum yield property 
of QDs engages unique physicochemical and intrinsic bioactive properties of chi-
tosan, it unlocked new prospects for in vivo and in vitro imaging at exceptional 
sensitivity and three-dimensional resolution cancer diagnosis, controlled drug 
delivery, and theranostics. QDs-functionalized chitosan bioconjugate plays an 
active role in diagnosing cancer cells. Drug delivery with the introduction of chi-
tosan passes many hurdles that suppress its effectiveness. Specific targeting, inter-
cellular transport, and biocompatibility are main issues that have been resolved 



335Functionalized Chitosan: A Quantum Dot-Based Approach …

before picking up a drug delivery agent. Cationic nature, high cellular uptake 
efficiency, and biocompatibility make chitosan a good candidate in drug delivery. 
Chitosan itself and along with its chemically modified derivatives efficiently used 
in sustained release of proteins/peptides [217], growth factors (rhBMP-2) [218], 
drugs [219–222], antibiotics via gelation, hydrogel, drug conjugate, and biode-
gradable release system.

Chang et  al. [176] fabricated chitosan-capped ZnS QDs and chitosan-coated 
Mn2+–ZnS QDs and successfully employed as fluorescent labels for Human 
pancreatic carcinoma cells (PANC-1). As compared to PANC-1 cells containing 
TGA–CdSe QDs where metabolic activity decreased to 32 % at the consumption 
of QDs 10 μg mL−1, chitosan-fabricated QDs maintain 70 % metabolic activity 
at 1,000 μg mL−1 concentration. Chitosan-coated ZnS QDs and chitosan-coated 
Mn2+–ZnS QDs accumulate around nuclei and stain cytoplasm bright blue light 
and orange light, respectively.

Wu et  al. [183] reported a covalently crosslinked chitosan–poly(methacrylic 
acid) (chitosan–PMAA) hybrid nanogels to create a base on which CdSe QDs 
immobilize in situ. Chitosan–PMAA hybrid nanogels reveal excellent colloi-
dal and structural stability and pH-dependent reversible physical property. Low 
cytotoxicity of in situ synthesized CdSe QDs helped to culture nutrient medium 
with mouse melanoma B16F10 cells. B16F10 cells show the luminescence after 
2  h of chitosan–PMAA-CdSe hybrid nanogels treatment. Due to reversible pH-
dependent property of the drug delivery by chitosan–PMAA–CdSe nanogel had 
been checked. Anticancer drug temozolomide (TMZ) trapped in hybrid nanogel 
to control and discharge drug at around extracellular tissues of tumors where pH 
was found in between 5 and 7.4. So chitosan–PMAA–CdSe nanogel is an exam-
ple of theronostics where CdSe QDs is used for diagnosis and pH-dependent 
chitosan–PMAA network is used for drug delivery or therapy. Carboxymethyl 
chitosan-coated CdTe/CdS QDs were developed as luminescent fluorescent probe 
for imaging live Madin–Darby canine kidney (MDCK) cells by He et  al. [188]. 
Microwave-assisted aqueous synthesis of TGA-capped CdTe/CdS was adopted. 
Chitosan was chemically transformed into carboxymethylchitosan(CMC) to mod-
ify its low solubility in water to water-soluble material. TGA-capped CdTe/CdS 
QDs chelated in water soluble CMC via amino and carboxyl groups. CMC incor-
poration modified QDs stability up to 10  months at room temperature and pho-
toluminescence quantum yield enhanced significantly up to 75  %. CMC-coated 
CdTe/CdS QDs labeled MDCK cells considerable fluorescent cytoplasm without 
any inhibited growth and damage of cells.

Mansur et al. [181] designed a novel approach for the synthesis of ZnS quan-
tum dot–chitosan nano-immunoconjugates for cancer diagnosis. Passivation of 
ZnS QDs and detection of cancer cells strictly via an environment friendly green 
route. Chitosan was used as a ligand for capping of ZnS QDs in situ and an anti-
body-specific cancer biomarker (abCD20) for non-Hodgkin lymphoma were 
chemically conjugated to chitosan–ZnS QDs via amide bond formation by EDAC/
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sulfo-NHS. CD20 is a specific transmembrane antigen receptor that is overex-
pressed in non-Hodgkin lymphoma and chitosan-ZnS conjugated with anti-CD20 
antibodies specifically labelled tumor cell (a lymphoma B-cell line). Blue lumines-
cent chitosan-ZnS-antibody (abCD20) immunoconjugate were active for specific 
targeting, labeling, and bioimaging in oncology diagnosis.

Ma et  al. [186] had established an innovative intracellular nanoprobe built on 
Zn2+ sensing capability CMC–CdTe QDs in prostate cancer cells (PC-3 M). He uti-
lized amino groups of carboxymethyl chitosan polymeric chains and carboxyl groups 
of the CdTe QDs for electrostatic interaction. CMC show its excellent biocompat-
ibility and strong binding ability with Zn2+. On the other hand, the CMC coating on 
the QDs surface effectively reduced the potential toxicity CdTe QDs, enhanced their 
biocompatibility and stability, and stimulated the endocytosis of the nanoprobe.

6 � Concluding Remarks

Chitosan–QDs-based approach in the field of regenerative research is now focused 
on active research where cationic property of chitosan is well utilized in the light 
of fluorescent multifunctional QDs. Findings of previous reports direct us to 
achieve our future goal where we can not only design regenerative approach but 
also visualize whole process from cell proliferation to organ transplantation by the 
use of chitosan–QDs bioconjugate. Chitosan–QDs-based approach was used in the 
field to therapeutics. Figure  12 is a schematic presentation of how lipid bilayer 
encapsulated drug is conjugated with chitosan–QDs and cancer/tumor targeting 
antibody for fluorescent diagnosing of cancer/tumor cell and Fig. 12 showing after 
diagnosing cancer/tumor cell lipid bilayer dissolve to release drug on cancer/tumor 
cells. In future, functionalize chitosan-QDs deliver an active role in cell imaging 
based regenerative medicine.
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	 92.	Salva E, Turan SO, Eren F, Akbuğa J (2014) The enhancement of gene silencing efficiency 
with chitosan-coated liposome formulations of siRNAs targeting HIF-1α and VEGF. Int J 
Pharm 478:147–154

	 93.	Bradshaw M, Zou J, Byrne L, Iyer KS, Stewart SG, Raston CL (2011) Pd(II) conjugated 
chitosan nanofibre mats for application in Heck cross-coupling reactions. Chem Comm 
47:12292–12294

	 94.	Yao R, Meng F, Zhang L, Ma D, Wang M (2009) Defluoridation of water using neodymium-
modified chitosan. J Hazard Mater 165:454–460

	 95.	Zheng Y, Yi Y, Qi Y, Wang Y, Zhang W, Du M (2006) Preparation of chitosan–copper com-
plexes and their antitumor activity. Bioorg Med Chem Lett 16:4127–4129

	 96.	Zhao CZ, Egashira N, Kurauchi Y, Ohga K (1998) Electrochemiluminescence oxalic acid 
sensor having a platinum electrode coated with chitosan modified with a ruthenium (II) 
complex. Electrochim Acta 43:2167–2173

	 97.	Liu Y, Luo S, Wei W, Liu X, Zeng X (2009) Methanol sensor based on the combined elec-
trocatalytic oxidative effect of chitosan-immobilized nickel(II) and the antibiotic cefixime 
on the oxidation of methanol in alkaline medium. Microchim Acta 164:351–355

	 98.	Chena S, Wua G, Zeng H (2005) Preparation of high antimicrobial activity thiourea chi-
tosan–Ag+ complex. Carbohydr Polym 60:33–38

	 99.	Shi Z, Neoh KG, Kang ET, Poh CK, Wang W (2009) Surface functionalization of titanium 
with carboxymethyl chitosan and immobilized bone morphogenetic protein-2 for enhanced 
osseointegration. Biomacromolecules 10:1603–1611

	100.	Madelung O, Schulz M, Weiss H (eds) (1982) Landolt-Bornstein: numerical data and func-
tional relationships in science and technology. In: Crystal and solid state physics. New 
Series, Group III, vol III/17b. Springer, Berlin

	101.	Weller H, Schmidt H, Koch U, Fojtik A, Baral S, Henglein A, Kunath W, Weiss K, Dieman 
E (1986) Photochemistry of colloidal semiconductors. Onset of light absorption as a func-
tion of size of extremely small CdS particles. Chem Phys Lett 124:557

	102.	Spanhel L, Haase M, Weller H, Henglein A (1987) Photochemistry of colloidal semiconduc-
tors. 20. Surface modification and stability of strong luminescing CdS particles. J Am Chem 
Soc 109:5649–5655

	103.	Henglein A (1989) Small-particle research: physicochemical properties of extremely small 
colloidal metal and semiconductor particles. Chem Rev 89:1861–1873

	104.	Steigerwald ML, Brus LE (1990) Semiconductor crystallites: a class of large molecules. 
Acc Chem Res 23:183–188



344 H. Kumar and P.K. Dutta

	105.	Brus L (1986) Electronic wave functions in semiconductor clusters: experiment and theory. 
J Phys Chem 90:2555–2560

	106.	Brus LE (1984) Electron-electron and electron-hole interactions in small semiconduc-
tor crystallites: the size dependence of the lowest excited electronic state. J Chem Phys 
80:4403–4409

	107.	Murray CB, Norris DJ, Bawendi MG (1993) Synthesis and characterization of nearly mono-
disperse CdE (E = sulfur, selenium, tellurium) semiconductor nanocrystallites. J Am Chem 
Soc 115:8706–8715

	108.	Sapsford KE, Algar WR, Berti L, Gemmill KB, Casey BJ, Oh E, Stewart MH, Medintz IL 
(2013) Developing chemistries that facilitate nanotechnology. Chem Rev 113:1904–2074

	109.	Algar WR, Prasuhn DE, Stewart MH, Jennings TL, Blanco-Canosa JB, Dawson PE, 
Medintz IL (2011) The controlled display of biomolecules on nanoparticles: a challenge 
suited to bioorthogonal chemistry. Bioconjug Chem 22:825–858

	110.	Parak WJ, Boudreau R, Le Gros M, Gerion D, Zanchet D (2002) Cell motility and meta-
static potential studies based on quantum dot imaging of phagokinetic tracks. Adv Mater 
14:882–885

	111.	Mattoussi H, Mauro J, Goldman ER, Anderson GP, Sundar VC, Mikulec FV (2000) 
Selfassembly of CdSe–ZnS quantum dot bioconjugates using an engineered recombinant 
protein. J Am Chem Soc 122:12142–12150

	112.	Ong WL, Rupich SM, Talapin DV, McGaughey AJ, Malen JA (2013) Surface chemistry 
mediates thermal transport in three-dimensional nanocrystal arrays. Nat Mater 12:410–415

	113.	Bera D, Lei Qian L, Tseng TK, Holloway PH (2010) Quantum dots and their multimodal 
applications: a review. Mater 3:2260–2345

	114.	Talapin DV, Haubold S, Rogach AL, Kornowski A, Haase M, Weller H (2001) A novel 
organometallic synthesis of highly luminescent CdTe nanocrystals. J Phys Chem B 
105:2260–2263

	115.	Hammer NI, Emrick T, Barnes MD (2007) Quantum dots coordinated with conjugated 
organic ligands: new nanomaterials with novel photophysics. Nanoscale Res Lett 2:282–290

	116.	Mei BC, Susumu K, Medintz IL, Delehanty JB, Mountziaris TJ, Mattoussi H (2008) 
Modular poly(ethylene glycol) ligands for biocompatible semiconductor and gold nanocrys-
tals with extended pH and ionic stability. J Mater Chem 18:4949–4958

	117.	Bloemen M, Stappen TV, Willot P, Lammertyn J, Koeckelberghs G, Geukens N, Gils A, 
Verbiest T (2014) Heterobifunctional PEG ligands for bioconjugation reactions on iron 
oxide nanoparticles. PLoS ONE 9:e109475

