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Chitosan Based Systems for Tissue Engineering
Part II: Soft Tissues

Summary
A general introduction to tissue engineering and chitosan as 
well as its applications in hard tissues has been given in the 
first part of this review which is previously published in this 
journal. In this second part, applications of chitosan based 
systems for the soft tissue engineering will be reviewed. Due 
to the its properties such as biocompatibility, biodegradability, 
bioadhesivity as well as its bioactive properties wound healing 
effect, homeostasis, and antimicrobial activity, chitosan it is 
a promising scaffold material for tissue engineering. After a 
brief introduction to tissue engineering in soft tissues such 
as skin, adipose, cornea, liver, nerve and blood vessel, the 
application of chitosan for regeneration of these tissues will be 
discussed in regard to formulation of scaffolds. The strategies 
to improve their efficacy will also be mentioned.
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Doku Mühendisliği için Kitosan İçeren Sistemler 
Bölüm 2: Yumuşak Dokular
 
Özet
Doku mühendisliği ve kitosanın sert dokudaki uygulamaları ile 
ilgili genel bilgiler bu derginin önceki sayılarında yayınlamış 
olan bu konudaki derlemenin birinci bölümünde  verilmiştir.  
Derlemenin bu kısmında ise, yumuşak doku mühendisliği 
için kitosan içeren sistemlerin uygulamaları verilecektir. 
Biyouyumlu, biyoparçalanabilir ve biyoadezif özelliklerinin 
yanı sıra kendisinin antimikrobiyal, yara iyileştirici, 
hemostatik gibi birçok biyoaktif özelliğe sahip olması, kitosanı 
doku iskelesi için ümit verici bir polimer yapmaktadır. Deri, 
adipoz, kornea, karaciğer, sinir ve kan damarı gibi yumuşak 
dokularda uygulanan doku mühendisliği yaklaşımları ile ilgili 
olarak kısa bir girişten sonra, bu dokuların rejenerasyonunda 
kitosanın uygulamaları doku iskelelerinin formülasyonu 
yönüyle tartışılacaktır.  Ayrıca etkinliği artırmak için 
yapılanlardan bahsedilecektir.

Anahtar kelimeler: Yumuşak doku, kitosan, doku iskelesi, 
sinir, karaciğer, kornea, deri, kan damarı
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INTRODUCTION
Tissue engineering is an interdisciplinary field that 
applies the principles of engineering and life sciences 
in order to fabricate living replacement parts for the 
body (1). The most common approach for tissue 
engineering is utilization of scaffolds which are 
artificial structures capable of stimulating cellular 
growth, proliferation and cellular differentiation. 

Materials with suitable biochemical and physio-
chemical properties are used for tissue engineering 
to improve or replace portions of or whole tissues. 
Scaffolds can be applied both to soft and hard 
tissues (2). The scientific challenge is to prepare 
the suitable scaffold with the desirable properties 
such as adequate mass transport, mimicking the 
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biological environment with the controlled pore size, 
and porosity in order to provide three-dimensional 
templates for cell adhesion, migration, growth and 
proliferation.

Soft tissues play crucial functional role in body 
and soft tissue engineering studies are conducted 
on many organs such as liver (3), lung (4), muscles 
(5), skin (6), nerves (7), blood vessels (8), cornea 
(9), vagina (10), heart valves (11), trachea (12) and 
adipose tissues (13). Various polymeric scaffolds 
have been investigated for regeneration of the soft 
tissues. Among the polymers used for preparation of 
scaffolds for soft tissues, chitosan which is obtained 
from deacetylation of chitin obtained from the shells 
of the crustaceans, has attracted more attention in 
recent years due to its favorable properties such as 
bioadhesivity, biodegradability and biocompatibility. 
Furthermore, it exerts bioactive properties such as 
hemostatis, wound healing, antimicrobial, etc.

Being structurally similar to extracellular matrix 
components, chitosan provides stimulation of the 
attachment, proliferation and viability of tissue 
cells (14). With chitosan, it is possible to develop 
scaffolds in various forms such as film, sponge, 
gel, particulate systems etc. Moreover, chitosan 
can be modified chemically and enzymatically 
which enables the improvement of the properties 
of the scaffolds. The degree of deacetylation (DD), 
indicating the free amine groups along the chitosan 
backbone, is a key parameter which changes its 
physicochemical properties such as solubility, chain 
conformation and electrostatic properties (15,16). 
Due to its cationic amine groups, chitosan provides 
a suitable environment for cell adhesion (17). 
Degradation products of chitosan are saccharides 
and glucosamines, which are already available in a 
mammal metabolism. These compounds can activate 
macrophages since macrophages have receptors 
for N-acetyl-D-glucosamine and mannose. It was 
reported that chitosan increases TGF-β1 secretion 
and stimulate macrophages to produce platelet-
derived growth factor (PDGF) and IL-1, which 
play an important role in cell growth, division and 
angiogenesis. Consequently, chitosan promotes 
granulation and organization which makes it 

beneficial for open wounds (14,18). It was shown 
that chitosan does not increase extracellular matrix 
(ECM) formation directly, but with the help of 
growth factors like PDGF and TGF-β1 (14,19). It was 
reported to cause minimal foreign body reactions, 
and has stimulating effects on the immune system 
against viral and bacterial infections (17,20,21).

Chitosan as a promising scaffold material has been 
investigated using different preparation methods 
(22,23,24). In general, chitosan based scaffolds for soft 
tissue engineering were developed by lyophilization, 
drying by heat, electrospinning and gelation methods.

In the following sections, the applications of chitosan 
as scaffold for tissue engineering will be reviewed 
for various soft tissues such as skin, adipose, cornea, 
liver, nerve and blood vessel.

Skin
Every year, millions of people get burn by hot water, 
flame, and boiling oil, and these accidents result in 
major disabilities or even death. Especially in adults, 
dermis regeneration can not occur spontaneously. 
Since autologous skin has limited availability 
and associated with additional scarring (25), this 
traditional approach for substantial loss of dermis 
cannot meet the requirements, and tissue engineering 
became inevitable for skin tissue. Tissue engineered 
dermal equivalents of full-thickness autografts 
have been developed which can be used alone or in 
combination with epithelial sheets (26-28). At present, 
chitosan is clinically used for skin regeneration in 
form of bandages and wound dressings, such as 
Chitodine® (14), Chitoflex® (29) , Chitopack C® (30,31), 
Chitopoly®, Chitosan Skin® (14), Chitoseal® (30), Clo-
Sur® (30), Crabyon® (32), HemCon® (30,33), Tegasorb® 
(30,31), Tegaderm® (30), TraumaStat® (33), CeloxTM 
(34) and Vulnosorb® (14). Numerous studies have 
been reported using chitosan for the regeneration 
of skin tissue. Applications of chitosan in skin tissue 
engineering are summarized in Table 1.

