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Electrospinning of collagen and chitosan blend solutions in a 1,1,1,3,3,3-hexafluoroisopropanol/trifluoro-
acetic acid (v/v, 90/10) mixture was investigated for the fabrication of a biocompatible and biomimetic
nanostructure scaffold in tissue engineering. The morphology of the electrospun collagen-chitosan
nanofibers was observed by scanning electron microscopy (SEM) and stabilized by glutaraldehyde
(GTA) vapor via crosslinking. Fourier transform infrared spectra analysis showed that the collagen-chito-
san nanofibers do not change significantly, except for enhanced stability after crosslinking by GTA vapor.
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Ié%";"gis" X-ray diffraction analysis implied that both collagen and chitosan molecular chains could not be crystal-
Chitogsan lized in the course of electrospinning and crosslinking, and gave an amorphous structure in the nanofi-
Electrospinning bers. Thg therma} beha\_/ior and _mechaniAcal properties gf elect_rospun coll_agen—chitosan ﬁber_s were
Biomimetic also studied by differential scanning calorimetry and tensile testing, respectively. To assay the biocom-

patibility of electrospun fibers, cellular behavior on the nanofibrous scaffolds was also investigated by
SEM and methylthiazol tetrazolium testing. The results show that both endothelial cells and smooth
muscle cells proliferate well on or within the nanofiber. The results indicate that a collagen—chitosan
nanofiber matrix may be a better candidate for tissue engineering in biomedical applications such as

Biocompatibility

scaffolds.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering is a recently developed, exciting approach
which aims to overcome the limitations of organ transplantation
by providing man-made tissues and organs to patients desperately
in need of them [1-3]. Its typical method is to incorporate patients’
own isolated living cells into three-dimensional polymer scaffolds
and to create conditions for cells to proliferate in vitro, then trans-
plant them back to the patient by surgical implantation or in a min-
imally invasive manner to develop into the desired tissues or organs.
The polymer scaffold controls the tissue structure by holding the
cells together in a particular three-dimensional structure and by
regulating their function as a group. The polymer scaffold also allows
the diffusion of nutrients, metabolites and soluble factors, acting as a
surrogate for the extracellular matrices (ECM) of tissues in the body
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until cells produce an adequate ECM of their own [4]. Such a scaffold,
therefore, needs to be developed for in vitro tissue reconstruction as
well as for cell-mediated tissue regeneration in vivo.

The challenge of tissue engineering is to create an excellent
scaffold. Until now, most of the effort has been focused on develop-
ing these polymer scaffolds using biodegradable and biocompati-
ble polymers. An ideal tissue engineering scaffold as a surrogate
of the native ECM should mimic the native ECM from both the
components and the structure. The native ECM is a molecular com-
plex made up of proteins (especially collagen) and polysaccharides,
and comprises three-dimensional hierarchical fibrous structures of
nanometer-scale dimensions [5]. Therefore, the scaffold for tissue
engineering can be developed by fabricating protein-polysaccha-
ride complex nanofibers.

In native ECM, collagen, as the principal structural elements of
the native ECM, exists in a three-dimensional network structure
composed of multifibrils on a nanofiber scale. Owing to a wealth
of merits such as its biological origin, non-immunogenicity, excel-
lent biocompatibility and biodegradability, collagen has been
widely used as biomaterials in the pharmaceutical and medical
fields as a carrier for drug delivery [6], dressings for wound healing
[7] and tissue engineering scaffold [8]. Chitosan is only a basic nat-
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ural polysaccharide derived from chitin, which is the second natural
resource inferior only to the cellulose. Because of its abundant pro-
duction in nature, excellent biocompatibility, appropriate biode-
gradability, excellent physicochemical properties and commercial
availability at relatively low cost, it has also been widely used as
biomaterial in the pharmaceutical and medical fields [9,10].

Chitosan can also form a complex with collagen [11,12], which
can cause complementary performance and synergy. Most
importantly, chitosan has an analogous structure with glycosami-
noglycan, which is the main components of natural ECM. Colla-
gen-chitosan complex is expected to mimic the components of
native ECM in designing tissue engineering scaffolds. For many
years, the collagen and chitosan blends have also been widely used
as biomaterial in pharmaceutical and medical fields [13,14]. They
were fabricated into fibers and porous scaffolds on a macroscopic
scale by solvent casting [15], wet/dry spinning [16] and freeze
drying [17]. However, the native ECM is in the nano-scale fibrous
network structure [18]. Recently, it has been found that nanofi-
brous scaffolds can improve the regeneration of tissues in vitro,
including bone, cartilage, cardiovascular tissue, nerve and bladder,
and minimize scars in regenerated tissues, as human cells can
attach and organize well around fibers with diameters smaller than
those of the cells [19].