	118.	Kim S, Bawendi MG (2003) Oligomeric ligands for luminescent and stable nanocrystal 
quantum dots. J Am Chem Soc 125:14652–14653

	119.	Zhang Y, Clapp A (2011) Overview of stabilizing ligands for biocompatible quantum dot 
nanocrystals. Sensors 11:11036–11055

	120.	Kloepfer JA, Mielke RE, Wong MS, Nealson KH, Stucky G, Nadeau JL (2003) Quantum 
dots as strain- and metabolism-specific microbiological labels. Appl Environ Microbiol 
69:4205–4213

	121.	Derfus AM, Chan WC, Bhatia SN (2004) Probing the cytotoxicity of semiconductor quan-
tum dots. Nano Lett 4:11–18

	122.	Dabbousi BO, Bawendi MG, Onitsuka O, Rubner MF (1995) Electroluminescence from 
CdSe quantumdot/polymer composites. Appl Phys Lett 66:1316–1320

	123.	Mattoussi H, Mauro JM, Goldman ER, Anderson GP, Sundar VC, Mikulec FV, Bawendi 
MG (2000) Self-assembly of CdSe-ZnS quantum dot bioconjugates using an engineered 
recombinant protein. J Am Chem Soc 122:12142–12150

	124.	Gerion D, Pinaud F, Williams SC, Parak WJ, Zanchet D, Weiss Alivisatos AP (2001) 
Synthesis and properties of biocompatible water-soluble silica-coated CdSe/ZnS semicon-
ductor quantum dots. J Phys Chem B 105:8861–8871

	125.	Palui G, Avellini T, Zhan N, Pan F, Gray D, Alabugin I, Mattoussi H (2012) Photoinduced 
phase transfer of luminescent quantum dots to polar and aqueous media. J Am Chem Soc 
134:16370–16378



345Functionalized Chitosan: A Quantum Dot-Based Approach …

	126.	Mansur HS, Mansur AP (2011) CdSe quantum dots stabilized by carboxylic-functionalized 
PVA: synthesis and UV–vis spectroscopy characterization. Mater Chem Phys 125:709–717

	127.	Zhou S, Chen Q, Hu X, Zhao T (2012) Bifunctional luminescent superparamagnetic 
nanocomposites of CdSe/CdS-Fe3O4 synthesized via a facile method. J Mater Chem 
22:8263–8270

	128.	Yang Z, Chen S, Hu W, Yin N, Zhang W, Xiang C, Wang H (2012) Flexible luminescent 
CdSe/bacterial cellulose nanocomoposite membranes. Carbohydr Polym 88:173–178

	129.	Liu Y, Kim M, Wang Y, Wang YA, Peng X (2006) Highly luminescent, stable, and water-
soluble CdSe/CdS core-shell dendron nanocrystals with carboxylate anchoring groups. 
Langmuir 22:6341–6634

	130.	Dong C, Ren J (2011) Water-soluble mercaptoundecanoic acid (MUA)-coated CdTe 
quantum dots: one-step microwave synthesis, characterization and cancer cell imaging. 
Luminescence 27:199–203

	131.	Law WC, Yong KT, Roy I, Ding H, Hu R, Zhao W, Prasad PN (2009) Aqueous-phase syn-
thesis of highly luminescent CdTe/ZnTe core/shell quantum dots optimized for targeted bio-
imaging. Small 5:1302–1310

	132.	Yuwen L, Bao B, Liu G, Tian J, Lu H, Luo Z, Zhu X, Boey F, Zhang H, Wang L (2011) 
One-pot encapsulation of luminescent quantum dots synthesized in aqueous solution by 
amphiphilic polymers. Small 7:1456–1463

	133.	Ma N, Marshall AF, Gambhir SS, Rao J (2010) Facile synthesis, silanization, and biodistri-
bution of biocompatible quantum dots. Small 6:1520–1528

	134.	Ananth DA, Rameshkumar A, Jeyadevi R, Jagadeeswari S, Nagarajan N, Renganathan R, 
Sivasudha T (2015) Antibacterial potential of rutin conjugated with thioglycolic acid capped 
cadmium telluride quantum dots (TGA-CdTe QDs). Spectrochim Acta 138:684–692

	135.	Shavel A, Gaponik N, Eychmuller A (2004) Efficient UV-blue photoluminescing thiol-stabi-
lized water-soluble alloyed ZnSe(S) nanocrystals. Phys Chem B 108:5905–5908

	136.	Chen HS, Lo B, Hwang JY, Chang GY, Chen CM, Tasi SJ, Wang SJ (2004) Colloidal 
ZnSe, ZnSe/ZnS, and ZnSe/ZnSeS quantum dots synthesized from ZnO. J Phys Chem B 
108:17119–17123

	137.	Hering VR, Faulin TS, Triboni ER, Rodriguez SD, Bernik DL, Schumacher RI, Mammana 
VI, Alario AF, Abdalla DP, Gibson G, Politi JM (2004) Violet ZnSe/ZnS as an alternative 
to green CdSe/ZnS in nanocrystal-fluorescent protein FRET systems. Bioconjugate Chem 
20:1237–124

	138.	Li C, Jiang D, Zhang L, Xia J, Li Q (2012) Controlled synthesis of ZnS quantum dots and 
ZnS quantum flakes with graphene as a template. Langmuir 28:9729–9734

	139.	Dong B, Cao L, Sua G, Liu W (2010) Facile synthesis of highly luminescent UV-blue 
emitting ZnSe/ZnS core/shell quantum dots by a two-step method. Chem Commun 
46:7331–7333

	140.	Kim S, Park J, Kim T, Jang E, Jun S, Jang H, Kim B, Kim SK (2011) Reverse type-I 
ZnSe/InP/ZnS core/shell/shell nanocrystals: cadmium-free quantum dots for visible lumi-
nescence. Small 7:70–73

	141.	Pradhan N, Battaglia DM, Liu Y, Peng X (2007) Efficient, stable, small, and water-soluble 
doped ZnSe nanocrystal emitters as non-cadmium biomedical labels. Nano Lett 7:312–317

	142.	Sun L, Wang Q (2014) PbS quantum dots capped with amorphous zns for bulk heterojunc-
tion solar cells: the solvent effect. ACS Appl Mater Interfaces 6:14239–14246

	143.	Neo MS, Venkatram N, Li GS, Chin WS, Ji W (2010) Synthesis of PbS/CdS Core-Shell 
QDs and their nonlinear optical properties. J Phys Chem C 114:18037–18044

	144.	Bradshaw TD, Junor M, Patane A, Clarke P, Thomas NR, Li M, Mann S, Turyanska L 
(2013) Apoferritin encapsulated PbS quantum dots significantly inhibit growth of colorectal 
carcinoma cells. J Mater Chem 1:6254–6260

	145.	Zhao H, Chaker M, Ma D (2011) Effect of CdS shell thickness on the optical properties of 
water-soluble, amphiphilic polymer-encapsulated PbS/CdS core/shell quantum dots. J Mater 
Chem 21:17483–17491



346 H. Kumar and P.K. Dutta

	146.	Nakane Y, Tsukasaki Y, Sakata T, Yasuda H, Jin T (2013) Aqueous synthesis of glutathione-
coated PbS quantum dots with tunable emission for non-invasive fluorescence imaging in 
the second near-infrared biological window (1000–1400 nm). Chem Commun 9:7584–7586

	147.	Xu X, Ray R, Gu Y, Ploehn HJ, Gearheart L, Raker K, Scrivens WA (2004) Electrophoretic 
analysis and purification of fluorescent single-walled carbon nanotube fragments. J Am 
Chem Soc 126:12736

	148.	Shen JH, Zhu YH, Yang XL, Li CZ (2012) Graphene quantum dots: emergent nanolights for 
bioimaging, sensors, catalysis and photovoltaic devices. Chem Commun 48:3686

	149.	Cao L, Wang X, Meziani MJ, Lu F, Wang H, Luo PG, Lin Y, Harruff BA, Veca LM, Murray 
D, Xie SY, Sun YP (2007) Carbon dots for multiphoton bioimaging. J Am Chem Soc 
129:11318–11319

	150.	Hu SL, Niu KY, Sun J, Yang J, Zhao NQ, Du XW (2009) One-step synthesis of fluorescent 
carbon nanoparticles by laser irradiation. J Mater Chem 19:484–488

	151.	Sun YP, Wang X, Lu F, Cao L, Meziani MJ, Luo PG, Gu L, Veca LM (2008) Doped car-
bon nanoparticles as a new platform for highly photoluminescent dots. J Phys Chem C 
112:18295–18298

	152.	Sun YP, Zhou B, Lin Y, Wang W, Fernando KA, Pathak P, Meziani MJ, Harruff BA, Wang 
X, Wang H, Luo PG, Yang H, Kose ME, Chen B, Veca LM, Xie SY (2006) Quantum-sized 
carbon dots for bright and colorful photoluminescence. J Am Chem Soc 128:7756–7757

	153.	Lu J, Yang JX, Wang J, Lim A, Wang S, Loh KP (2009) One-pot synthesis of fluorescent 
carbon nanoribbons, nanoparticles, and graphene by the exfoliation of graphite in ionic liq-
uids. ACS Nano 3:2367–2375

	154.	Zhao QL, Zhang ZL, Huang BH, Peng J, Zhang M, Pang DW (2008) Facile preparation 
of low cytotoxicity fluorescent carbon nanocrystals by electrooxidation of graphite. Chem 
Commun 41:5116–5118

	155.	Zheng L, Chi Y, Dong Y, Lin J, Wang B (2009) Electrochemiluminescence of water-
soluble carbon nanocrystals released electrochemically from graphite. J Am Chem Soc 
131:4564–4565

	156.	Zhou J, Booker C, Li R, Zhou X, Sham TK, Sun X, Ding Z (2007) An electrochemical ave-
nue to blue luminescent nanocrystals from multiwalled carbon nanotubes (MWCNTs). J Am 
Chem Soc 129:744–745

	157.	Bourlinos AB, Stassinopoulos A, Anglos D, Zboril R, Karakassides M, Giannelis EP (2008) 
Surface functionalized carbogenic quantum dots. Small 4:455–458

	158.	Bourlinos AB, Stassinopoulos A, Anglos D, Zboril R, Georgakilas V, Giannelis EP (2008) 
Photoluminescent carbogenic dots. Chem Mater 20:4539–4541

	159.	Dutta PK, Ghosh T, Kumar H, Jain T, Singh Y (2015) Hydrothermal and solvothermal syn-
thesis of carbon dots from chitosan-ethanol system. Asian Chitin J 11:1-4

	160.	Zhu H, Wang XL, Li YL, Wang ZJ, Yang F, Yang XR (2009) Microwave synthesis of fluo-
rescent carbon nanoparticles with electrochemiluminescence properties. Chem Commun 
34:5118–5120

	161.	Kumar H, Dutta PK (2014) Chitosan-QD nanocomposite: synthetic strategy and application. 
Asian Chitin J 10:19–24

	162.	Dallinger D, Kappe CO (2007) Microwave-assisted synthesis in water as solvent. Chem Rev 
107:2563–2591

	163.	Maeng YJ, Choi SW, Kim HO, Kim JH (2010) Culture of human mesenchymal stem cells 
using electrosprayed porous chitosan microbeads. J Biomed Mater Res, Part A 92:869–876

	164.	Jayakumar R, Prabaharan M, Nair SV, Tamura H (2010) Novel chitin and chitosan nanofib-
ers in biomedical applications. Biotechnol Adv 28:142–150

	165.	Wan MW, Petrisor IG, Lai HT, Kim D, Yen TF (2004) Copper adsorption through chitosan 
immobilized on sand to demonstrate the feasibility for in situ decontamination. Carbohydr 
Polym 55:249–254

	166.	Ngah WS, Fatinathan S (2010) Adsorption characterization of Pb(II) and Cu(II) by chitosan- 
tripolyphosphate beads. J Environ Manage 91:958–969