Chitosan is a favorable scaffold material for skin 
tissue engineering due to its following properties: 
hemostasis; acceleration in the tissue regeneration 
by activation of polymorphonuclear cells (46) and 
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macrophages (41); migration of fibrablasts to the 
wound area (41) and the synthesis of collagen lead to 
wound healing (36).

For the construction of artificial skin tissue, 
chitosan with different deacetylation degrees was 
investigated (6). No significant differences in the 
proliferation rate of the fibroblasts on these scaffolds 
were observed whereas mechanical properties were 
changed significantly. Higher tensile strength and 
elastic modulus was observed with higher degree 
of deacetylation and with higher crosslinking agent, 
dimethyl 3-3, dithio bis propionimidate (DTBP).

Chitosan based systems at micro and nano scales 
in combination with other polymers have been 
developed for skin tissue engineering, using 
electrospinning method and lyophilization 

(6,26,36-42).

In a study where PLGA, CS and PVA were used, 
scaffolds in nanofibrous membrane form were 
prepared (Figure 1). Increased fibroblast attachment 
and proliferation was observed with poly(lactide-co-
glycolide)/chitosan/poly(vinyl alcohol) (PLGA/CS/
PVA) nanofibers (275±175 nm). However mechanical 
properties were found to be lower than that of 
PLGA membranes and CS/PVA membranes (41). 
In a different study, hexanoyl chitosan microfibers, 
with a diameter of 0.4-3.2 µm at the beginning of 
the formulation preparation and 83±9 µm at the end, 
were prepared and investigated in three different cell 
cultures (mouse fibroblasts, human keratinocytes 
(HaCaT), human foreskin fibroblasts (HFF) in order to 
show the biocompatibility of the electrospun scaffold. 
Studies with fibroblasts showed that the material is 

Figure 1. SEM micrographs of electrospun PLGA (a), CS/PVA (b) and PLGA–CS/PVA (c) fibers (41).
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non toxic and studies with HaCaT and HFF showed 
that scaffolds could support the attachment and the 
proliferation (42).

For skin tissue engineering, pore size for scaffold is 
suggested to be within the range between 100 to 200 
µm, with a porosity of 90% (39). But there are also 
studies showing that different pore sizes can also 
increase proliferation of the cells. Collagen–chitosan 
scaffolds with a 255 µm pore size were prepared 
using lyophilization method, and seeded by 
perfusion seeding system. The seeding efficiency and 
uniformity was shown to increase which resulted in 
increased cell proliferation (26). On the other hand, 
significant cell proliferation and differentiation was 
reported for the scaffolds with lower pore sizes as 
well. Chitosan/gelatin/hydroxyapatite scaffold 
with different pore sizes, at the top (65-80 µm) and 
bottom (10-20 µm), resulted in proliferation and 
differentiation of fibroblasts and keratinocytes (38). 
Similarly, lyophilized chitosan scaffold coated with 
collagen (40-100 µm pore size) was shown to have 
highly interconnected structure, which increased 
cell proliferation and wound healing without 
inflammation (37).

Adipose tissue
Adipose tissue is subcutaneous fat lying directly 
under the skin layers, and the loss of this tissue often 
results in a change in the ‘‘normal’’ tissue contour 
(47). Restoration of this soft tissue is targeted in order 
to minimize the anxiety, to cushion the skin against 
trauma, to store energy and to prevent negative 
psychological feelings associated with disfigurement. 
Although excess amounts of adipose tissue are found 
all over the human body, and can be readily obtained 
through liposuction and transplanted to a target 
location, the use of autologous fat tissue to repair 
soft tissue defects is only theoretically applicable 
and the success in patients of this method is still 
questionable (43,48). Scaffold designs for adipose 
tissue engineering, with consideration of surface 
topology and introduction of surface modifications, 
adequate pore sizing, and material choice are being 
investigated. Applications of chitosan in adipose 
tissue engineering are summarized in Table 1. 
However, the ideal environment for engineering 

adipose tissue has yet to be deciphered.

The combination of PLGA and chitosan/alginate 
hydrogels to generate a hybrid scaffold has been 
described for adipogenic tissue engineering and 
it was suggested that adipocytes derived from the 
multi-potential population of adult are valuable cell 
sources for adipose tissue engineering (43). Besides 
the formation of adiposide layer, preservation of 
the adipocyte phenotype was also shown on these 
microfiber based membrane structures.

In another study, collagen and chitosan based sponges 
were fabricated. Cell attachment and proliferation 
were observed in preadipocyte cells (PA) and PA 
seeded scaffolds were subcutaneously applied to 
rats. This in vivo study showed that scaffolds were 
biocompatible; on this system, vascularization and 
adipose tissue formation were observed (13).

Corneal tissue
Cornea can be damaged by various diseases and 
injury that cause visual impairment and even 
blindness. The only treatment of irreversible corneal 
blindness is keratoplasty (49). However, the shortage 
of corneal donors is a big problem. Additionally, there 
is some uncertainty and insecurity associated with 
keratoplasty (50). Acute rejection rates range from 
13.3% to 65% within 4 months of keratoplasty, and 
rejection can occur many years later (51). Therefore, 
looking for new sources of cornea, and seeking new 
corneal replacements became an important task. 
Tissue engineering of cornea is believed to be the 
right approach to meet this demand.

Unlike other tissues, cornea must be transparent 
beside the proper chemical and mechanical 
properties. Biocompatible and transparent chitosan 
based scaffolds investigated for corneal tissue 
engineering are summarized in Table 2.

It was reported that chitosan has protective effect 
against hydrolysis of hyaluronic acid (52), which 
also stimulates the growth of corneal epithelial cells 
(53). Moreover chitosan is structurally similar to the 
glycosaminoglycan, component of the cornea ECM 
and protects collogen from digestion by collagenase, 
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and also inhibits fibroblast-mediated contraction 
of collagen lattices (51,54). Chitosan is known to 
enhance the permeability of hydrophilic molecules 
due to the interaction between chitosan and corneal 
tight junctions (55).

Chitosan based scaffolds for cornea engineering can 
be in different forms such as membranes or gels. Chen 
et al. (51) developed collagen-chitosan composite 
membranes as scaffold for corneal tissue engineering 
applications with good biocompatibility, transparency, 
allowing cell attachment, proliferation and migration. 
Additionally, the prepared scaffold showed desired 
mechanical stability for in vivo applications.