At present, the electrospinning technique has been used as an
efficient processing method for manufacturing nanofiber struc-
tures for a number of applications [20-22]. A non-woven matrix
composed of nanofibers is easily produced via electrospinning,
and is architecturally similar to the nanofibrous structure of
ECM. Electrospinning of collagen-chitosan complex and their
intermolecular interaction have been reported previously [23-
25]. But the electrospun collagen-chitosan fiber mesh is not fit
for biomimetic extracellular matrix, owing to its sensitivity to
water.

In this study, in order to improve the water-resistant property
of fibers, electrospun collagen-chitosan complex nanofibers with
different chitosan content are crosslinked by glutaraldehyde vapor
to mimic the native ECM from both the components and the nano-
fibrous structure to develop novel biocompatible and biomimetic
tissue-engineering scaffolds. The characterization of the biomi-
metic scaffolds and the cellular activities of endothelial cells (EC)
and smooth muscle cells (SMC) on collagen-chitosan bicomponent
nanofibrous scaffolds are investigated.

2. Materials and methods
2.1. Materials

Collagen I (mol. wt., 0.8-1 x 10° Da) was purchased from Sich-
uan Ming-rang Bio-Tech Co. Ltd. (China) and chitosan (85%, deacet-
ylated, My, = 10%) was purchased from Ji-nan Hai-de-bei Marine
Bioengineering Co. Ltd. (China). Two types of solvents, 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) from Fluorochem Ltd. (UK) and tri-
fluoroacetic acid (TFA) from Sinopharm Chemical Reagent Co.,
Ltd. (China) were used to dissolve the collagen, chitosan and their
blends. A crosslinking agent of aqueous glutaraldehyde (GTA) solu-
tion (25%) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). The porcine iliac artery EC and the myocardial artery
SMC of mouse were obtained from Shanghai institutes for biologi-
cal sciences. All culture media and reagents were purchased from
Genom Biomedical Technology Inc. (China).

2.2. Electrospinning of collagen and chitosan blend solution

A series of collagen/HFP and chitosan/HFP/TFA solutions were
prepared by dissolving collagen and chitosan in HFP and HFP/TFA

mixture, respectively. After the collagen and chitosan were dis-
solved, the collagen/HFP and chitosan/HFP/TFA solutions were
mixed to prepare a series of collagen and chitosan blend solutions
(collagen/chitosan = 100/0, 80/20, 50/50, 20/80, 0/100, w/w) at con-
centrations of 8% (g ml~!) in HFP/TFA mixture (v/v, 90/10). In the
electrospinning process, polymer solution was placed into a 5-ml
syringe with a needle of inner diameter 0.495 mm. A clamp con-
nected a high voltage power supplier (JDF-1, China) to the needle,
and a piece of aluminum foil was placed at ~130 mm directly below
the needle to act as a grounded collector. The solution formed jets at
the tip of the needle, and the jets formed the nanofibers on the
grounded collector by the combined force of gravity and electro-
static. The applied voltage and feed rate of the solution were fixed
at 16 kV and 0.8 ml h™, respectively. Cover slips with a diameter
of 14 mm were also put on the aluminum foil target to collect nanof-
ibers for the biocompatibility investigation. As-spun nanofibers
were dried and preserved in a vacuum oven at room temperature.

2.3. GTA vapor crosslinking of nanofibers

The crosslinking process was carried out by placing the colla-
gen-chitosan nanofibrous membrane in a sealed desiccator con-
taining 10 ml of 25% glutaraldehyde aqueous solution in a Petri
dish. The membranes were placed on a holed ceramic shelf in
the desiccator and were crosslinked in an atmosphere of water
and glutaraldehyde vapor at room temperature for 2 days. After
crosslinking, the samples were exposed in the vacuum oven at nor-
mal room temperature.