347Functionalized Chitosan: A Quantum Dot-Based Approach …

	167.	Futalan CM, Kan CC, Dalida ML, Hsien KJ, Pascua C, Wan MW (2011) Comparative and 
competitive adsorption of copper, lead and nickel using chitosan immobilized on bentonite. 
Carbohydr Polym 83:528–536

	168.	Popuri SR, Vijaya Y, Boddu VM, Krishnaiah A (2009) Adsorptive removal of copper and 
nickel ions from water using chitosan coated PVC beads. Bioresour Technol 100:194–199

	169.	Laus R, de Favere VD (2011) Competitive adsorption of Cu(II) and Cd(II) ions by chitosan 
crosslinked with epichlorohydrin-triphosphate. Bioresour Technol 02:8769–8776

	170.	Gupta N, Kushwaha AK, Chattopadhyaya MC (2012) Adsorptive removal of Pb(II), Co(II) 
and Ni(II) by hydroxyapatite/chitosan composite from aqueous solution. J Taiwan Inst 
Chem Eng 43:125–131

	171.	Suguna M, Siva Kumar N, Subba Reddy A, Boddu VM, Krishnaiah A (2011) Biosorption of 
Lead(II) and from aqueous solutions on glutaraldehyde cross-linked chitosan beads. Can J 
Che Eng 89:833–843

	172.	Monier M, Abdel-Latif DA (2012) Preparation of cross-linked magnetic chitosan-phe-
nylthiourea resin for adsorption of Hg(II), Cd(II) and Zn(II) ions from aqueous solutions. J 
Hazard Mater 209–210:240–249

	173.	Monier M, Ayad DM, Abdel-Latif DA (2012) Adsorption of Cu(II), Cd(II) and Ni(II) ions 
by cross-linked magnetic chitosan-2-aminopyridine glyoxal Schiff’s base. Colloid Surf B: 
Biointerf 94:250–258

	174.	Li Z, Du Y, Zhang Z, Pang D (2003) Preparation and characterization of CdS quantum dots 
chitosan biocomposite. React Funct Polym 55:35–43

	175.	Mansur AAP, Mansur HS, Ramanery FP, Oliveira LC, Souza PP (2014) “Green” colloidal 
ZnS quantum dots/chitosan nano-photocatalysts for advanced oxidation processes: Study of 
the photodegradation oforganic dye pollutants. Appl Catal B 158–159:269–279

	176.	Chang SQ, Kang B, Dai YD, Zhang HX, Chen D (2011) One-step fabrication of biocom-
patible chitosan coated ZnS and ZnS:Mn2+quantum dots via γ gradiation route. Nanoscale 
Res Lett 6:591

	177.	Wang L, Sun Y, Xie X (2014) Structural and optical properties of Cu-doped ZnS nanoparti-
cles formed in chitosan/sodium alginate multilayer films. Luminescence 29:288–292

	178.	Xia H, He G, Peng J, Li W, Fang Y (2010) Preparation and fluorescent sensing applications 
of novel CdSe–chitosan hybrid films. Appl Surf Sci 256:7270–7275

	179.	Kang B, Chang SQ, Dai YD, Chen D (2008) Synthesis of green CdSe/chitosan quantum 
dots using a polymer-assisted γ-radiation route. Radiat Phys Chem 77:859–863

	180.	Gong HM, Wang XH, Du YM, Wang QQ (2006) Optical nonlinear absorption and refraction 
of CdS and CdS-Ag core-shell quantum dots. J Chem Phys 125:024707

	181.	Mansur AAP, Mansur HS, Soriano-Araújo A, Lobato ZIP (2014) Fluorescent nanohybrids 
based on quantum dot−chitosan−antibody as potential cancer biomarkers. ACS Appl Mater 
Interfaces 6:11403–11412

	182.	Jiang Z, Zhao C, Liu X (2014) Synthesis of poly(ethylene glycol)-graft-chitosan and using 
as ligandfor fabrication of water-soluble quantum dots. Colloids Surf, B 115:260–266

	183.	Wu W, Shen J, Banerjee P, Zhou S (2010) Chitosan-based responsive hybrid nanogels 
for integration of optical pH-sensing, tumor cell imaging and controlled drug delivery. 
Biomaterials 31:8371–8381

	184.	Shen M, Jia W, Lin C, Fan G, Jin Y, Chen X, Chen G (2014) Facile synthesis of folate-
conjugated magnetic/fluorescent bifunctional microspheres. Nanoscale Res Lett 9:558

	185.	Wang Y, Geng Z, Guo M, Chen Y, Guo X, Wang X (2014) Electroaddressing of ZnS quan-
tum dots by codeposition with chitosan to construct fluorescent and patterned device sur-
face. ACS Appl Mater Interf 6:15510–15515

	186.	Ma Q, Lin ZH, Yang N, Li Y, Su XG (2014) A novel carboxymethyl chitosan–quantum 
dot-based intracellular probe for Zn2+ ion sensing in prostate cancer cells. Acta Biomater 
10:868–874

	187.	Li Y, Chen WC, Chen SM, Lou BS, Ali MA, Al-Hemaid FMA (2014) Detection of real 
sample DNA at a cadmium sulfide—chitosan/gelatin modified electrode. Colloids Surf, B 
113:85–91



348 H. Kumar and P.K. Dutta

	188.	He Z, Zhu H, Zhou P (2012) Microwave-assisted aqueous synthesis of highly luminescent 
carboxymethyl chitosan-coated CdTe/CdS quantum dots as fluorescent probe for live cell 
imaging. J Fluoresc 22:193–199

	189.	Lee JI, Ha KS, Yoo HS (2008) Quantum-dot-assisted fluorescence resonance energy transfer 
approach for intracellular trafficking of chitosan/DNA complex. Acta Biomater 4:791–798

	190.	Udaybhaskar P, Iyengar L, Rao AVSP (1990) Cr(VI) interaction with chitosan. J Appl 
Polym Sci 39:739–747

	191.	Bhattarai N, Edmondson D, Veiseh O, Matsen FA, Zhang M (2005) Electrospun chitosan-
based nanofibers and their cellular compatibility. Biomaterials 26:6176–6184

	192.	Yang TC, Zall RR (1984) Absorption of metals by natural polymers generated from seafood 
processing wastes. Ind Eng Chem Prod Res Dev 23:168–172

	193.	Maeng YJ, Choi SW, Kim HO, Kim JH (2010) Culture of human mesenchymal stem cells 
using electrosprayed porous chitosan microbeads. J Biomed Mater Res, Part A 92:869–876

	194.	Choi SW, Zhang Y, Yeh YC, Wooten AL, Xia Y (2012) Biodegradable porous beads and 
their potential applications in regenerative medicine. J Mater Chem 22:11442

	195.	Bhumiratana S, Vunjak-Novakovic G (2012) Concise review: personalized human bone 
grafts for reconstructing head and face. Stem Cells Transl Med 1:64–69

	196.	Ghosh P, Rameshbabu AP, Dogra N, Dhara S (2014) 2,5-Dimethoxy 2,5-dihydrofuran 
crosslinked chitosan fibers enhance bone regeneration in rabbit femur defects. RSC Adv 
4:19516

	197.	Wang Z, Ruan J, Cui DX (2009) Advances and prospect of nanotechnology in stem cells. 
Nanoscale Res Lett 4:593–605

	198.	Ruan J, Ji JJ, Song H, Qian QR, Wang K, Wang C, Cui DX (2012) Fluorescent magnetic 
nanoparticle-labeled mesenchymal stem cells for targeted imaging and hyperthermia ther-
apy of in vivo gastric cancer. Nanoscale Res Lett 7:309

	199.	Patel D, Kell A, Simard B, Deng J, Xiang B, Lin HY, Gruwel M, Tian G (2010) Cu2+-
labeled, SPION loaded porous silica nanoparticles for cell labeling and multifunctional 
imaging probes. Biomaterials 31:2866–2873

	200.	Shi Z, Neoh KG, Kang ET, Shuter B, Wang SC (2010) Bifunctional Eu3+-doped Gd2O3 
nanoparticles as a luminescent and T1 contrast agent for stem cell labeling. Contrast Media 
Mol Imaging 5:105–111

	201.	Tseng CL, Shih IL, Stobinski L, Lin FH (2010) Gadolinium hexanedione nanoparticles for 
stem cell labeling and tracking via magnetic resonance imaging. Biomaterials 31:5427–5435

	202.	Shah BS, Clark PA, Moioli EK, Stroscio MA, Mao JJ (2007) Labeling of mesenchymal 
stem cells by bioconjugated quantum dots. Nano Lett 7:3071–3079

	203.	Yang K, Li Z, Cao Y, Yu X, Mei J (2009) Effect of peptide-conjugated near-infrared fluores-
cent quantum dots (NIRF-QDs) on the invasion and metastasis of human tongue squamous 
cell carcinoma cell line Tca8113 in vitro. Int J Mol Sci 10:4418–4427

	204.	Seleverstov O, Zabirnyk O, Zscharnack M, Bulavina L, Nowicki M, Heinrich JM, 
Yezhelyev M, Emmrich F, O’Regan R, Bader A (2006) Quantum dots for human mesenchy-
mal stem cells labelling. A size-dependent autophagy activation. Nano Lett 6:2826–2832

	205.	Solanki A, Kim JD, Lee KB (2008) Nanotechnology for regenerative medicine: nanomateri-
als for stem cell imaging. Nanomedicine 3:567–578

	206.	Lin S, Xie X, Patel MR, Yang YH, Li Z, Cao F, Gheysens O, Zhang Y, Gambhir SS, Rao JH 
(2007) Quantum dot imaging for embryonic stem cells. BMC Biotechnol 7:67–76

	207.	Muller-Borer BJ, Collins MC, Gunst PR, Cascio WE, Kypson AP (2007) Quantum dot 
labelling of mesenchymal stem cells. J Nanobiotechnol 5:9

	208.	Shang W, Zhang X, Zhang M, Fan Z, Sun Y, Han M, Fan L (2014) The uptake mechanism 
and biocompatibility of graphene quantum dots with human neural stem cells. Nanoscale 
6:5799–5806

	209.	Zhang M, Bai L, Shang W, Xie W, Ma H, Fu Y, Fang D, Sun H, Fan L, Han M, Liub C, 
Yang S Facile synthesis of water-soluble, highly fluorescent graphene quantum dots as a 
robust biological label for stem cells. J Mater Chem 22:7461



349Functionalized Chitosan: A Quantum Dot-Based Approach …

	210.	Baruah S, Ortinero C, Shipin OV, Dutta J (2012) Manganese doped zinc sulfide quantum 
dots for detection of Escherichia coli. J Fluoresc 22:403–408

	211.	Abdelhamid HN, Wu HF (2013) Probing the interactions of chitosan capped CdS quantum 
dots with pathogenic bacteria and their biosensing application. J Mater Chem B 1:6094

	212.	Tan WB, Jiang S, Zhang Y (2007) Quantum-dot based nanoparticles for targeted silencing 
of HER2/neu gene via RNA interference. Biomaterials 28:1565–1571

	213.	Ho YP, Chen HH, Leong KW, Wang TH (2006) Evaluating the intracellular stability and 
unpacking of DNA nanocomplexes by quantum dots-FRET. J Control Release 116:83–89

	214.	Lai S, Chang X, Fu C (2009) Cadmium sulfide quantum dots modified by chitosan as fluo-
rescence probe for copper (II) ion determination. Microchim Acta 165:39–44

	215.	Sharma A, Pandey CM, Sumana G, Soni U, Sapra S, Srivastava AK, Chatterjee T, Malhotra 
BD (2012) Chitosan encapsulated quantum dots platform for leukemia detection. Biosens 
Bioelectron 38:107–113

	216.	Chen Y, Yao R, Wang Y, Chen M, Qiu T, Zhang C (2015) CdS QDs-chitosan microcapsules 
with stimuli-responsive propertygenerated by gas–liquid microfluidic technique. Colloids 
Surf, B 125:21–27

	217.	Ma L, Liu C (2010) Preparation of chitosan microspheres by ionotropic gelation under 
a high voltage electrostatic field for protein delivery. Colloids Surf B Biointerfaces 
75:448–453