In another study, an implantable collagen-chitosan 
scaffold system in gel form was prepared, which 
was optimally strong, elastic with optical clarity and 
slightly immunogenic engineered system due to the 
hybrid polymer networks prepared by either a simple 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC)/ N-hydroxysuccinimide (NHS) cross-linking 
system or a hybrid cross-linking system comprised 
of poly(ethylene glycol) dibutyraldehyde (PEG-
DBA) and EDC/NHS. Normal branching nerves and 
keratocytes were observed with the hybrid cross-
linking system in the deeper stroma of the corneas 
while EDC/NHS system implants showed abnormal 
vascularization in a twelve-month post-operative 
study with pigs (9).

Liver tissue
Loss of liver function leads to liver failure which 
causes over 25,000 deaths/year in United States 
(56). Despite the advances in medicine, liver 
transplantation is the only treatment for liver failure. 
The requirement of immunosuppressive medications, 
donor organ storage and high cost are the major 
limitations for liver transplantation (57). To overcome 
these problems liver tissue engineering aims to 

Table 2. Corneal tissue engineering studies on chitosan in the last 5 years

Scaffold 
content  / Pore 

Size
Chitosan type

Preparation 
method / 

Form

In vitro testing

In vivo testing RefMechanical 
properties

Cell culture studies on scaffold

Collagen/CS CS (400 kDa) 
Gelation

Gel

Significantly 
enhanced 

mechanical 
strength

Allowed cell attachment, 
migration, proliferation 
of corneal epithelial cells; 
DRG nerve growth, neurite 
extension in the groups with 
higher cross-linkers ratio

Human corneal epithelial cells 
(HCECEs), dorsal root ganglia 
(DRG) from chick embryos

Pig
Sampling: 0,2,6,12 months
No fibrosis or fibrotic capsule 
formation, minor immune 
response the groups with 
lower cross-linkers ratio
Rat 
Sampling : 1,2,4 months
Good transparency, normal 
epithelium regeneration, sub-
epithelial nerve formation

9

Collagen/CS
Pore size: NS

CS (5.0 x 105 
Da -6.0 x 105 
Da, 85-90% 

DD)

Drying by 
heat

Membrane 
transparent 

with 0.5–0.9% 
sodium 

hyaluronate

Relatively 
strong but 

elastic, could 
be placed 

without torn

Allowed cell attachment, 
migration, proliferation, 
confluent monolayer 
formation in 9 days

Rabbit limbal corneal epithelial 
cells, corneal endothelial cells, 
keratocytes

New Zealand male albino 
rabbits Sampling: first week 
daily then weekly up to 5 
months; 
good biocompatibility, good 
absorption in cornea, 

51

Hydroxypropyl 
CS/gelatin/
chondroitin 
sulfate

Hydroxy 
propyl CS 

(3.5x 104 Da, 
75 % DD)

Solvent 
casting-

particulate 
leaching

Membrane

Relatively 
high 

elongation at 
break

Monolayer formation, similar 
cell adhesion and growth, 
significantly lower cytosolic 
enzyme release, more 
cytocompatible 

Rabbit corneal epithelial cells

Wistar Rats
Sampling:15, 30, 60 days
Mild inflammation, no obvious 
angiogenesis, no vascular 
growth, totally degradation on 
day 60

23

CS: chitosan, DD: degree of deacetylation, DRG: dorsal root ganglia, NS: Not specified



Arca, Şenel

218

create an artificial liver tissue for the replacement 
of the liver function in patients. Chitosan is an 
ideal scaffold material for hepatocyte culture due 
to its structure, similar to glycosaminoglycans, the 
components of liver ECM (58,59). Applications of 
chitosan of liver tissue are summarized in Table 3. 
Electrospinning and lyophilization are the frequently 
preferred fabrication methods for chitosan based 
liver tissue engineering investigations.

Since hepatocytes are anchorage-dependent cells 

(63,64) and highly sensitive to the biochemical 
property of the ECM (64), it is extremely important 
to mimic their in vivo environment in vitro for their 
migration, proliferation and differentiation.

Jiankang et al. (58) showed that CS/gelatin scaffolds 
prepared by lyophilization in a poly-dimethylsilicone 
(PDMS) mold have porosity larger than 90%. 
Good biocompatibility, high cell attachment and 
proliferation, significantly high albumin secretion 
and urea synthesis were observed with the developed 

Table 3. Liver tissue engineering studies on chitosan in the last 5 years

Scaffold 
content  / Pore 

Size

Chitosan 
type

Preparation 
method / Form

In vitro testing
In vivo testing RefMechanical 

properties Cell culture studies on scaffold

Galactosylated 
CS, 
Poly(ethylene 
oxide)
Nanofiber 
Diameter: 
160nm

Low MW CS 
(85% DD)

Electrospinning
Nanofiber

Similar 
mechanical 

properties as 
an ECM for 
hepatocytes

Formation of stably immobilized 
3D flat aggregates, superior 
bioactivity with higher levels of 
albumin secretion, urea synthesis 
and cytochrome P-450 enzyme 

Hepatocyte cells

NA 3

CS/gelatin 
Pore size:  
100µm

CS (92% 
DD)

Lyophilization
in a PDMS 

mold

Well 
organized 
structure

Porosity: > 
90%

Good biocompatibility, allowed 
cell attachment formation of large 
colonies in hepatic chambers, 
completely filled in 7 days, 
significantly high albumin secretion 
and urea synthesis

Hepatocyte cells

NA 58

Titania/CS
Pore size:  180 
– 420 µm

CS (Not 
specified)

Lyophilization
Sponge

Significantly 
increased 

compression 
modulus

Porosity: > 
89%

No significant difference in liver 
specific functions, long term 
capability of metabolic activity 
Cell attachment: 81.2%

HL-7702 cells

NA 60

Alginate/
galactosylated 
CS
Pore size:  150 
– 200 µm

CS (10 K) Lyophilization
Sponge

Increased 
tensile 

strength and 
elongation at 

break

Expression of hepatocyte 
aggregation and cell to cell contact, 
1.5 fold decrease in the albumin 
secretion with a GJIC inhibitor 
Enhanced increase in albumin 
secration rates, ammonia 
elimination rates and 
ethoxyresorufin-O-deethylase 
Cell attachment: 72.7%

Hepatocyte cells, Coculture 
(Hepatocyte cells, NIH3T3 cells)

NA 61

Silk fibroin/
chitosan
Pore size:  150 
– 200 µm

Chitosan 
(5.3×104 Da, 

80% DD) 

Lyophilization
Sponge NA

Significantly higher cell viability 
and attachment, spherical shapes, 
ECM secretion
Hepatocyte cells

Rat
Sampling: 
1,7,14,28 days
Acute 
inflammation, 
faster 
degradation

62

CS: chitosan, DD: degree of deacetylation, ECM: extracellular matrix, MW: molecular weight, NA: not appliedq
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scaffolds.