2.4. Nanofiber characterization

The morphology of electrospun collagen-chtosan complex
fibers was observed by scanning electron microscopy (SEM)
(JSM-5600LV, JEOL, Japan) at an accelerated voltage of 10 or
15 kV. Prior to SEM, the samples were sputter coated with gold.
Based on the SEM micrographs, the average diameter and diameter
distribution were determined by choosing 100 fibers at random
from 1000x magnification SEM images and analyzing them using
image analysis software Adobe Photoshop 7.0, developed by Adobe
Systems Inc.

Fourier transform infrared spectroscopy (FTIR) studies were
carried out on compressed films containing KBr pellets and sam-
ples using a FTIR spectrophotometer (Avatar380, USA). All spectra
were recorded in absorption mode at 2 cm ! intervals and in the
wavelength range 3800-600 cm™'.

The thermal behavior of collagen-chitosan nanofibers was char-
acterized by differential scanning calorimetry (DSC; DSC-822, Met-
tler-Toledo, Switzerland) in the temperature range 20-250 °C at a
heating rate of 10 °C min~ .

The crystalline structure of the samples was analyzed by X-ray
diffraction (XRD) on a wide-angle analyzer (D/max-2500PC, Riga-
ku) with a Cu K, source.

The tensile testing of samples (30 x 10 mm?) was performed
using a universal materials tester (H5 K-S, Hounsfield, UK) with a
50 N load cell at ambient temperature 20 °C and humidity 65%. A
cross-head speed of 10 mm min~! was used for all the specimens
tested.

2.5. Cell growth and morphology on nanofiber

The nanofibers on cover slips were sterilized with 75% ethanol
for 4 h before they were soaked and rinsed five times in phosphate
buffer solution (PBS). Thereafter, the nanofibers were soaked in
culture medium for 30 min prior to cell seeding in order to facili-
tate protein adsorption and cell attachment onto the nanofiber
surface.
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EC and SMC at their third to fourth passages were seeded sepa-
rately on the nanofibrous membrane, which was held on the bot-
tom of a 24-well tissue culture plate. The seeding density was
4 x 103 cells cm™2 and 3 x 10* cells cm~2, respectively, in culture
medium (DMEM) containing 10% fetal bovine serum and 0.5% pen-
icillin/streptomycin. After a seeding time of 4 h, each culture well
was topped up with enough culture medium. The medium was
changed every 2 days; the cellular culture was maintained in an
incubator at 37 °C with 5% CO,. All experiments were run in tripli-
cate and repeated at least three different times. Cell proliferation
on blank tissue culture plates (TCP) served as reference and control
substrates.

In order to evaluate cell activity, the cell behavior on nanofibers
was monitored for 1, 3, 5 and 7 days or 2, 6, 10 and 14 days (n=3
for each time point per group) by methylthiazol tetrazolium (MTT)
assay. The mechanism behind this assay is that metabolically ac-
tive cells react with the MTT reagent to produce soluble formazan
dye in dimethylsulfoxide, which can be observed at 490 nm.
Briefly, the culture medium was removed, and the cultures were
washed three times with PBS. About 400 pl serum-free DMEM
medium and 40 pl MTT solution were added to each sample, fol-
lowed by incubation at 37 °C for 4 h to allow the formation of
MTT formazan. The medium and MTT were replaced by 400 pl
dimethylsulfoxide to dissolve the formazan crystals. After 30 min,
the solution was put into 96-well plates, and the samples were
read using a microplate reader (MK3, Thermo Electron Corporation,
UK) at 490 nm.
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SEM was used to examine the morphological characteristics of
cells cultured onto the collagen-chitosan complex nanofibrous
matrices. After growing for 3 and 6 days, the cellular constructs
of the EC and SMC, respectively, were harvested, washed with
PBS to remove non-adherent cells and then fixed with 3% glutaral-
dehyde for 2 h at room temperature, dehydrated through a series
of graded alcohol solutions (50%, 70%, 80%, 90%, 95%, 100%), and
then air-dried overnight. Dry cellular constructs were sputter
coated with gold and observed by SEM at an accelerating voltage
of 15 kV.

Fig. 2. SEM micrographs of electrospun collagen-chitosan nanofibers with chitosan
content of 50% after adding a drop of water.