	218.	Chang CH, Tsao CT, Chang KY, Young TH, Han JL, Hsieh KH (2010) Chitosan membrane 
with surface-bonded growth factor in guided tissue regeneration applications. J Bioact 
Compat Polym 25:465–482

	219.	Saber A, Strand SP, Ulfendahl M (2010) Use of the biodegradable polymer chitosan as a 
vehicle for applying drugs to the inner ear. Eur J Pharm Sci 39:110–115

	220.	Ghendon Y, Markushin S, Vasiliev Y, Akopova I, Koptiaeva I, Krivtsov G, Borisova O, 
Ahmatova N, Kurbatova E, Mazurina S, Gervazieva V Evaluation of properties of chitosan 
as an adjuvant for inactivated influenza vaccines administered parenterally. J Med Virol 
81:494–506

	221.	Mahkam M (2010) Modified chitosan cross-linked starch polymers for oral insulin delivery. 
J Bioact Compat Polym 25:406–418

	222.	Zhang N, Li J, Jiang W, Ren C, Li J, Xin J, Li K (2010) Effective protection and controlled 
release of insulin by cationic β-cyclodextrin polymers from alginate/chitosan nanoparticles. 
Int J Pharm 393:213–219

	223.	Kamari A, Ngah WSW (2009) Isotherm, kinetic and thermodynamic studies of lead and 
copper uptake by H2SO4 modified chitosan. Colloid Surf B: Biointerf 73:257–266



351

Development and Selection of Porous 
Scaffolds Using Computer-Aided  
Tissue Engineering

Nitin Sahai, Tanvi Jain, Sushil Kumar and Pradip Kumar Dutta

© Springer India 2016 
P.K. Dutta (ed.), Chitin and Chitosan for Regenerative Medicine, Springer Series  
on Polymer and Composite Materials, DOI 10.1007/978-81-322-2511-9_13

Abstract  Tissue engineering is considered a multidisciplinary field where the 
involvement of many course of studies as well as utilization of knowledge of vari-
ous researchers/scientists and medical practitioners provided good health care and 
esthetics concepts. Porous scaffolds play very important role in tissue engineering 
and many of the relevant disciplines. Henceforth, the development and selection of 
proper scaffolds, particularly in the form of porous due to multifaceted microstruc-
ture-like veins and capillaries is essential. Computer-Aided Tissue Engineering 
(CATE) is an important tool to categorize the porous scaffolds in terms of design, 
modeling as well as experimental validation. The present article describes the 
selection of materials, facilitated properties, experimental methods, knowledge of 
computer to fabricate scaffolds.

Keywords  Porous scaffold  ·  Computer-aided tissue engineering  ·  Chitosan  ·  
Design  ·  Characterization

N. Sahai 
Department of Biomedical Engineering, North-Eastern Hill University,  
Shillong, Meghalaya 793022, India

T. Jain · S. Kumar 
Department of Chemical Engineering, M.N. National Institute of Technology,  
Allahabad, U.P. 211004, India

T. Jain · P.K. Dutta 
Department of Chemistry, M.N. National Institute of Technology,  
Allahabad, U.P. 211004, India
e-mail: pkd_437@yahoo.com

P.K. Dutta (*) 
Center for Medical Diagnostic and Research, M.N. National Institute of Technology, 
Allahabad, U.P. 211004, India
e-mail: pkd_437@yahoo.com



352 N. Sahai et al.

1 � Introduction

Tissue Engineering is a field of basic sciences that employs the fundamentals of 
engineering and the life sciences for the designing and fabrication of biologi-
cal substitutes that repair, maintain, or enhance the biological actions at tissue 
or organ level by designing the scaffolds. The methodology adopted is by trans-
plantation of cells in a suitable polymeric matrix. A biopolymer-based scaffold 
should have the following features: (i) three-dimensional and highly porous with 
an interconnected pore network for cell growth and flow transport of nutrients and 
metabolic waste; (ii) biocompatible and bioresorbable with a well-regulated deg-
radation and resorption rate to balance cell/tissue growth in vitro and/or in vivo; 
(iii) appropriate surface chemistry for cell attachment, proliferation, and differen-
tiation; and (iv) mechanical characteristics to match those of the tissues at the site 
of implantation [1]. There are various kinds of tissue-engineered implants used in 
tissue engineering such as physical, physiological, chemical, and combination of 
all the above varieties. The 3D tissue fabrication can also be attained by applying 
CAD-based manufacturing technologies. Some of the major commercial ventures 
based on tissue engineering are Apligraf (Organogenesis canton, MA), Dermagraft 
(Smith and Nephew, London, UK), and Orcel (Ortec international, New York). 
Tissue engineering is appearing as a fascination tool or an alternative solution, 
by which tissue and organ damage is inscribed by implanting natural, man-made, 
or semisynthetic tissue and organ mimics that are completed functional from the 
beginning, or that grow into the important performance. Primarily, the efforts have 
only been mainly concentrated toward the skin treatments for managing burns and 
wounds, but huge number of different types of tissues are now being evaluated and 
then engineered, also various types of biomaterials (synthetic or natural) and scaf-
folds are used as delivery entities [2]. Various kinds of biomaterials derived from 
the synthetic as well as natural polymers have been investigated as scaffolds for 
tissue engineering applications [3].

Significant analysis involves tissue-engineered bone using different modu-
lations, blood vessels, muscle, and even nerve ducts. As a consequence, there is 
momentous academic and corporate attraction in this newly emerging technology 
which is of great market potential.

A computer-aided characterization modality for the interpretation of mechani-
cal characteristics and structural arrays of porous tissue scaffolds has been a prom-
ising technique in modern day. The central idea for utilizing Computer-Aided 
Tissue Engineering (CATE) is that it enables the characterization of the design and 
preparation of a porous tissue scaffold of accurate pore size and also of appropri-
ate mechanical strength where this porous scaffold is implemented.

It is always necessary to understand the effect of the design and process fac-
tors on the structural characteristics of the scaffolds, the effective mechanical char-
acteristics of porous tissue scaffolds of chitosan fabricated through a precision 
extruding process for its envision. The experimental evaluation of the characteriza-
tion demonstrates the effective mechanical characteristics of the chitosan scaffold 
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which is due to the materials usually biopolymers, the direction of the deposition 
layout pattern, and the total porosity of the scaffold structure. Normally, all the 
scaffold formulations perform with anisotropic mechanical characteristics and the 
deposition layout pattern is responsible for its various levels of anisotropy.

The dynamic mechanical characteristics decline with the increase in poros-
ity for the scaffolding biomaterials like, hydroxyapatite (HA), polycaprolactone 
(PCL), poly(DL-lactic acid-coglycolic acid) (PLGA). Chitosan scaffolds also 
show the same kind of variation in their mechanical characteristics, as an increase 
in porosity results in a decrease of mechanical properties. The mechanical strength 
of chitosan is very low, so it can be concluded that chitosan has a potential to 
be utilized as a biomaterial for healing for nerve tissue. Chitosan has been enor-
mously studied for biomedical applications because of its excellent biodegradable 
and biocompatible properties.

Chitosan being nontoxic, biodegradable, and biocompatible, has drawn much 
attention from chemists, biologists, and materials scientists. It can easily be fab-
ricated into films, fibers, foams, etc. Chitosan scaffolds and its hybrid scaffolds 
are extensively used for tissue engineering. Chitosan scaffolds are synthesized by 
freeze–drying of chitosan gels and also by electrospinning technique using chi-
tosan solutions. Chitosan scaffolds are used for skin tissue regeneration, bone and 
cartilage tissue regeneration, nervous tissue regeneration, etc.

Chitosan is produced commercially by deacetylation of chitin, which is the 
structural element in the exoskeleton of crustaceans (crabs, shrimp, etc.) and cell 
walls of fungi. It is a linear copolymer of β-(1–4)-linked-2-acetamido-2-deoxy-
β-d-glucopyranose and 2-amino-2-deoxy-β-d-glycopyranose which is the sec-
ond most abundant natural biopolymer (polysaccharides) on earth after cellulose. 
Chitosan may be retrieved from alkalescent deacetylation of chitin which is origi-
nated from exoskeletons of crustaceans and cell walls of fungi or creatures [4]. 
The advantages of chitosan involve excellent biodegradability and biocompat-
ibility and low toxicity with numerous biological activities, such as antimicro-
bial activity and low immunogenicity, which provides bountiful opportunities for 
numerous applications in the field of tissue engineering, drug delivery, wound 
healing, quantum dots, and other uses [5–11]. The degree of deacetylation (DD) 
and the molecular weight (MW) of chitosan often dominate its properties, like sol-
ubility in water, mechanical behavior, chemical properties and stability, biodegra-
dability, etc. Normally, pure chitosan displays good biological properties, but low 
solubility in aqueous medium at pH, dominating the creation of fragile films with 
ineligible mechanical characteristics [12, 13]. The amino group in chitosan has 
a pKa value of ~6.5, thus, chitosan is positively charged and soluble in acidic to 
neutral solutions with a charge density dependent on the pH and %DA value.

Chitosan and its water soluble derivatives such as trimethylchitosan, glycolchi-
tosan, carboxymethylchitosan, etc., have been continuously used in drug delivery 
and other biomedical applications [14, 15].

Like, Trimethylchitosan, has shown effective results to transfect breast cancer 
cells; with an increased degree of trimethylation increases the cytotoxicity, and 
at approximately 50 % trimethylation, the derivative is the most efficient at gene 
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delivery. Oligomeric derivatives (3–6 kDa) are relatively nontoxic and have good 
gene delivery properties [16]. Various applications of chitosan in biomedical area 
are shown in Fig. 1.

1.1 � In Vitro Synthesis of Chitosan Scaffolds

Fabrication of a chitosan scaffold is by formation of a composition of chitosan 
with two other biopolymers. Aliginate and Pectin are used in different proportion 
as it is known that chitosan alone does not have good biocompatible and biode-
gradable properties. Both a lyophilization technique and a freeze–drying technique 
are utilized to help in giving porous scaffolds, e.g., porous chitosan alginate gel-
atin scaffolds were synthesized using freeze–drying technique. Here, the solu-
tions were frozen to preserve ice crystals and freezing solutions were lyophilized 

Fig. 1   Biomedical application of chitosan
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in order to maintain porous and interconnected structure by discharging the ice 
crystals from the earlier frozen solutions. The three different pore size samples 
were fabricated with Scanning Microscopy done for pore size determination. The 
preparation method for chitosan from crab shell is shown in Fig. 2.

Porous chitosan scaffolds were synthesized by lyophization of chitosan solu-
tion or gels, and by the elecrospinning. Pure chitosan scaffolds give deficient 
mechanical properties. Some researchers have prepared hybrid chitosan scaf-
folds to improve its load-bearing properties. Phongying et  al. [17] reported that 
chitosan scaffolds can be directly fabricated from the chitin whiskers. Wang et al. 
[18] reported on the preparation of porous chitosan scaffolds by thermally induced 
phase separation. Wang et al. [19] also reported the synthesis of porous chitosan 
tubular scaffolds by a novel molding and casting/lyophilizing method. Zheng et al. 
[20] prepared a new Gelatin/Montmorillonite–Chitosan (Gel/MMT-CS) composite 
scaffold through the interpolation process and the lyophilization technique, using 
the ice aggregates as the porogen materials. The Gel/MMT-CS scaffold has great 
mechanical properties and manageable degradation rate. Hydroxyapatite and algi-
nate hybridized chitosan scaffolds were also reported.

Lyophilization and freeze–drying are the techniques used to generate the 
porous chitosan tissue scaffold through which the size of porous tissue scaffold 
is controlled. These processes will thus be helpful in fabrication of an appropriate 
mechanical strength tissue scaffold.