The asialoglycoprotein receptors (ASGP-R) are 
hepatic endocytic recycling receptors, one of the 
best-characterized systems for receptor-mediated 
endocytosis via the clathrin-coated pit pathway 
(65,66). They mediate the endocytosis and degradation 
of a wide variety of desialylated glycoproteins and 
neoglycoproteins with terminal galactose (Gal) or 
N-acetylgalactosamine (Gal- NAc) residues on their 
N-linked carbohydrate chains (67,68) in order to 
remove asialoglycoproteins. Fortunately, the ligand 
of these receptors does not need to be a protein and 
the interaction is not related with the structure or 
the properties of the molecule but only depends on 

the presence of appropriate oligosaccharides (68). 
In virtue of this property, ASGP-R can interact with 
galactosylated chitosan (GC) (69) and since ASGP-Rs 
are specific to hepatocytes, GC is used for hepatocyte-
targeting systems.

The relation between the concentration of galactose 
ligands and hepatocyte interaction has been reported 
in several studies (3,61,70). Hepatocyte aggregates 
cultured on GC films have rough and bumpy surface 
similar to the hepatocyte aggregates formed on 
GC nanofibers but on nanofibers size distribution 
is inhomogeneous (Figure 2) (2). It was reported 
that hepatocytes with high galactose concentration 
formed larger size and larger number of aggregates, 

Figure 2. SEM images of hepatocyte aggregates (C–C’’,D–D’’) after 7-day culture: tightly attached spheroid aggregates  of 
hepatocytes on GC films (C–C’’); and perfectly integrated the flat aggregates with GC nanofibers (D–D’’) were observed. 
(Red circles: hepatocyte aggregates; Yellow arrowheads: hepatocyte pseudopods) (3).
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which implies higher liver specific function than 
those at a low galactose concentration. Furthermore, 
the larger aggregates could maintain higher liver-
specific functions for only a short-term culture 
period. On the other hand, in another study it was 
suggested that the bigger hepatocyte aggregates the 
easier to lose their bioactivity in a long-term culture 
due to the difficulty to provide nutrients to the 
internal part of the aggregates (3,71). If the nutrients 
can not be provided to the internal hepatocytes of 
large aggregates, they will die in a long-term culture 
period. Besides, large aggregates of hepatocytes have 
mechanical stability problems against shear stress 
from culture medium flow (3). Apart from hepatocyte 
aggregate formation, it was also shown that the 
ASGP-R and GC ligand interaction leads to increased 
cell adhesion (61). The study was performed on 
alginate/galactosylated chitosan (AL/GC) and 
alginate/chitosan (AL/CS) thin films. Higher cell 
attachment was observed on AL/GC thin films and 
optimal GC concentration was determined as 1% (w) 
since the galactosylation concentration more than 1 
% (w) did not change albumin secretion significantly.

Nerve tissue
Nerve defects may lead to movement disorders of the 
related muscles, bringing physical and psychological 
problems to the patients. Mature neurons have little 
capacity for replication and if the nervous system 
is impaired, it can hardly heal itself (72). Since 
conventional treatment systems have limitations, 
nerve tissue engineering application is required. The 
reader is referred to the articles, which are extensively 
explained nerve tissue treatment systems and their 
limitations (59,73,74).

It has been shown that chitosan is a potential 
candidate material for nerve tissue engineering 
due to good nerve affinity of the polymer (72), and 
the affinity was shown for different cell types like 
neutral stem cells (75), PC-12 cells (76), neuro-2a 
neuroblastoma cells (77) or N1E-115 cells, derived 
from mouse neuroblastoma C-1300 (7).

Applications of chitosan based scaffolds in nerve 
tissue engineering are summarized in Table 4. 
Wang et al. (75) reported molded chitosan conduit 

Table 4. Nerve Tissue engineering studies on Chitosan in the last 5 years

Scaffold 
content  / Pore 

Size
Chitosan type Preparation 

method / Form

In vitro testing

RefMechanical 
properties Cell culture studies on scaffold

CS/Gelatin, CS 
tube

Pore size: 50-
150 μm

CS (1.8 x 106 Da, 
83.7% DD)

Mantled 
chitosan tube 
with chitosan/
gelatin 
solution 

Sandwich 
tabular

Durable 
pressure:4300-3700 
mmHg, native 
vessel durable 
pressure:2830 
mmHg significantly 
higher suture-
retention strength
Porosity: 81.2 %

Improved cell attachment, 
proliferation, increased 
cytocompatibility 

Vascular smooth muscle cells

8

PU, CS coating CS (Not 
specified)

Drying by 
heat then 
immersing in 
CS solution 

Membrane

-

Greatly improved cell attachment 
and proliferation, acceleration of 
endothelium regeneration 

HUVECs

83

Poly(ε-
caprolactone), 

CS coating
Pore size: >40 

μm

CS (30 kDa, 65% 
DD)

Particle 
leaching then 
lyophilization

Sponge

-

Significantly improved cell 
attachment and proliferation

Fibroblasts

84

CS: chitosan, DD: degree of deacetylation, HUVECs: human umbilical vein endothelial cells, PU: polyurethane, 
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formulation which was applicable for spinal cord 
injuries or short peripheral nerve defects, and 
braided CS conduit formulation was be applicable 
for peripheral nerve regeneration.

Lyophilized chitooligosaccharide has been shown to 
support cell attachment and proliferation, promote 
PC-12 cells differentiation to a neuron-like morphology 
and neurite outgrowth (78). Similarly, with freeze 
dried chitosan g-glycidoxypropyltrimethoxysilane 
system, a significant improvement of posttraumatic 
axagonal regrowth and functional recovery was 
observed with N1E-115 cells (7).

Feasibility of chitosan tubes for nerve tissue 
engineering was investigated on two different 
formulations prepared by braiding of chitosan 
yams with a textile technique and freeze drying of 
molded chitosan tubes (75). Mechanical analysis 
results showed that the suture retention strength 
of the braided conduit (2.18 ± 0.41 N) was higher 
than that of fresh nerves and also molded conduits 
(2.18 ± 0.41) as shown in Figure 3. Both of these 
scaffolds were shown to have no cytotoxic effect on 
fibroblasts (L929 cells) or neuroblastoma (Neuro-
2a) cells. In another study, 1 - 3% (w/v) chitosan 
solution was injected into the molded chitosan tube 
before closing the two ends of the tube and covering 
it with a thermal insulator, followed by freeze drying. 
Increased mechanical stability and neuroblastoma 
cell affinity was observed (77).