(E)

Fig. 1. SEM micrographs of electrospun collagen-chitosan nanofibers with different chitosan content: (A) 0%; (B) 20%; (C) 50%; (D) 80% and (E) 100%.
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(E) (E)

Fig. 3. SEM micrographs of crosslinked collagen-chitosan nanofibers with different chitosan content: (A and A’) 0%; (B and B') 20%; (C and C') 50%; (D and D’) 80% and (E and
E’) 100%.
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2.6. Statistics and data analysis

Cell proliferation of EC and SMC seeded on the collagen-chito-
san complex nanofibrous scaffolds were compared by analysis of
variance using SPSS 13.0 software. Differences were considered
statistically significant for values of p < 0.05.

3. Results and discussion
3.1. Morphologies of electrospun collagen-chitosan fibers

Fig. 1 shows SEM micrographs of the electrospun nanofibers com-
posed of collagen and chitosan. Fig. 1A and E shows that pure colla-
gen nanofibers had a higher average diameter (810 + 580 nm) than
that (415 +£286 nm) of pure chitosan nanofibers. The collagen-
chitosan complex fibers had different average diameters, with
different chitosan content in the fibers. They were 691 + 376,
515+ 253 and 434 +263 nm, with chitosan content of 20%, 50%
and 80%, respectively. Fiber diameters decrease with increase in
chitosan content. Because applied voltage, collecting distance, solu-
tion federate and solution concentration were fixed, fiber diameters
are mainly dependent on theratio of chitosan to collagen. The variety
of fiber diameter may be that the organic salt formed between TFA
acid and the amino groups on chitosan increase the charge density
of the electrospun polymer solution, which results in a higher draw
ratio in the electrospinning process [24].

3.2. Crosslinking of fibers

Bead-free and randomly arrayed collagen-chitosan nanofibers
can be obtained by electrospinning (Fig. 1); however, the nanofi-
bers containing collagen are distensible in water. Even a drop of
water on the membranes can immediately destroy the nanofibrous
structure, as shown in Fig. 2. Another character is that the electro-
spun fibers are even able gradually to form point bonds at the fiber
junctions if placed in a high humidity ambient. Owing to the sen-
sitivity to water contact or high humidity, the conventional cross-
linking approach of immersing samples into aqueous GTA solution
is not feasible for crosslinking the present nano-scale collagen-
chitosan matrix. By placing the nanofibers into a desiccator filled
with GTA vapor, the collagen-chitosan nanofibers can be reason-
ably crosslinked. Crosslinking of collagen and chitosan with GTA
involves the reaction of free amino groups of chitosan and lysine
or hydroxylysine amino acid residues of the polypeptide chains
with the aldehyde groups of GTA. After GTA vapor crosslinking,
the fiber matrix became visibly yellowish and shrunk slightly
dimensionally. The color change is due to the establishment of
CH=N linkages between the free amine groups of collagen-chito-
san and glutaraldehyde [26].

Fig. 3 shows the fiber morphologies of the samples after cross-
linked and water-resistant tests. Samples A, B, C, D and E are the
collagen-chitosan fibers before the water-resistant test and samples
A’, B, C', D’ and E’) are the collagen-chitosan fibers dried for 1 week
in a vacuum oven after being immersed in 37 °C water for 4 days.
Compared with Fig. 2, the fibrous form was grossly preserved; how-
ever, the coexistence of water moisture with GTA vapor during
crosslinking treatment had affected the fiber morphology to some
extent. This is reflected in the fact that fibers at junctions were fused
together, forming bondings (Fig. 3A-E). For the water-resistant test
in 37 °C water, the fibrous form of collagen-chitosan was preserved
even after 4 days’ soaking (Fig. 3A’-E').

3.3. FTIR spectroscopy

The IR spectroscopic method has been used frequently to inves-
tigate the reaction or intermolecular interaction between two
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Fig. 4. FTIR spectra of crosslinked electrospun collagen-chitosan complex fibers
with different chitosan content: (a) 0%; (b) 20%; (c) 50%; (d) 80% and (e) 100%.

Table 1
Amide absorption bands of crosslinked collagen-chitosan fibers with different
chitosan content on FTIR.