Fig. 2   Schematic 
representation for the 
preparation of chitosan  
from crab shells
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1.2 � Selection of Biomaterials for Porous Scaffolds

As previously discussed, scaffold properties are highly influenced by the process-
ing technique and the biomaterials used for the synthesis of scaffolds. The selec-
tion of biomaterials to form porous scaffolds is also one of the important aspects 
for the design of internal architecture. Figure 3 is showing various number of bio-
materials which are used to fabricate porous tissue scaffolds.

1.2.1 � Biopolymers from Nature

Biopolymers are polymers produced in the nature during the life cycles of enor-
mous species. Biopolymers are the need of today. Some of the important biopoly-
mers are given in Table 1.

1.2.2 � Biopolymers from Synthetic Sources

Biopolymers from synthetic sources are the polymers which satisfy the shortfall of 
natural as well as hour of needs. Nowadays many synthetic biopolymers are used. 
Some of the important synthetic biopolymers which are used for the synthesis of 
porous tissue scaffolds are given in (Table 2).

Fig. 3   Biomaterials for porous scaffolds
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Table 1   Natural biopolymers with its applications

Biopolymer Applications References

Collagens They are used as “glue” since ancient times. More recently, it 
has been widely used in soft tissue augmentation

[21]

Employed in the management of burns and act as artificial skin 
substitutes
Collagen–GAG scaffolds loaded with basic fibroblast growth 
factor have been reported to significantly enhance tissue remod-
eling in animal models

Cellulose and 
its derivatives

Carboxymethyl cellulose is used in coatings, detergents, food, 
toothpaste, adhesives, and cosmetics. Like wise, Methyl and 
ethyl cellulose are used as emulsifier, stabilizer, thickening 
agent, foaming agent. Also, cellulose nitrate (guncotton) used as 
low-order explosives

[21, 22]

Chitin Chitin and its derivatives have been used for a variety of applica-
tions such as water treatment, textile and paper, cosmetic, food 
and health supplements, agriculture, and biotechnology

[21, 22]

In biomedical area, it is useful for drug delivery and wound 
healing applications
Commercially used for making edible plastic food wrap and 
cleaning up of industrial wastewater and also acts as a thicken-
ing agent

Chitosan Chitosan and its chemically modified derivatives act as a 
penetration enhancer by opening epithelial tight junctions. In 
medical it forms a tough, water-absorbent, oxygen-permeable, 
wound-healing and has bacteriostatic effects, biodegradable and 
biocompatible films used as bandages and sutures, cosmetics 
and also for drug delivery in cancer chemotherapy. Chitosan car-
ries a positive charge (cationic) in aqueous solution and is used 
as a flocculating agent to purify drinking water

[23–30]

Various other uses in different areas are mentioned below
Skin: Many studies have been reported on the use of chitosan 
as a skin substitute material in skin tissue engineering due to its 
many advantages for wound healing such as hemostasis, accel-
erating the tissue regeneration and stimulating the fibroblast 
synthesis of collagen
Bone: Chitosan has been also extensively used in bone tissue 
engineering since exploration of its capacity to promote growth 
and mineral rich matrix deposition by osteoblasts in culture. 
Also, chitosan is biocompatible (additional minimizes local 
inflammation), biodegradable, and can be molded into porous 
structures (allows osteoconduction)
Cartilage: Chitosan and some of its degraded products could be 
involved in the synthesis of the articular matrix component such 
as chondroitin, chondroitin sulfate, dermatane sulfate, keratan 
sulfate, and hyaluronic acid, as their synergy was examined in 
vivo. Lu et al. has demonstrated that chitosan solution injected 
into the knee articular cavity of rats led to a significant increase 
in the density of chondrocytes in the knee articular cartilage, 
indicating that chitosan could be potentially beneficial to wound 
healing of articular cartilage

(continued)
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1.3 � Tissue Engineering

Tissue damages and organ failures imitate life-threatening situations due to acci-
dents and diseases. Repairing of tissue by analogous cell/tissue transplantation is 
one of the most encouraging modality for the regeneration of tissue. Nowadays, 
autografting and allografting are the two main approaches which are usually used to 
replace or repair the damaged tissue or organs. However, autografts are associated 

Biopolymer Applications References

Nerve cells: Chitosan has been studied as a candidate material 
for nerve regeneration due to its properties such as antitumor, 
antibacterial activity, biodegradability, and biocompatibility. 
Haipeng et al. reported that neurons cultured on the chitosan 
membrane can grow well and that chitosan tube can greatly 
promote the repair of the peripheral nervous system

Dextran It is useful substitute for blood plasma, antithrombotic (anti-
platelet) agents to reduce blood viscosity, as a volume expander 
in anemia, as a lubricant in some eye drops

[25]

Alginate Alginate used as thickening or gelling agents, as colloidal 
stabilizers, as blood expanders and used to take impressions of 
the oral tissue due to their ability to undergo a transformation 
from the sol state to a gel state through ionotropic gelation in the 
presence of many multivalent ions such as Ca2

+, for cartilage 
and bone regeneration, either as a scaffold or as carriers for 
biologically active molecules and drug delivery

[31]

Agar-agar Nutrient agar is used throughout the world to provide a solid 
surface containing medium for the growth of bacteria and fungi. 
Agar-Agar is a natural vegetable gelatin counterpart origi-
nally eaten in Japan. Agar is used as an impression material in 
dentistry

[32]

Proteins Proteins are condensation product of α-amino acid which are 
linked through peptide (–CO–NH–) bonds. A large number of 
proteins exist in nature. All type of proteins are derived from 20 
amino acids. The structure of proteins is very complex

[33]

Primary structure of proteins shows the chemical formulae of 
the amino acids arranged in a definite sequence through peptide 
linkage
Secondary structure of proteins describes the molecular shape 
(or conformation) of a protein molecule
Tertiary structure designates the shape of folding which results 
due to the sulfur–sulfur cross-links between macromolecular 
chains. The specificity of enzyme action in fact depends on 
tertiary structure

Nucleic acids Macromolecules of utmost biological importance. Two kinds of 
nucleic acids exist in the living cell (a) Deoxyribonucleic acid 
(DNA) (b) Ribonucleic acid (RNA). Nucleic acids are usually 
built up of bases (purine and pyrimidine bases), pentose sugar, 
and phosphoric acid

[34]

Table 1   (continued)
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with some demerits such as donor site melancholy and less availability. Whereas, 
allografts are not limited; however, they have promising feature to cause an immune 
response and also have the risk of transfer of disease. Tissue engineering has 
emerged as an attractive approach for the repair/regeneration of damaged tissues, 
with the capability to overcome all the disadvantages of autologous and allogenic 
tissue repair. Tissue engineering is a new approach for resolving the problems like 
missing tissue or any organ. Hence, tissue engineering is an emerging multidiscipli-
nary area which includes the methods of engineering and life sciences which help 
in understanding the basic knowledge of structure–function relationships in normal 
as well as in therapeutic mammalian tissues, and also the development of biological 
entities that are able to restore, maintain, or improve tissue function.

There are three scenarios in tissue engineering:

(1)	 Replacement of those cells that provides genetic or other manipulations 
before the cell infusion by the use of isolated cells or its cell substitutes.

(2)	 The delivery of tissue-activating materials, like growth and differentiation fac-
tors, to specific locations.

(3)	 Growth of the cells in three-dimensional (3-D) matrices (scaffolds) or devices, 
where the cells can be either inducted from the host tissues in vivo nor seeded 
(encapsulated) in vitro.

Table 2   Synthetic biopolymers with its applications

Synthetic biopolymer Applications References

Hydroxylapatite It is a naturally occurring mineral form of calcium  
apatite with the formula Ca5(PO4)3(OH), but 
is usually written Ca10(PO4)6(OH)2 to denote 
that the crystal unit cell comprises two entities. 
Hydroxylapatite is the hydroxyl end member of 
the complex apatite group. The OH–ion can be 
replaced by fluoride, chloride, or carbonate,  
producing fluorapatite or chlorapatite

[35]

Polycaprolactone It is a biodegradable polyester with a low melting 
point of around 60 °C and a glass transition  
temperature of about −60 °C

[36]

The most common use of polycaprolactone is in 
the manufacture of specialty polyurethanes and 
also imparts good water, oil, solvent, and chlorine  
resistance to the polyurethane
PCL is degraded by hydrolysis of its ester linkages 
in physiological conditions (such as in the human 
body) and has therefore received a great deal of 
attention for use as an implantable biomaterial

Poly(lactide-co-glycolide) A copolymer of polylactic acid and polyglycolic 
acid Poly(lactide-co-glycolide) is a very popular 
and an important biodegradable polyester due to 
its better degradation rates than other polymer 
rates, good mechanical properties, etc. It is widely 
used as a material for the synthesis of absorbable 
sutures and in scaffolds

[37]
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Figure  4 is showing the various stages used in tissue engineering. Biomaterials 
play a vital role in tissue engineering by serving as 3D synthetic foundation for 
cellular attainment, procreation, and in growth finally lead to the formation of a 
new tissue. Both synthetic and natural polymers have been enormously reviewed 
as biodegradable polymeric biomaterials. Synthetic polymers have unique adapt-
ability in contrast because the composition and the structure of the biopolymeric 
scaffolds can be adjusted to the desired needs. Various novel approaches have been 
designed for the fabrication of biomaterial-based 3D scaffolds.

1.4 � Tissue Scaffolds

From human health care point of views, the loss or failure of organs or tissue by 
any means is concerned as a costly and devastating problem and thus it leads to 
the developments of biological substitute organs and tissues either to replace or 
repair the failing organs and tissues and this process is called tissue engineering 
(TE). The most important aspect of TE is to seed cells on porous scaffold to grow 
them and form new tissue that can replace the damaged tissue.

Tissue scaffolds are highly devised structures that can behave as an artificial 
substrate for the cells to expedite the regeneration of the target tissue. The chal-
lenge in such scaffolding is to design and synthesize the commercial biodegrad-
able scaffolds with appropriate properties that can supply nutrient to transplant and 
regenerate the cells and also endorse cell adhesion and support cell growth, prolif-
eration, and differentiation, and thus formation of the extracellular matrix (ECM) 
for the tissues. Porous scaffolds are varied for different cell types on the basis of 
the characteristics like its porosity, size, and pore structure. A large void volume 
and a large surface area to volume ratio are desirable properties that can be used 
for cell growth, maximum cell seeding, formation of ECM, and vascularization. 

Fig. 4   Illustrative diagram of various phases utilized in tissue engineering
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Scaffold pores of the similar diameter are high surface area per volume yield 
provided the pore size is larger than the diameter of the cells [38, 39].

Besides the design of internal architecture, scaffold properties are highly 
influenced by the processing technique and the type of biomaterial used for the 
synthesis of scaffolds. There are a variety of processing methods to fabricate TE 
scaffolds, namely, lyophilization, fiber bonding, phase separation are few of them. 
Unfortunately, most of these processes have limitations in controlling the pore 
size, porosity, and pore interconnectivity. It is important to have a control over 
the scaffold microstructures, such as pore size, porosity, and pore geometry, since 
these properties directly affect cells ingrowth. For example, in the case of adult 
mammalian skin regeneration an optimal pore size is 20 and 200–400 μm for bone 
ingrowth [16, 33]. The pore size and crystalline nature of the polymer are the main 
reasons for the tissue invasion into porous scaffolds [40–44].

Recently, finite element method (FEM), computer-aided design (CAD), and 
computer-aided manufacturing (CAM) softwares have been found to be promising 
for the architecture and fabrication of tissue scaffolds of exact pore size and poros-
ity as required for the growth of cell tissue in the scaffolds.

1.5 � Computer-Aided Tissue Engineering

The implementation of computer-aided tools in tissue engineering has resulted in 
the development of a newly emerging discipline of CATE. CATE comprises of 
computer imaging technology CAD/CAM, linked with modern design and indus-
trialized technology. By utilizing CATE, the design of an intricate three-dimen-
sional structure of a scaffold can be analyzed, and these scaffolds can be fabricated 
with appropriate efficiency to assist the researchers in understanding and studying 
the multifaceted tissue engineering glitches. The classification of CATE is sepa-
rated into three main categories; (1) computer-aided tissue anatomical modeling, 
(2) computer-aided tissue classification, and (3) computer-aided tissue implanta-
tion [5, 7]. An outline of CATE [8] is shown in Fig. 5. CATE empowers various 
innovative approaches in designing, modeling, and synthesis of complex tissue 
alternatives with enhanced functionality for research in patient-specific implant 
analysis and simulation, image-guided surgical planning, and scaffold-guided tis-
sue engineering.