Apart from sponges and tubes, membranes can also 
be applicable for nerve tissue engineering. It has been 
reported that chitosan coated with polylysine (CAP), 
and a chitosan-polylysine mixture (CPL) membranes 
promoted nerve cells (gliosarcoma cells and normal 
cerebral cells) to grow and function normally (72).

Blood vessel tissue
Vascular transplantation is a frequently used method 
for the treatment of vascular diseases. Limited donor 
sites and the immune response to allograft and 
xenograft are limitations of vascular transplantations 
and blood vessel engineering is regarded as a solution 
to this problem despite the fact that their degradation 
products elicit inflammation and immune response, 
and these units have relatively fast degradation rate 
(81).

Frequently used biomaterials for blood vessel 
scaffolds are polyethylene terephthalate (PET) and 
expanded polytetrafluoroethelene (ePTFE). However 
these materials perform well only at diameters > 6 mm 
and these artificial materials are lack of the ability to 
grow, repair, or remodel. Moreover there is no suitable 
biomaterial for smaller diameters < 4 mm (82).

Due to the limitations of PET and ePTFET, new 
approaches are necessary to overcome the problems 
of long term treatments. Therefore chitosan has been 
investigated for blood vessel tissue engineering 
which is summarized in Table 5.

Due to the stress that the structure challenges in 
vivo, the mechanical properties of blood vessel 
tissue scaffolds are very important (83). Zhang et 
al (8) achieved the construction of chitosan-gelatin 
artificial blood vessel with 50-150 μm pore size as a 
sandwich tabular structure. It was reported that the 
artificial structure had higher durable pressure than 
the natural tissue.

In another study, to provide the desired mechanical 
properties, polyurethane (PU) scaffold was prepared 
and surface modification was occurred with chitosan 
in order to increase cell material interaction (83). It 
was shown that on the modified scaffold a monolayer 
of endothelial intima was formed.

Figure 3. Load-strain relationship during compressive 
loading (**p<0.01, n=6 in each group) (75).
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Glycosaminoglycans(GAGs)-chitosan membranes 
were also studied, however these scaffolds were 
found to inhibit spreading and proliferation of 
vascular endothelial and smooth muscle cells 
Heparin-chitosan scaffolds were also investigated 
in vivo and it was concluded that stimulated 
cell proliferation and highly vascularized dense 
granulation tissue was surveyed (84).

Chitosan was also used for surface modification of 
poly(ε-caprolactone) scaffold and in vitro studies 
with fibroblast significantly improved cell attachment 
and proliferation (85).

CONCLUSION
Tissue engineering is a multidisciplinary field aiming 
to replace damaged or defective tissues and organs, 
and hereby improve the life quality of millions of 
patients who can not be treated by conventional 
treatments. Chitosan seems to be a potential scaffold 
material for the soft tissues such as skin, adipose, 
cornea, liver, nerve and blood vessel. It is possible 
to prepare scaffolds in various forms which is 
biocompatible, non-toxic, mechanically stable, using 
different types of chitosan with different molecular 

weight and deacetylation degree. Combination 
with other polymers is also possible to enhance the 
properties of the systems. it is obvious that chitosan 
is a promising candidate as a supporting material 
for soft tissue engineering applications owing to 
its porous structure, gel forming properties, ease of 
chemical modification, and high affinity to in vivo 
macromolecules.

REFERENCES
1.	 Langer R, Vacanti JP. Tissue engineering. Science 

260: 920-926, 1993.
2.	 Arca HC, Senel S. Chitosan based systems for 

tissue engineering Part 1: Hard tissues. Fabad J 
Pharm Sci 33: 2008.

3.	 Feng ZQ, Chu X, Huang NP, Wang T, Wang Y, 
Shi X, Ding Y, Gu ZZ. The effect of nanofibrous 
galactosylated chitosan scaffolds on the formation 
of rat primary hepatocyte aggregates and the 
maintenance of liver function. Biomaterials 30: 
2753-2763, 2009.

4.	 Mondrinos MJ, Koutzaki SH, Poblete HM, Crisanti 
MC, Lelkes PI, Finck CM. In vivo pulmonary 

Table 5. Blood vessel tissue engineering studies on chitosan in the last 5 years

Scaffold 
content  / Pore 

Size
Chitosan type Preparation 

method / Form

In vitro testing

RefMechanical 
properties Cell culture studies on scaffold

CS/Gelatin, CS 
tube
Pore size: 50-150 
μm

CS (1.8 x 106 Da, 
83.7% DD)

Mantled 
chitosan tube 
with chitosan/
gelatin solution 

Sandwich 
tabular

Durable 
pressure:4300-3700 
mmHg, native vessel 
durable pressure:2830 
mmHg significantly 
higher suture-
retention strength
Porosity: 81.2 %

Improved cell attachment, proliferation, 
increased cytocompatibility 

Vascular smooth muscle cells

8

PU, CS coating CS (Not specified)

Drying by heat 
then immersing 
in CS solution 

Membrane

-

Greatly improved cell attachment and 
proliferation, acceleration of endothelium 
regeneration 

HUVECs

83

Poly(ε-
caprolactone), CS 
coating
Pore size: >40 μm

CS (30 kDa, 65% 
DD)

Particle 
leaching then 
lyophilization

Sponge

-

Significantly improved cell attachment 
and proliferation

Fibroblasts

84

CS: chitosan, DD: degree of deacetylation, HUVECs: human umbilical vein endothelial cells, PU: polyurethane, 



FABAD J. Pharm. Sci., 33, 211-216s, 2008

223

tissue engineering: contribution of donor-derived 
endothelial cells to construct vascularization. 
Tissue Eng Part A 14: 361-368, 2008.

5.	 Beier JP, Klumpp D, Rudisile M, Dersch 
R, Wendorff JH, Bleiziffer O, Arkudas A, 
Polykandriotis E, Horch RE, Kneser U. Collagen 
matrices from sponge to nano: new perspectives 
for tissue engineering of skeletal muscle. BMC 
Biotechnol 9: 34, 2009.

6.	 Adekogbe I, Ghanem A. Fabrication and 
characterization of DTBP-crosslinked chitosan 
scaffolds for skin tissue engineering. Biomaterials 
26: 7241-7250, 2005.