Chitosan content (%)

0 20 50 80 100
Amide I (cm 1) 1640 1680 1680 1680 1680
Amide I (cm ™) 1540 1550 1540 1540 1540
Amide Il (cm™1) 1240 1260 = = =

Intensity
f}

0 10 20 30 40 50 60
2 Theta/degree

Fig. 5. XRD patterns of crosslinked nanofibers with different chitosan content: (a)
0%; (b) 20%; (c) 50%; (d) 80% and (e) 100%.
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Fig. 6. DSC thermograms of crosslinked collagen-chitosan complex nanofibers with
different chitosan content: (a) 0%; (b) 20%; (c) 50%; (d) 80% and (e) 100%.

polymers. The sensitive characteristic absorption bands of collagen
and chitosan on the IR spectrum were located in the spectral
regions of amide I, amide II and amide III.

FTIR spectra of as-spun collagen-chitosan nanofibers and their
interactions were studied in previous work [23,24]. Fig. 4 shows
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Fig. 7. Typical tensile stress—strain curves of crosslinked collagen-chitosan fibers in
dry state with different chitosan content: (a) 0%; (b) 20%; (c) 50%; (d) 80% and (e)
100%.

Table 2
Thermal properties of crosslinked collagen-chitosan complex fibers with different
chitosan content.

Content of chitosan (%) 0 20 50 80 100
Tp (°C) 83.9 81.1 82.4 83.2 84.9
AHp (Jg™) 2423 207.2 180.8 222.6 229.9

FTIR spectra of crosslinked collagen-chitosan nanofibers, and Table
1 gives the amide characteristic absorption bands of crosslinked
nanofibers with different chitosan content. Comparing the cross-
linked nanofibers with the as-spun nanofibers, the amide absorp-
tion bands of crosslinked collagen-chitosan nanofibers did not
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change significantly, except that the amide I band of nanofibers
with a chitosan content of 20% shifted from 1640 to 1680 and
the amide III band of pure collagen fibers disappeared. All this im-
plied that the collagen-chitosan nanofibers did not change signif-
icantly, except for enhanced stability after crosslinking by GTA
vapor.

3.4. XRD analysis

Fig. 5 gives the XRD patterns of crosslinked collagen-chitosan
complex nanofibers. The XRD patterns of raw collagen and chito-
san were discussed in previous research [25]. After crosslinking,
collagen, chitosan and their complex fibers showed a typical amor-
phous broad peak at ~20.5°, which implied that neither collagen
nor chitosan molecular chains could be crystallized during elec-
trospinning and crosslinking and give an amorphous structure in
nanofibers. The results are similar to the previous research on
the as-spun collagen-chitosan fibers. This is due to the cooperative
effect of the solvent and electrospinning process on the collagen
and chitosan [25].

3.5. Thermal behavior

Fig. 6 shows the DSC thermograms of crosslinked collagen-
chitosan complex nanofibers. Because collagen and chitosan can
be dehydrated or denaturalized when they are heated, the charac-
teristic endothermic peaks in Fig. 6 have often been termed dehy-
dration temperature (Tp), and the area of peaks has been termed
corresponding endothermic enthalpy (AHp). The values of Tp and
AHp are reported in Table 2. Compared with the as-electrospun
collagen-chitosan nanofibers reported previously, the crosslinked

40

30

20+

0 20 40 60 80 100
Content of chitosan in fibers/ %

(B)

Average ultimate tensile elongation/%

Y
[=
o

w

(=

o
T

N

[=]

o
T

-

o

o
T

Average Young's modulus

0 20 40 60 80 100

Content of chitosan in fibers/%

©)

Fig. 8. Tensile properties of crosslinked collagen-chitosan complex fibers in dry state. Data are expressed as the mean = SD (n = 3).
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Fig. 9. Typical tensile stress—strain curves of crosslinked collagen—chitosan fibers in
soaked state with different chitosan content: (a) 0%; (b) 20%; (c) 50%; (d) 80% and
(e) 100%.

fibers had higher Tp and AHp [25]. This implies that the electro-
spun fibers became steadier after crosslinking.

3.6. Mechanical properties

The mechanical property of a tissue engineer-scaffold is very
important, as it needs to provide an initial biomechanical profile
for the cells before new tissue can be formed. Typical tensile
stress-strain curves of the crosslinked collagen-chitosan fibrous
scaffolds in dry state with different chitosan content are plotted
in Fig. 7 for an obvious comparison. Their curve shapes are obvi-
ously dissimilar. Based on the stress—strain curves and the further
tensile test research, the dependence of the average ultimate ten-
sile strength, the average ultimate tensile elongation and the aver-
age Young’s modulus of fibrous membrane on chitosan content in
the fibers were obtained and are summarized in Fig. 8.