Computer-aided design and FEM can be merged with building technologies 
such as solid free-form fabrication (SFF). This is helpful in allowing the simu-
lated designing, characterization, and synthesis of a scaffold that can be optimized 
for the replacement of tissues. Thus, it makes possible to design and manufacture 
very intricate tissue scaffold structure with functional modules that are complex 
to fabricate. The research will also enable cell biologists and engineers to expand 
their scope of research and study in the area of tissue engineering and regenerative 
medicine. If the mechanical properties of material of tissue scaffolds are known, 
then with the help of finite element modeling (FEM), it is possible to predict the 
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actions of the complex formations, such as multilayer systems [6–10, 12, 45, 46]. 
When tissue scaffold is in an in vivo condition, then there will be some micro-
scopic loads (compressive loads and fluid flow). As the tissue differentiation 
proceeds, it is difficult to determine the local mechanical stimuli sensed by the 
cells at a microscopic level, hence the study of stress–strain relationship at micro-
scopic level uses finite element analysis (FEA).

1.5.1 � Finite Element Methods in Tissue Engineering

If the mechanical properties of the biomaterials are known, then FEM is capa-
ble of predicting the performance of multifaceted structures such as multilayer 
systems [47–51]. Miranda et  al. [52] used FEM as a tool to compute the stress 
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fields in complex tissue scaffold structures, and hence their predicted mechani-
cal behavior (e.g., bone implants as load bearer) was calculated. This method was 
rationalized to identify the fracture modes and assessing the strength of robocast 
tissue scaffold. The calculation was performed for three testing configurations 
namely compression, tension, and shear. The tools applied for FEM are ANSYS, 
MSC Nastran, MSC Patran, etc. using FEM.

The computer-aided characterization approach used in estimating the efficient 
mechanical properties of a porous scaffold has also been reported in the literature 
[47, 48]. The computational algorithm that is applied in characterization is a finite 
element execution of asymptotic homogenization technique. The characterization 
results of PCL display that its efficient mechanical properties are the function of 
the scaffolding materials and the total porosity of the scaffold assemblies. Lacroix 
et al. [53] made a FEA of cylinders of CaP-based scaffolds to evaluate the stress–
strain allocation of the larger scaffolds.

To calculate the mechanical properties of a microstructure, multiscale fine ele-
ment models using the homogenization theory have been used [54]. Olivares et al. 
[55] modeled both gyroid and hexagonal scaffold have porosity of 55 and 77  % 
by using FEA. Submitting this to an inlet fluid flow and compressive strain gives 
results showing that gyroid architecture provides a better accessibility of the fluid 
than the hexagonal structure. This shows that the distribution of the shear stress 
induced by fluid perfusion is very much relied on the pore distribution within the 
scaffolds. Guo et al. [56] proposed a FEM-based method which is a direct method 
to analyze the material reconstruction inverse problem for soft tissue elastography. 
Using the method of direct material reconstruction inverse method, the results were 
obtained by minimizing the objective, defined as the sum of the squares of the resid-
ual norms, at all nodes where the nodal residual norm of the associated elements is 
defined as a linear function of elasticity factors. Satisfying the equilibrium at every 
node is utilized as the optimization objective, and the measured deformation is 
enforced directly as a result. The soft tissue elastography can be obtained directly by 
solving the resulting set of linear equations where no iterations are required.

Images of Human Tissue Using Computed Tomography and Magnetic 
Resonance Imaging

The anatomical model of human tissue is generated with the help of a noninvasive 
imaging modality, like CT or MRI technology. Each CT image is composed of 
tiny picture element (pixels) which turns into a small volume element (voxel) of 
patient tissue examined by the CT scanner. Both CT and MRI are also comple-
mentary to each other in that CT can produce a distinct contour of bones and MRI 
can show the shape of both tissues and bones 26. Table 3 gives a characteristics 
imaging of human tissue commonly used in production of a 3-D reconstruction CT 
and MRI [57, 58]. The novel use of CT and MRI data and image processing tools 
to segment and reconstruct tissue images in 3D is to determine characteristics of 
muscle, bone, and brain 28.
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Three-dimensional reconstruction techniques help in the development of 3-D 
anatomical models or images, and allow the third dimension to be precisely learned 
by revealing the 3D anatomical image [6, 7]. Voxel-based anatomical representa-
tion through CT/MRI images cannot be effectually utilized in various biomechani-
cal engineering deeds such as anatomical structural development, modeling-based 
anatomical tissue biomechanical analysis and its simulation [59–63]. CAD systems 
and CAD-based solid modeling based on a vector modeling environment are used 
for structural modeling design, development analysis, and simulation.

1.6 � CAD in Tissue Engineering

Computer-aided tissue engineering assimilates advanced technologies derived 
from biological sciences, biomedical engineering, computer science engineer-
ing, and modern designing and manufacturing utilized for the purpose of tissue 
engineering. In particular, computer-aided design (CAD), medicinal-based image 
processing, computer-aided manufacturing (CAM), and SFF are now actively 
used for the simulation, design, and manufacturing of tissue and organ surrogates. 
Therefore, CATE encompasses three main applications in tissue engineering: (1) 
computer-aided tissue modeling, including 3D anatomic visualization, 3D recon-
struction, and CAD-based tissue modeling, and biophysical modeling for surgical 
planning and simulation; (2) computer-aided tissue scaffold informatics; and (3) 
CAD systems which are used as boundary representation (B-REP) in which a solid 
entity is explained by the surfaces which bind to it and these surfaces are selected 
with the support of nonuniform rational B-spline (NURBS) applications [64–66]. 
CAD contributes to shortening the design process of scaffolds and also contrib-
utes to the minimizing of experimental tests [8, 9]. Since the year 2000, chemical-
based techniques for fabrication of scaffolds have made way for alternate methods 
of fabrication that have the capability to be integrated with CAD/CAM technol-
ogies [67–70]. This has made it possible for the scaffolds to be designed using 

Table 3   Characteristics  
of CT and MRI

Characteristics CT MRI

Matrix size (Pixel) 512 × 512 256 × 256

Voxel size (mm) 0.5 × 0.5 × 2.0 0.5 × 0.5 × 1.5

Density resolution 4096 levels  
(12 bit)

128 levels  
(16 bit)

Transverse resolution 768 pixels × 768 
pixels

512 pixels × 512 
pixels

Segmentation Threshold Complex

Slice thickness 1.25 mm 1.20 mm

Field of view 230 × 230 mm 200 × 200 mm
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CAD software and then transferred using rapid prototyping for their fabrication. 
A typical component Med CAD is used to mend the disparity between medical 
imaging techniques and CAD designing softwares. The Med CAD can integrate 
the export data from CT/MRI system to the CAD platform and vice versa by using 
various entities such as IGES (International Graphics Exchange Standard), STEPS 
(Standard for Exchange of Product), or STL (STereo Lithography) layout.

Sun et al. [5] has evaluated and compared the following three major methods 
for producing a CAD model from therapeutic imaging data: [38] Med CAD inter-
face method [16], reverse engineering interface method, and [33] STL triangulated 
model converting method [5]. The outline of the processes is presented in Fig. 6.

The microarchitecture of tissue scaffold is believed to influence the biological 
function of tissue and the behavior of cells by providing spatial allocation for cell 
growth and specifying a nutritional pathways and proliferation to cells. A problem 
in the fabrication of scaffolds is often limitation of particle thickness, due to the 
difficulty in getting cells beneath into internal sections of the scaffold. This limi-
tation can be eliminated by adopting an advance technology for the synthesis of 
scaffolds such as SFF [71–77]. As advancement took place in SFF, it becomes the 
most favorable technique in the synthesis of scaffolds. The internal architecture of 
these scaffolds were either made as a pattern of extrusions, cuts, or holes, across 
the structure surface of the tissue scaffolds in CAD [78–81].

CT/MRI images
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Fig. 6   Illustration of a CAD model from CT/MRI data [6]
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1.6.1 � Porous Tissue Scaffolds Using CAD

In scaffolds, the porosity and size of the pore will play a crucial function in tis-
sue and formation of a cell in vitro and in vivo. The density and structure of many 
manufactured components could be designed to achieve optimum performance if 
the native porosity of formed material might be controlled. The designing of scaf-
folds for the therapies based on cell for its repairing of the impaired articular carti-
lage should provide the following features: (i) a three-dimensional (3D) and highly 
porous architecture to assist cell attachment, propagation, and extracellular matrix 
(ECM) production; (ii) an interconnected/permeable pore linkages to endorse 
nutrient and waste exchange; (iii) a biocompatible and bioresorbable substrate 
with sustainable rate of degradation; (iv) a appropriate structural chemistry for cell 
attachment, proliferation, and variation; (v) mechanical characteristics to support, 
or balance, those of the tissues at the targeted location of implantation, etc., [82–
84]. Sun et al. [85] suggested a computer modeling method for composing a 3D 
microsphere-packed bone graft assembly, which consists of two extreme micro-
sphere-packing paradigms to design tissue-engineering scaffolds. In tissue engi-
neering bone scaffold modeling, to support the users for various CAD modeling, 
a standard parametric collection of scaffold structure was developed, from which 
a user could select cell unit and suitable size. A fiber deposition modality for fab-
ricating three-dimensional poly(ethylene glycol)-terephthalate–poly(butylene 
terephthalate) (PEGT/PBT) block copolymer scaffolds with a 100  % interrelat-
ing pore linkage for engineering of articular cartilage is also prepared. Schroeder 
et  al. [86] proposed the differences between the bone scaffolds synthesized by 
rapid prototyping technique and natural structures from SEM (Scanning Electron 
Microscope) images, by producing a stochastic paradigm for a berea sandstone 
and a fontainebleau sandstone, each with a recommended lineal-path utility, two-
point probability utility, and “pore size” distribution tasks. Cai [87] has given a 
control modeling method for designing tissue engineering bone scaffold with 
identified pore size distribution based on the hexahedral mesh modification which 
adored controllability and higher precision in comparison to another methods such 
as varying managing parameter in supercritical fluid handling and multi-interior 
architecture designing.

The SEM images of 3D accumulated porous scaffolds with variable fiber accu-
mulated geometries are presented in Fig. 7 [88].

2 � History of Various Approaches in Modeling, Design,  
and Fabrication of Scaffolds

Computer-aided tissue engineering empowers various methodologies in model-
ling, design, and fabrication of intricate tissues with improved functionality and 
cell–matrix interfaces to fight against the diseases. This section elaborates the 
main application and advances in this field, particularly in computer-aided tissue 
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fabrication techniques for scaffolds and evaluation of their degradation properties 
and also some approaches used to generate bio-CAD models using high resolution 
noninvasive imaging and the medical imaging practices along with the 3D recon-
struction method.

Sun et al. [85] reviewed recent development and application of enabling com-
puter technology, imaging technology, computer-aided design and computer-
aided manufacturing (CAD and CAM), and rapid prototyping (RP) technology, 
in tissue engineering, particularly in computer-aided tissue anatomical modeling, 
three-dimensional (3D) anatomy visualization and 3D reconstruction, CAD-based 
anatomical modeling, computer-aided tissue classification, computer-aided tissue 
implantation, and prototype modeling assisted surgical planning and reconstruc-
tion. And they also presented [86] some salient advances of bio-CAD modeling 
and application in CATE, including biomimetic design, analysis, simulation, and 
free-form fabrication of tissue-engineered substitutes. In another study, Qiang 
et  al. [46] demonstrated that the chitosan conduits have appropriate mechanical 
strength, swelling, characteristics, and nerve cell similarity, and thus can be effec-
tively used as a neural tissue engineering scaffold. Also, Li et al. [83] shows that 
chitosan–alginate scaffolds can be fabricated from the solutions of physiological 
pH, which may provide promising conditions for integrating proteins with fewer 
risk of denaturation. Chitosan and alginate solutions provide a promising scaf-
fold with higher porosity, and better mechanical and biological characteristics 
which is much more suitable for rapid progression into clinical trials. In another 
method, Woodfield et al. [88] utilize rapid prototyping (RP) to generate novel scaf-
folds with honeycomb-like structures, complete interconnected channel networks, 
and manageable porosity and channel size. Variation of the parameters of PCL 
articular can give result to the scaffolds having standard geometrical honeycomb 
pores with a range of 160–700 mm of its channel size and 260–370 mm filament 
diameters.