7.	 Amado S, Simões MJ, Armada da Silva PAS, Luís 
AL, Shirosaki Y, Lopes MA, Santos JD, Fregnan F, 
Gambarotta G, Raimondo S, Fornaro M, Veloso 
AP, Varejão ASP, Maurício AC, Geuna S. Use of 
hybrid chitosan membranes and N1E-115 cells for 
promoting nerve regeneration in an axonotmesis 
rat model. Biomaterials 29: 4409-4419, 2008.

8.	 Zhang L, Ao Q, Wang A, Lu G, Kong L, Gong Y, 
Zhao N, Zhang X. A sandwich tubular scaffold 
derived from chitosan for blood vessel tissue 
engineering. J Biomed Mater Res A 77: 277-284, 
2006.

9.	 Rafat M, Li F, Fagerholm P, Lagali NS, Watsky 
MA, Munger R, Matsuura T, Griffith M. PEG-
stabilized carbodiimide crosslinked collagen-
chitosan hydrogels for corneal tissue engineering. 
Biomaterials 29: 3960-3972, 2008.

10.	 De Flippo RE, Bishop CE, Filho LF, Yoo JJ, 
Atala A. Tissue engineering a complete vaginal 
replacement from a small biopsy of autologous 
tissue. Transplantation 86: 208-214, 2008.

11.	 Schleicher M, Wendel HP, Fritze O, Stock UA. In 
vivo tissue engineering of heart valves: evolution 
of a novel concept. Regen Med 4: 613-619, 2009.

12.	 Yamashita M, Kanemaru S, Hirano S, Magrufov 
A, Tamaki H, Tamura Y, Kishimoto M, Omori K, 
Nakamura T, Ito J. Tracheal regeneration after 
partial resection: a tissue engineering approach. 
Laryngoscope 117: 497-502, 2007.

13.	 Wu X, Black L, Santacana-Laffitte G, Patrick CW 
Jr. Preparation and assessment of glutaraldehyde-
crosslinked collagen-chitosan hydrogels for 
adipose tissue engineering. J Biomed Mater Res A 
81: 59-65, 2007.

14.	 Muzzarelli RAA. Chitins and chitosans for the 
repair of wounded skin, nerve, cartilage and 
bone. Carbohydrate Polymers 76: 167-182, 2009.

15.	 Jayakumar R, Prabaharan M, Nair SV, Tamura 
H. Novel chitin and chitosan nanofibers in 
biomedical applications. Biotechnol Adv 28: 142-
150, 2010.

16.	 Arca HÇ, Günbeyaz M, Şenel S. Chitosan based 
systems for the delivery of vaccine antigens. 
Expert Rev Vaccines 8: 937-953, 2009.

17.	 Zhang Z, Wang S, Tian X, Zhao Z, Zhang J, Lv D. 
A new effective scaffold to facilitate peripheral 
nerve regeneration: Chitosan tube coated with 
maggot homogenate product. Medical Hypotheses 
74: 12-14, 2010.

18.	 Şenel S, McClure SJ. Potential applications of 
chitosan in veterinary medicine. Adv Drug Deliv 
Rev 56: 1467-1480, 2004.

19.	 Ueno H, Nakamura F, Murakami M, Okumura 
M, Kadosawa T, Fujinaga T. Evaluation effects of 
chitosan for the extracellular matrix production 
by fibroblasts and the growth factors production 
by macrophages. Biomaterials 22: 2125-2130, 
2001.

20.	 Ishikawa N, Suzuki Y, Otha M, Cho H, Suzuki 
S, Dezawa, Ide C. Peripheral nerve regeneration 
through the space formed by a chitosan gel 
sponge. J Biomed Mater Res A 83: 33-40, 2007.

21.	 Nagahama H, Maeda H, Kashiki T, Jayakumar 
R, Furuike T, Tamura H. Preparation and 
characterization of novel chitosan/gelatin 
membranes using chitosan hydrogel. 
Carbohydrate Polymers 76: 255-260, 2009.

22.	 Wang A, Ao Q, Cao W, Zhao C, Gong Y, Zhao N, 
Zhang X. Fiber-based chitosan tubular scaffolds 
for soft tissue engineering: fabrication and in vitro 
evaluation. Tsinghua Sci Technol 10: 449-453, 2005.

23.	 Gao X, Liu W, Han B, Wei X, Yang C. Preparation 
and properties of a chitosan-based carrier of 
corneal endothelial cells. J Mater Sci Mater Med 
19: 3611-3619, 2008.

24.	 Alves da Silva ML, Crawford A, Mundy JM, 
Correlo VM, Sol P, Bhattacharya M, Hatton 
PV, Reis RL, Neves NM. Chitosan/polyester-
based scaffolds for cartilage tissue engineering: 
Assessment of extracellular matrix formation. 
Acta Biomaterialia 6: 1149-1157, 2010.



Arca, Şenel

224

25.	 Zhang Y, He H, Gao W, Lu S, Liu Y, Gu H. Rapid 
adhesion and proliferation of keratinocytes on 
the gold colloid/chitosan film scaffold. Mater Sci 
Eng C 29: 908-912, 2009.

26.	 Ding C, Zhou Y, He Y, Tan W. Perfusion seeding 
of collagen–chitosan sponges for dermal tissue 
engineering. Process Biochemistry 43: 287-296, 
2008.

27.	 Bello YM, Falabella AF, Eaglstein WH. Tissue-
engineered skin: current status in wound healing. 
Am J Clin Dermatol 2: 305-313, 2001.

28.	 Kirsner RS, Falanga V, Eaglstein WH. The 
development of bioengineered skin. Trends 
Biotechnol 16: 246-249, 1998.

29.	 Devlin JJ, Kircher S, Kozen BG, Littlejohn LF, 
Johnson AS. Comparison of ChitoFlex®, Celox®, 
and QuikClot® in Control of Hemorrhage. J 
Emerg Med 2009.

30.	 Niekraszewicz A. Chitosan medical dressings. 
Fibres Textiles Eastern Europe 13: 16-18, 2005.

31.	 Kumar MNV, Muzzarelli RAA, Muzzarelli C, 
Sashiwa H, Domb AJ. Chitosan Chemistry and 
Pharmaceutical Perspectives. Chem Rev 104: 
6017-6084 2004.

32.	 Agrawal P, Strijkers GJ, Nicolay K. Chitosan-
based systems for molecular imaging. Adv Drug 
Deliv Rev 62: 42-58, 2010.