Figs. 7 and 8 clearly show the phenomenon that the nanofibrous
membrane resulting from pure collagen exhibits all the largest
ultimate tensile strength, the largest tensile modulus and the larg-
est ultimate tensile elongation. In contrast, pure chitosan fiber
membrane gave the lowest ultimate tensile strength, the largest
tensile modulus and moderate ultimate tensile elongation,
whereas the complex collagen-chitosan fiber mats had compara-
ble modulus and strength and showed the lowest ultimate tensile
elongation with a chitosan content of 50%. The mechanical proper-
ties of fibrous membrane depend on the mechanical properties of
the single fibers making up the membrane, the structure of the
membrane and the interactions of the fibers making up the mem-

0 |

0 20 40 60 80 100
Content of chitosan in fibers/ %

(A)

Average ultimate tensile strength/MPa

brane. The tensile behavior of collagen-chitosan complex fibers is
attributed to the cooperative action of all these factors.

Typical tensile stress-strain curves of the crosslinked collagen-
chitosan fiber membrane in soaked state with different chitosan
content are also shown in Fig. 9. The fiber mats underwent plastic
deformation in the course of stretch, and their stress-strain curve
shapes are similar except for the different values of tensile strength
and strain at break. Based on the stress-strain curves and further
tensile test research, the dependence of the average ultimate ten-
sile strength and the average ultimate tensile elongation of fibrous
membrane on chitosan content in the fibers are also summarized
in Fig. 10.

From Figs. 9 and 10, the average ultimate tensile strength
decreases with the increase in chitosan content in the fibers,
whereas the better average ultimate tensile elongation appears in
pure collagen fibers and the complex collagen—chitosan fibers with
a chitosan content of 80%. In addition to the mechanical properties
of single fibers making up the membrane, the structure of mem-
brane and the interactions of fibers making up the membrane,
the plasticizing of water also contributes to the tensile behavior
of soaked collagen-chitosan complex fibrous membrane.

The average ultimate tensile strength and the average ultimate
tensile elongation of the dry and soaked fibrous membrane are
summarized in Fig. 11 for an obvious comparison. Compared with
the dry fibrous membrane, all the average ultimate tensile strength
decreased, whereas all the average ultimate tensile elongation in-
creased to some extent after the fibrous membranes were soaked.

3.7. Cell behavior on nanofiber

The biocompatibility of the collagen-chitosan nanofibers scaf-
fold was evaluated in vitro by observing and testing the behavior
of the third to fourth passage EC and SMC cultured on the fiber
scaffold. Cell morphology and the interaction between the cells
and nanofibers were studied by SEM. Fig. 12 shows the EC’ growth
on electrospun collagen-chitosan nanofiber on day 3 after seeding,
and Fig. 13 shows the SMC’ growth on the same nanofiber on day 6
after seeding. It can be seen that both EC and SMC spread well on
the surface of the nanofiber and cells both interact and integrate
well with the surrounding fibers. The cells on the nanofibers were
also observed to migrate and proliferate in certain patterns and
form a continuous monolayer. Most importantly, the SEM images
further indicate that the cells on the nanofiber also migrated
through the pores into nanofiber mesh and interacted with the sur-
rounding fibers (Fig. 14), which was beneficial for the three-dimen-
sional repair of damaged tissue.

100 +

80

60

20 -

0 20 40 60 80 100
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Fig. 10. Tensile properties of crosslinked collagen-chitosan complex fibers in soaked state. Data are expressed as the mean + SD (n = 3).
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Fig. 11. Comparison of tensile properties of crosslinked collagen-chitosan complex fibers in dry and soaked state.