Fig.  7   SEM images of 3D credited porous scaffolds with varying fiber deposition geometries 
(Adapted from T.B.F. Woodfield et al. [88])
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The authors laboratory also fabricated double-hybrid silk fibroin, chitosan/
gelatin, and double-hybrid silk fibroin/chitosan scaffolds and then gentamicin 
was encapsulated within calcium alginate beads for drug delivery application. The 
study revealed that hemocompatible nature of double-hybrid silk fibroin/chitosan 
and double-hybrid silk fibroin scaffolds of hemolysis was found to be % <5 and 
porosity >85 %. A comparative drug release profile of fabricated scaffolds showed 
that double-hybrid silk fibroin/chitosan scaffold is an appropriate model because 
of its prolonged drug release, optimal hemocompatability, and high compressive 
modulus [89].

Tai et al. [90] used carbon dioxide process to form foamed scaffolds in which 
the escape of CO2 from a plasticized and melted polymer generated gas bub-
bles that finally shaped into pores. The effects of polymer chemical constituents, 
molecular weight, and processing factors on the concluding scaffold properties 
were studied which demonstrated that the pore size and design of the supercritical 
poly(DL-lactic acid) (PDLLA) and poly(DL-lactic acid-coglycolic acid) (PLGA) 
scaffolds can be altered by sensible control over processing environment. However, 
this alteration did not possess accurate controllability, specially for a targeted site 
in a bone scaffold. Also, Torres-Sanchezet et  al. [91] inspected how ultrasound, 
applied during the synthesis of polyurethane foam, affected its cellular structure. 
It was described that factors related to ultrasound exposure could affect the volume 
of the pore and distribution within the final polyurethane matrix. The data demon-
strated that porosity (i.e., volume fraction) varied in direct proportion to both the 
acoustic pressure and frequency of the ultrasound signal. The effect of ultrasound 
on porosity offered the outlook of a manufacturing method that can adjust func-
tionally graded cellular microstructures of foam, and resulting properties matched 
the useful requirements. However, this method did not possess accurate level of 
controllability. Many researchers have already tried to design the bone scaffold 
from the geometric modeling. The other study done by Hollister [92] reviewed 
the incorporation of computational topology design (CTD) with SFF to design 
new tissue-engineering scaffolds. The mechanical characteristics as well as tissue 
regeneration attained using designed scaffolds were also explained in this study. 
In another approach, Lal et al. [85] suggested a new computer modeling approach 
for the fabrication of a three-dimensional microsphere-packed bone graft design. 
This geometric model utilized two utmost microsphere-packing models and a sta-
tistical packing model to calculate the total number of microspheres packed in a 
fabricated bone implant. Chua et  al. [23] proposed a novel modeling method for 
a tissue engineering scaffold in which many polyhedral shapes which come out to 
be best suited for bone scaffold modeling were considered as a single cell unit. A 
paradigm library of various scaffold structures was developed and maintained, from 
which a researcher can choose a cell unit and size which suits the best in tissue 
engineering bone scaffold modeling to encourage researchers also in the area of 
CAD modeling. A programmed algorithm for producing complex polyhedral scaf-
folds was developed when an open polyhedral cell unit was selected and resized 
[93]; it helps in assembling the micro structure of the scaffold, while keeping the 
external geometry of the patient’s anatomy created from medical imaging records. 
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In another study, Starly et  al. [24] used the inner architecture design approach to 
create a layered scaffold from synthesis tool path without making complexed 3D 
CAD scaffold models. Here, the concept of layered manufacturing was employed 
to evaluate specific layered process planes and layered contours of the scaffold. 
Thereafter, 2D characteristic patterns of building blocks (cell units) were described 
to develop the interior pattern of the scaffold. At last, the tool path for free-form 
fabrication of the prepared scaffolds, along with the specific interior design was 
thus produced. Various hierarchies possessed different pore sizes developed on the 
basis of these above approaches. Schroeder et al. [86] observed the dissimilarities 
between natural structures and the bone scaffolds manufactured by rapid prototyp-
ing technology with the use of images of scanning electron microscope (SEM), 
and were elucidated by the stochastic reestablishment of sandstones [83]. Here, a 
simulated annealing approach was utilized to create a stochastic model for a berea 
sandstone and also for a fontainebleau sandstone, with each a proposed two-point 
probability function, lineal-path function, and “pore size” distribution function, 
respectively. They presented a representation of model density and porosity based 
on stochastic geometry. The pore size and its distribution were altered based on sto-
chastic geometry theory and minimum distance between the pores. Here also, Li 
et al. [83] developed a process model for this manufacturing device using a swept 
volume representation of the capabilities of the tool. Specifically, a swept volume 
which depicted the tool path information and outlined the scaffold to be made, 
which could be used to simulate the scaffold synthesis process and thus created vir-
tual scaffold prototyping. Wettergreen et al. [28] demonstrated the creation of a unit 
library of architectures that could be utilized to accumulate a complex scaffold of 
individual, satisfying characterized microstructure designs. Computer-aided design 
(CAD) and FEA combined with the manufacturing technology like SFF, was earlier 
theorized to permit for the virtually designed scaffolds and also fabrication of scaf-
folds optimized for tissue replacement studies. A library of microarchitectures were 
introduced for the scientists who got involved in the tissue engineering and other 
relevant areas, which allowed them to study and merge the ideas based on various 
characteristics like mechanical properties, flow perfusion characteristics, and poros-
ity. However, the approach used here for porous bone scaffold modeling is based 
on the fundamental idea of finite element method. It is also possible to use the sub-
divided units to model porous bone scaffolding by using this approach in which 
first, a single pore based on the subdivided element is modeled and then a boolean 
expression union amid the pores is used to create the full model of the tissue 
engineering bone scaffold. At last, the bone scaffold which consists of numerous 
irregular pores can be modeled by the boolean expression by taking the difference 
between the solid model and the whole pore model. It is already studied that the 
subdivided units are not regular components like cube or regular tetrahedron. If 
reliable pores (e.g., spheres) under influence of the regular components (e.g., cubes) 
are modeled, then they would be deformed when main regular components were 
deformed. Porous bone scaffolds which contain various irregular pores can be mod-
eled using this fact. This study also presented a control approach for the distribution 
pore size in a scaffold in tissue engineering relied on hexahedral mesh refinement.
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3 � Some Useful Facilitated Properties of Chitosan Scaffolds 
for Tissue Engineering with Special Reference to SEM

Chitosan scaffolds are used for tissue engineering purposes and also for biomedi-
cal applications like in drug delivery. Chitosan (CS) is widely used as scaffolds for 
the regeneration of bone tissue, skin tissue, nervous tissue, etc. Porous chitosan 
scaffolds were prepared by freeze–drying technique of chitosan solution or gels, 
and also by elecrospinning in Fig. 8. Pure chitosan scaffolds may appear as a poor 
biomaterial for mechanical properties.

EDS spectra display the chemical constituents of the cell surfaces and extracel-
lular matrices. The spectra were procured from the regions highlighted with white 
square frames on the SEM micrograph images [94].

The SEM images of chitosan–alginate, namely, CAG1, 2, and 3 scaffolds are 
displayed in Fig. 9. All scaffolds demonstrate highly porous architecture with good 
interconnectivity. The size and the figure of pore would influence the capability of 
attaching the cell and thus growing, and also influence the efficacy of tissue recon-
struction. The optimal size and geometry of scaffold pore are dependent on precise 
cell types. Porous chitosan structures are formed by freeze–drying and lyophiliz-
ing the solution. During the freezing process, ice structures are developed.

The type of porosity depends on the freeze–drying conditions to a larger extent. 
The thermal gradient and the rate of cooling have an outcome on the pore structure 
[95–97].

The SEM images of chitosan I scaffolds in Fig. 10 show the porous structure of 
chitosan I (high molecular weight) scaffolds at different degradation rates.

Figure 10a, b shows relatively uniform pore morphology in the original scaf-
fold. Figure 10c, d represents SEM images of chitosan I after 14 days of degrada-
tion at flow rate of 0.5 ml/min. The figure shows matrix with nonuniform pores, 
some pores are very large as compared to Fig. 10a, b due to the fact that as degra-
dation proceeds, the pore diameter increases. Figure 10e, f shows SEM images of 
chitosan I after 14 days of degradation at flow rate of 1 ml/min. The figure shows 
filamentous structures with decreased number of pores, and pores of very small 
size. Figure 10g, h shows SEM images of chitosan I scaffold after 14 days of deg-
radation at 2 ml/min. The figure shows almost a plane surface with no pores as 
with increase in rate, pore decreases.

Likewise, in another case the morphology of chitosan–hydroxyapatite scaffolds 
was analyzed by Scanning Electron Microscopy. The SEM images of porous scaf-
folds with and without PVA–HA fusion coating are shown in Fig. 11.

Kim et al. [98] obtained bare HA scaffold by a polyurethane associated foam 
method which revealed a well-developed open pore structure.

Figure  11a shows the SEM image of bare chitosan–hydroxyapatite scaffold 
prepared; (B) shows the SEM image of PVA–HA coated chitosan–hydroxyapa-
tite scaffold prepared using CaCl2 and K2HPO4 without any cross-linker. It shows 
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nonuniform layered coating on the scaffold. Figure  15b shows the SEM image 
of PVA–HA coated chitosan–hydroxyapatite scaffold prepared using CaCl2 
and K2HPO4 without any cross-linker. It shows nonuniform layered coating on 
the scaffold. It shows bonded but less porous and cross-linked structure of the 
scaffold.

Figure 12a shows the SEM image of bare chitosan–hydroxyapatite nanopowder 
scaffold which interprets the morphology of directly nano-HA incorporated scaf-
fold whereas Fig. 12b gives an idea about the morphology of PVA–HA coated chi-
tosan–hydroxyapatite nanopowder scaffold. It shows that coating is not uniform on 
the scaffold and also the layer structure is not found. It may be due to the presence 
of projected structures in the scaffold.

Fig.  8   SEM images of osteoblasts grown on chitosan and chitosan–alginate scaffolds. Osteo-
blast cells on chitosan after a 3 days and b 7 days of culture; specific osteoblast cells on chi-
tosan–alginate after c 3 and d 7 days of cell culturing; bunch of cells on chitosan–alginate after e 
3 and f 7 days of cell culture
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Fig. 9   SEM images of 
CAG1, CAG2, and CAG3  
at 10K× maginification
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Fig. 10   SEM images of chitosan I: a and b Before degradation. c and d After 14 days degradation 
at 0.5 ml/min. e and f After 14 days degradation at 1 ml/min. g and h After 14 days degradation at 
2 ml/min
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4 � Mechanical Testing of Chitosan-Based Scaffolds

4.1 � Porosity Testing

The sample of defined quantity is cut in the shape of a cylinder. Force was applied 
perpendicular to the longitudinal axis of the various channels at a crosshead 
speed of 1 mm/min, and the loads were measured at strains of 20, 40, and 60 %.  

Fig. 12   a Bare CS-HA scaffold and b coated CS-HA scaffold

Fig. 11   a Cross-linked bare scaffold and b cross-linked coated scaffold
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The dimension of porous scaffolds is represented diagrammatically, shown in 
Fig. 13a and the fabricated porous chitosan tissue scaffolds are shown in Fig. 13b.