33.	 Englehart MS, Cho SD, Tieu BH, Morris MS, 
Underwood SJ, Karahan A, Muller PJ, Differding 
JA, Farrell DH, Schreiber MA. A novel highly 
porous silica and chitosan-based hemostatic 
dressing is superior to HemCon and gauze 
sponges. J Trauma 65: 884-892, 2008.

34.	 Millner RWJ, Lockhart AS, Bird H, Alexiou 
C. A New Hemostatic Agent: Initial Life-
Saving Experience With Celox (Chitosan) 
in Cardiothoracic Surgery. Ann Thorac Surg 
87:e13-e14, 2009.

35.	 Mansur HS, Costa Jr E de S, Mansur AAP, 
Barbarosa-Stancioli EF. Cytocompatibility 
evaluation in cell-culture systems of chemically 
crosslinked chitosan/PVA hydrogels. Mater Sci 
Eng C 29: 1574-1583, 2009.

36.	 Ma L, Gao C, Mao Z, Zhou J, Shen J, Hu X, Han 
C. Collagen/chitosan porous scaffolds with 
improved biostability for skin tissue engineering. 
Biomaterials 24: 4833-4841, 2003.

37.	 Lin H, Chen K, Chen S, Lee C, Chiou S, Chang 
T, Wu T. Attachment of stem cells on porous 
chitosan scaffold crosslinked by Na5P3O10. Mater 
Sci Eng C 27: 280-284, 2007.

38.	 Liu H, Yin Y, Yao K. Construction of chitosan-
gelatin-hyaluronic acid artificial skin in vitro. J 
Biomater Appl 21: 413-430, 2007.

39.	 Liu H, Fan H, Cui Y, Chen Y, Yao K, Goh 
JCH. Effects of the controlled-released basic 
fibroblast growth factor from chitosan-gelatin 
microspheres on human fibroblasts cultured on 
a chitosan-gelatin scaffold. Biomacromolecules 8: 
1446-1455, 2007.

40.	 Ma L, Shi Y, Chen Y, Zhao H, Gao C, Han C. 
In vitro and in vivo biological performance of 
collagen-chitosan/silicone membrane bilayer 
dermal equivalent. J Mater Sci: Mater Med 18: 
2185-2191, 2007.

41.	 Duan B, Yuan X, Zhu Y, Zhang Y, Li X, Zhang Y, Yao 
K. A nanofibrous composite membrane of PLGA–
chitosan/PVA prepared by electrospinning. Euro 
Polym Jnl 42: 2013-2022, 2006.

42.	 Neamnark A, Sanchavanakit N, Pavasant 
P, Rujiravanit R, Supaphol P. In vitro 
biocompatibility of electrospun hexanoyl 
chitosan fibrous scaffolds towards human 
keratinocytes and fibroblasts. Euro Polym Jnl 44: 
2060-2067, 2008.

43.	 Morgan SM, Ainsworth BJ, Kanczler JM, Babister 
JC, Chaudhuri JB, Oreffo RO. Formation of a 
human-derived fat tissue layer in P(DL)LGA 
hollow fibre scaffolds for adipocyte tissue 
engineering. Biomaterials 30: 1910-1917, 2009.

44.	 Zhu Y, Liu T, Song K, Jiang B, Ma X, Cui Z. 
Collagen-chitosan polymer as a scaffold for the 
proliferation of human adipose tissue-derived 
stem cells. J Mater Sci Mater Med 20: 799-808, 2009.

45.	 Zhang L, Gao Y, Kong L, Gong Y, Zhao N, Zhang 
X. Compatibility of chitosan-gelatin films with 
adipose tissue derived stromal cells. Tsinghua Sci 
Tech 7: 421-426, 2006.

46.	 Boucarda N, Vitona C, Agayb D, Maric E, Rogerc 
T, Chancerelleb Y, Domard A. The use of physical 
hydrogels of chitosan for skin regeneration 
following third-degree burns. Biomaterials 28: 
3478-3488, 2007.



FABAD J. Pharm. Sci., 33, 211-216s, 2008

225

47.	 Patrick Jr CW. Tissue-engineering strategies for 
adipose tissue repair. Anat Rec 263: 361-366, 2001.

48.	 Gomillion CT, Burg KJL. Stem cells and adipose 
tissue engineering. Biomaterials 27: 6052-6063, 
2006.

49.	 McColgan K. Corneal transplant surgery. J 
Perioper Pract 19: 51-54, 2009.

50.	 Garg P, Krishna PV, Stratis AK, Gopinathan U. 
The value of corneal transplantation in reducing 
blindness. Eye 19: 1106-1114, 2005.

51.	 Chen J, Li Q, Xu J, Y Huang, Ding Y, Deng H, 
Zhao S, Chen R. Study on biocompatibility 
of complexes of collagen-chitosan-sodium 
hyaluronate and cornea. Artif Organs 29: 104-113, 
2005.

52.	 Denuziere A, Ferrier D, Damour O, Domard 
A. Chitosanchondroitin sulfate and chitosan-
hyaluronate polyelectrolyte complexes: 
biological properties. Biomaterials 19: 1275-1285, 
1998.

53.	 Iester M, Orsoni GJ, Gamba G, Taffara 
M, Mangiafico P, Giuffrida S, Rolando M. 
Improvement of the ocular surface using 
hypotonic 0.4% hyaluronic acid drops in 
keratoconjunctivitis sicca. Eye 14: 892-898, 2000.

54.	 Howling GI, Dettmar PW, Goddard PA. The 
effect of chitin and chitosan on fibroblast-
populated collagen lattice contraction. Biotechnol 
Appl Biochem 36: 247-253, 2002.

55.	 Majumdar S, Hippalgaonkar K, Repka MA. 
Effect of chitosan, benzalkonium chloride and 
ethylenediaminetetraacetic acid on permeation 
of acyclovir across isolated rabbit cornea. Int J 
Pharm 348: 175-178, 2008.

56.	 Nahmias Y, Berthiaume F, Yarmush ML. 
Integration of technologies for hepatic tissue 
engineering. Adv Biochem Eng Biotechnol 103: 309-
329, 2007.

57.	 Fiegel HC, Kaufmann PM, Bruns H, Kluth 
D, Horch RE, Vacanti JP, Kneser U. Hepatic 
tissue engineering: from transplantation to 
customized cell-based liver directed therapies 
from the laboratory. J Cell Mol Med 12: 56-66, 
2007.

58.	 Jiankang H, Dichen L, Yaxiong L, Bo Y, Hanxiang 
Z, Qin L, Bingheng L, Yi L. Preparation of chitosan-
gelatin hybrid scaffolds with well-organized 

microstructures for hepatic tissue engineering. 
Acta Biomater 5: 453-461, 2009.

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

60.	 Zhao L, Chang J, Zhai W. Preparation and 
HL-7702 cell functionality of titania/chitosan 
composite scaffolds. J Mater Sci Mater Med 20: 
949-957, 2009.

61.	 Seo SJ, Kim IY, Choi YJ, Akaike T, Cho CS. 
Enhanced liver functions of hepatocytes 
cocultured with NIH 3T3 in the alginate/
galactosylated chitosan scaffold. Biomaterials 27: 
1487-1495, 2006.

62.	 She Z, Liu W, Feng Q. Self-assembly model, 
hepatocytes attachment and inflammatory 
response for silk fibroin/chitosan scaffolds. 
Biomed Mater 4: 45014, 2009.

63.	 Zhu JH, Wang XW, Ng S, Quek CH, Ho HT, Lao 
XJ, Yu H. Encapsulating live cells with water-
soluble chitosan in physiological conditions. J 
Biotechnol 117: 355-365, 2005.

64.	 Cho CS, Seo SJ, Park IK, Kim SH, Kim TH, 
Hoshiba T, Harada I, Akaike T. Galactose-carrying 
polymers as extracellular matrices for liver tissue 
engineering. Biomaterials 27: 576-585, 2006.

65.	 Vliet van SJ, Saeland E, Kooyk van Y. Sweet 
preferences of MGL: carbohydrate specificity 
and function. Trends Immunol 29: 83-90, 2008.

66.	 Pathak A, Vyas SP, Gupta KC. Nano-vectors 
for efficient liver specific gene transfer. Int J 
Nanomedicine 3: 31-49, 2008.

67.	 Lee SML, Casey CA, McVicker BL. Impact of 
asialoglycoprotein receptor deficiency on the 
development of liver injury. World J Gastroenterol 
15: 1194-1200, 2009.

68.	 Weigel PH, Yik JHN. Glycans as endocytosis 
signals: the cases of the asialoglycoprotein 
and hyaluronan/chondroitin sulfate receptors. 
Biochim Biophys Acta 1572: 341-363, 2002.

69.	 Yin C, Ying L, Zhang PC, Zhuo RX, Kang ET, 
Leong KW, Mao HQ. High density of immobilized 
galactose ligand enhances hepatocyte attachment 
and function. J Biomed Mater Res A 67: 1093-1104, 
2003.



Arca, Şenel

226

70.	 Ying L, Yin C, Zhuo RX, Leong KW, Mao 
HQ, Kang ET, Neoh KG. Immobilization 
of galactose ligands on acrylic acid graft 
copolymerized poly(ethylene terephthalate) 
film and its application to hepatocyte culture. 
Biomacromolecules 4: 157-165, 2003.

71.	 Yanan D, Ser-mien C, Rongbin H, Chang S, Tang 
HH, Yua H. 3D hepatocyte monolayer on hybrid 
RGD/galactose substratum. Biomaterials 27: 
5669-5680, 2006.

72.	 Haipeng G, Yinghui Z, Jianchun L, Yandao G, 
Nanming Z, Xiufang Z. Studies on nerve cell 
affinity of chitosan-derived materials. J Biomed 
Mater Res 52: 285-295, 2000.

73.	 Guo BF, Dong MM. Application of neural 
stem cells in tissue-engineered artificial nerve. 
Otolaryngol Head Neck Surg 140: 159-164, 2009.

74.	 Wang J, Ding F, Gu Y, Liu J, Gu X. Bone 
marrow mesenchymal stem cells promote cell 
proliferation and neurotrophic function of 
Schwann cells in vitro and in vivo. Brain Res 
1262: 7-15, 2009.

75.	 Wang A, Ao Q, He Q, Gong X, Gong K, Gong Y, 
Zhao N, Zhang X. Neural stem cell affinity of 
chitosan and feasibility of chitosan- based porous 
conduits as scaffolds for nerve tissue engineering. 
Tsinghua Sci Technol 11: 415-420, 2006.

76.	 Pfister LA, Alther E, Papaloizos M, Merkle HP, 
Gander B. Controlled nerve growth factor release 
from multi-ply alginate/chitosan-based nerve 
conduits. Eur J Pharm Biopharm 69: 563-572, 2008.

77.	 Qiang AO, Wang A, Cao W, Zhao C, Gong Y , Zhao 
N, Zhang X. Fabrication and Characterization 
of Chitosan Nerve Conduits with Microtubular 
Architectures. Tsinghua Sci Technol 10: 435-438, 
2005.

78.	 Yang Y, Liu M, Gu Y, Lin S, Ding F, Gu X. Effect of 
chitooligosaccharide on neuronal differentiation 
of PC-12 cells. Cell Biol Int 33: 352-356, 2009.

79.	 Wang W, Itoh S, Matsuda A, Ichinose S, Shinomiya 
K, Hata Y, Tanaka J. Influences of mechanical 
properties and permeability on chitosan nano/
microfiber mesh tubes as a scaffold for nerve 
regeneration. J Biomed Mater Res A 84: 557-566, 
2008.

80.	 Yu LMY, Kazazian K, Shoichet MS. Peptide 
surface modification of methacrylamide chitosan 
for neural tissue engineering applications. J 
Biomed Mater Res A 82: 243-55, 2007.

81.	 Zhu C, Fan D, Duan Z, Xue W, Shang L, Chen F, 
Luo Y. Initial investigation of novel human-like 
collagen/chitosan scaffold for vascular tissue 
engineering. J Biomed Mater Res A 89: 829-840, 
2009.

82.	 Xue L, Greisler HP. Biomaterials in the 
development and future of vascular grafts. Vasc 
Surg 37: 472-480, 2003.

83.	 Zhu Y, Gao C, He T, Shen J. Endothelium 
regeneration on luminal surface of polyurethane 
vascular scaffold modified with diamine and 
covalently grafted with gelatin. Biomaterials 25: 
423-430, 2004.

84.	 Divya P, Krishnan LK. Glycosaminoglycans 
restrained in a fibrin matrix improve ECM 
remodelling by endothelial cells grown for 
vascular tissue engineering.  J Tissue Eng Regen 
Med 3: 377-388, 2009.

85.	 Mei N, Chen G, Zhou P, Chen X, Shao ZZ, Pan LF, 
Wu CG. Biocompatibility of Poly(ε-caprolactone) 
scaffold modified by chitosan-the fibroblasts 
proliferation in vitro. J Biomater Appl 19: 323-339, 
2005.