Cross Part area	� 153.938 mm2

Gage length	� 6.00 mm
Full Scale	� 0.5 kN
Scale Factor	� 1.0

Briefly, the porosity is calculated by the approach of displacement of the liquid 
with absolute ethanol. Briefly, prepared scaffold sample was submerged in a grad-
uated beaker containing a known volume (V1) of ethanol. The sample was kept in 
the ethanol for 5 min permitting the ethanol in the pores of the porous scaffold.

The total volume of the ethanol and the scaffold was thus recorded as V2.
At last, the prepared scaffold was removed from the beaker and the remaining 

ethanol volume was recorded as V3.
The porosity of the scaffold (ε) is calculated by:

where, V1 = Initial volume of ethanol
V2 = volume of ethanol after scaffold is immersed
V3 = volume remained for ethanol after removal of the scaffold

4.1.1 � Porosity Testing for Hybrid Scaffolds

The porosity of various hybrid scaffolds and control scaffolds is given in Fig. 14. 
The porosity of different scaffolds which includes C, CA, CAG1, CAG2, CAG3 
is shown in Fig. 14a. The porosity testing results showed that porosity of ternary 
scaffold is near to 86–87 % which is comparable to that of pure chitosan and chi-
tosan alginate and chitosan–gelatin scaffold. The possible reason for the increase 
in porosity of chitosan alginate gelatin scaffold as compared to the two hybrid 

V1 − V3

V2 − V3

× 100

(a) (b)

Fig.  13   a Dimension of porous chitosan tissue scaffolds. b Fabricated porous chitosan tissue 
scaffolds
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scaffolds may be due to the effect of different concentration of individual com-
ponents and also the environmental factor that varies the porosity of each scaf-
fold, and as seen not much difference is seen in the porosities of each scaffold. 
Preceding studies have shown that the scaffolds with porosity higher than 85 % 
can be suitable for tissue engineering applications [1, 99, 100]. Liuyun et al. [101] 
determines the porosity of CS-HA-Carboxy cellulose scaffold by the liquid dis-
placement method which shows that porosity decreases with increasing HA con-
centration. Figure 14b shows that not only HA concentration but also cross-linking 
affects porosity of the scaffold. Scaffolds prepared using cross-linker are less 
porous in comparison to the scaffold prepared without using cross-linker and it 
also shows that in every scaffold porosity decreases with increasing HA concen-
tration. This criterion arises from the demand for the cell ingrowth in sufficient 
space. Therefore, the prepared scaffold satisfied this criterion suitable for tissue 
engineering.

4.1.2 � Porosity Testing for Chitosan Scaffolds

The porosity testing results revealed that chitosan I (low MW) scaffolds were 
more porous than chitosan II (high MW) scaffolds. Figure  15 shows that the 
porosity of scaffolds also decreases as the concentration of chitosan increases, 
i.e., 1  % is more porous than 1.5  % and 2  % is the least porous. This state-
ment is true for both chitosan I and chitosan II. Chitosan I  >  chitosan II, and 
1 % > 1.5 % > 2 %.
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Fig. 14   a Graph showing porosity of different scaffolds C, CA, CAG1, CAG2, CAG3 (C chi-
tosan, CA chitosan–alginate, CG chitosan–gelatin). b Graph showing porosity of different scaf-
folds Glu, WGlu, SC-HA (Glu With Glutaraldehyde; WGlu Without Glutaraldehyde; CS–HA 
Chitosan–Hydroxyapetite)
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4.2 � Effective Young’s Modulus

In the scaffolds, stress is marginally increased with the increase in the strain, 
which is in agreement with the performance of the polymer foam solids. 
Particularly, two different regions are followed; a plateau due to the plastic col-
lapse, and an extra region where the stress increases hastily due to the efficient 
densification of the foam structure [102, 103].

Young’s modulus, E, can be calculated after taking the ratio between the tensile 
stress by the tensile strain

Here,
E is the Young’s modulus of elasticity, F is the applied force of the object, A0 is 

the original cross-sectional area by which the force is applied, ΔL is the amount of 
change in the length of the object, and L0 is the initial length of the object. Here, 
the average stress is used normally to calculate an Effective Young’s Modulus.

This section will illustrate about the typical load versus compression and 
stress–strain features for various composite scaffolds. The scaffolds were analyzed 
until the samples were compressed to 90 % of its original height approximately.

Byrane et al. [101] states that the scaffold properties for different types of tissue 
range from 0.2 to 6000 MPa, i.e., 0.1, 0.2, 2, 10, 1000, 6000 MPa for soft tissue, gran-
ular tissue, fibrous tissue, cartilage, immature bone, and mature bone, respectively.
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Fig. 15   Graph showing porosity of different scaffolds chitosan I and chitosan II (chitosan I-low 
Molecular weight chitosan) and (chitosan II-high Molecular weight chitosan)
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In case of chitosan–alginate scaffolds, the Young’s modulus was found to be 
0.148, 0.575, 0.309  MPa for CAG1, CAG2, CAG3 (CAG: Chitosan–Alginate 
with different composition), respectively. It can be noticed that the compressive 
strength of CAG2 was higher, which may be associated to the low porosity of scaf-
folds and the presence of more alginate content in CAG2 increases its mechanical 
strength from other ones. The obtained Young’s modulus is in agreement with the 
data given by Byrane et al. [101] for different tissues, so it can be used for granu-
lar and epithelial tissues. The load versus compression graph is shown in Fig. 16.

Figure 17 shows the graph between load and displacement, and Fig. 18 shows 
graph between stress and strain of chitosan I (after and before degradation), chi-
tosan II (Before and after degradation), bare and coated scaffolds.

The Young’s Modulus of chitosan I before degradation was 0.23407 MPa from 
Fig. 17 and the Young’s Modulus of chitosan I after degradation was 0.309 MPa. 
Young’s modulus was obtained from stress–strain curve which finds out to be 
0.1303693  MPa. On comparing the values of Young’s Modulus for chitosan I 
before and after degradation, the values were higher after degradation. Thus results 
state that mechanical strength of scaffold of chitosan I increased after degradation.

The graph also shows that the Young’s Modulus was 0.335 M Pa of chitosan II 
before degradation and the Young’s Modulus obtained was 0.575 MPa of chitosan 
II after degradation. Similarly, on comparing the values of Young’s Modulus for 
chitosan II before and after degradation we concluded that, the values were higher 
after degradation. Figures 17 and 18 also show the Load versus Displacement plot 
of bare and coated scaffolds and the stress–strain curve of bare scaffold and coated 
scaffolds, respectively. Young’s modulus was calculated from stress–strain curve 
which finds out to be 0.1303693  MPa. The Young’s modulus of coated scaffold 
was 0.274016 which is much higher in comparison to the bare scaffold. Hence it 
shows that mechanical strength improves after coating.

Fig. 16   a Load versus 
compression graph of CAG1, 
CAG2, and CAG3. b Graph 
of stress versus strain graph 
of CAG1, CAG2, and CAG3
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Fig.  17   Graph of stress versus strain of chitosan I (after and before degradation), chitosan II 
(before and after degradation), Bare and coated scaffolds
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5 � Modeling of Unit Cell of Scaffold

The design of the model unit cell is achieved with the Pro/Engineering CAD pack-
age which allows the use of three different biomaterials having different porosi-
ties. Like, Hydroxyapatite (HA, E =  14,000  MPa, ν =  0.25), Polycaprolactone 
(PCL, E = 400 MPa, ν = 0.33), and a copolymer of polylactic acid and polygly-
colicacid (PLGA, E = 1200 MPa, ν = 0.33) were taken [104]. If the edge length 
of the unit cell and the edge length of the square channel are L and A, respectively, 
the porosity of the scaffold can be determined by:

for square conduit as shown in Fig. 19.
In the design of the scaffold model using six different pore sizes (Fig. 20), the 

models were imported into the ANSYS software for stress analysis with differ-
ent mechanical properties for all pore size models. The models were discredited 
into tetrahedral segments (Fig. 21) of size 0.5 mm through meshing. After discre-
tization displacement of 0.1 mm was given to every pore size model in the pos-
itive direction of the X-axis. A total of 18 simulations were done with different 
porosities ranging between 0 and 95 %. An Effective Young’s Modulus was then 
obtained which describes the mechanical behavior of the scaffold with an increase 
in its porosity.

p =
3LA2

− 2LA3

L3
A < L,

Fig. 19   Unit cell of a 
scaffold consists of open 
square pore
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Finally, the results were obtained after 18 simulations run on ANSYS for 
six different pore size models, and these results were compared with the results 
obtained by the Fang et al. [104] including the deviation in the effective Young’s 
Modulus to approximate. Figure  22 shows the average stress in the X direction 
from which the Effective Young’s Modulus is obtained for a sample porosity of 
20  % [105, 106]. In this direction recently the heterogeneous minimal surface 
porous scaffold design using the distance field and radial basis functions for bio-
medical applications has also been studied [107–109].
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Fig. 21   Discretized unit cell of scaffold

Fig. 20   Scaffold unit cells of six different pore sizes



382 N. Sahai et al.

6 � Concluding Remarks

A computer-aided characterization method for the assessment of mechanical char-
acteristics and structural heterogeneity of porous tissue scaffolds is presented in 
this chapter. The significant idea of this characterization approach is the use of 
CATE which permits the design and synthesis of a porous tissue scaffold of accu-
rate pore size and of appropriate mechanical strength where this porous scaffold is 
implemented.

Also, the above-mentioned approach was applied to predict the efficient 
mechanical characteristics of porous chitosan tissue scaffolds produced through a 
precision extruding method and to study the effect of the design and process fac-
tors on the structural characteristics of the scaffolds.

These characterization results showed that the effective mechanical properties 
of the chitosan scaffold are functions of the scaffolding materials, the orientation 
of the deposition layout pattern, and the overall porosity of the scaffold structure. 
In general, the scaffold structures behave with anisotropic mechanical properties 
and the degree of the anisotropy is dependent on the deposition layout pattern.

The chitosan scaffolds show the same type of deviation in their mechanical 
properties, since with the increase in porosity, the mechanical properties decrease. 
However, the mechanical strength of chitosan is very low, so it can be concluded 
that chitosan has a potential biomaterial and can be used in the repairing of the 
nerve tissues. Chitosan has been enormously studied in the biomedical field 
because of its tremendous biodegradable and biocompatible properties.
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Lyophilization and freeze–drying are the techniques that are used to generate 
the porous chitosan tissue scaffold through which the size of porous tissue scaf-
fold is controlled. This will be helpful in fabrication of an appropriate mechanical 
strength tissue scaffold. CATE will be helpful in the fabrication of chitosan tis-
sue scaffold for bone and soft tissue like blood vessels, liver, skin, etc. with exact 
porosity and mechanical strength.
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Appendix

Allograft: The transplant of an organ or tissue from one individual to another of 
the same species with a different genotype.

Computer-aided design: Computer-aided design (CAD) is the use of com-
puter technology for the design of objects, real or virtual. CAD often involves 
more than just shapes. As in the manual drafting of technical and engineering 
drawings, the output of CAD must convey information, such as materials, pro-
cesses, dimensions, and tolerances, according to application-specific conventions.

Freeze–drying: Freeze–drying or lyophilization is a dehydration process typi-
cally used to preserve a perishable material or make the material more conveni-
ent for transport. Freeze–drying works by freezing the material and then reducing 
the surrounding pressure and adding enough heat to allow the frozen water in the 
material to sublime directly from the solid phase to the gas phase.

Polysaccharide: Polysaccharides are polymeric carbohydrate structures, 
formed of repeating units (either mono- or disaccharides) joined together by gly-
cosidic bonds.

Tissue: Tissue is a cellular organizational level intermediate between cells and 
a complete organism. Hence, a tissue is an ensemble of cells, not necessarily iden-
tical, but from the same origin, that together carry out a specific function. Organs 
are then formed by the functional grouping together of multiple tissues.

Tissue Scaffolds: Cells are often implanted or “seeded” into an artificial struc-
ture capable of supporting three-dimensional tissue formation.
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