Cell proliferation on electrospun collagen-chitosan nanofibers
was studied in vitro by MTT test. Because differences in the
chemical composition, conformation, porosity and hydrophilicity
of collagen-chitosan nanofibers affect cellular activities [15,27],
time-dependent changes were observed in the cellular behavior

in response to collagen-chitosan nanofibrous scaffolds with dif-
ferent blend compositions. In 7-day or 14-day cell cultures, the
cell number increased with culture time on all tested groups
(Figs. 15 and 16). At the earlier time point (day 1 for EC and
day 2 for SMC), the cell numbers on electrospun collagen-chito-

(E)

Fig. 12. SEM micrographs of EC seeded on electrospun collagen-chitosan fiber scaffolds with different chitosan content: (A) 0%; (B) 20%; (C) 50%; (D) 80% and (E) 100%.
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(E)
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Fig. 14. SEM micrographs of cells migration into fiber mesh.

san fibrous scaffolds were significantly higher than that on TCP,
which implied that the fibrous scaffolds favored cell attachment.
When the cell proliferation between the collagen-chitosan nano-
fiber matrices and TCP were compared, the EC’' response on the
collagen-chitosan nanofiber matrices with a chitosan content of
50% and pure chitosan fibers did not significantly differ from
that on TCP on day 5. Similarly, the SMC' response on colla-
gen—chitosan nanofiber matrices with chitosan content of 20%,

50% and pure chitosan did not differ significantly from that on
TCP on day 10. This demonstrated that the nanofiber scaffolds
with a chitosan content of 20%, 50% and pure chitosan favored
cell proliferation more. Statistical analysis showed that the cells’
response between the nanofibers and TCP had a barely signifi-
cant difference on day 7 for EC and on day 14 for SMC. The rea-
son is that the cell proliferation is inhibited to a certain extent
when they proliferate.
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Fig. 15. Comparison of EC proliferation on electrospun collagen-chitosan nanofi-
bers with different chitosan content and TCP: (a) 0%; (b) 20%; (c) 50%; (d) 80%; (e)
100% and (f) TCP. Error bars represent mean+SD for n=3. p<0.05; p<0.01
(compared with EC cultured on TCP at same time point).

In the above experiments on EC and SMC’ behavior on electro-
spun collagen-chitosan nanofiber scaffold, it was found that the
protein-polysaccharide bicomponent nanofibers and this novel
structure with a high surface area-to-volume ratio and porosity fa-
vors cell attachment and proliferation by providing a component
and a three-dimensional extracellular environment similar to that
of native tissue, as well as a high level of surface area and porosity.
The cells not only interact well with the fibers, but also proliferate
well on the scaffold, indicating a biological function of the cells
within the scaffold. Although the reason for the excellent cell
attachment and proliferation on the collagen-chitosan scaffolds
remains unclear, it may be a consequence of the formation of par-
ticular and proper environments. A proper environment includes
proper components and conformation, various nanofiber diame-
ters and high porosity for cell attachment and growth as well as
the maintenance of good biological properties with both collagen
and chitosan by electrospinning. In addition, one cannot rule out
unexpected molecular interactions caused by mixing collagen
and chitosan solutions for the fabrication of collagen-chitosan
nanofibrous matrices in the electrospinning process.

Unquestionably, collagen is one of the most promising biomi-
metic materials, though there is controversy that collagen could
have changed into gelatin in HFIP [28]. Further insights into the ef-
fect of electrospun nanofibrous matrices composed of different
combinations of natural polymers (fibrous proteins and polysac-
charides) on cellular responses will increase understanding of scaf-
fold design for tissue engineering.
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Fig. 16. Comparison of SMC proliferation on electrospun collagen-chitosan nanof-
ibers with different chitosan content and TCP: (a) 0%; (b) 20%; (c) 50%; (d) 80%; (e)
100% and (f) TCP. Error bars represent means +SD for n=3. p<0.05; p<0.01
(compared with SMC cultured on TCP at same time point).

The final goal of scaffold design is to produce an ideal structure
that acts as an ECM until host cells can repopulate and resynthe-
size a new natural matrix. Electrospun collagen—chitosan nanofi-
brous matrices, especially with a chitosan content of 20%, 50%
and pure chitosan, are better potential candidates for cell attach-
ment and proliferation of EC and SMC, which would be especially
useful for tissue regeneration. Further application studies of elec-
trospun collagen and chitosan complex fibers will be focused on
developing tissue engineering scaffold for the repair and regenera-
tion of blood vessel and nerve tissue.

4. Conclusions

To mimic natural ECM, collagen—chitosan complex nanofibrous
scaffolds were obtained by electrospinning, and produced an aver-
age fiber diameter in the range 434-691 nm, whereas electrospin-
ning of pure collagen and chitosan produced an average fiber
diameter of 810 nm and 415 nm, respectively. GTA vapor was
found to be useful for stabilizing the morphologies of electrospun
collagen-chitosan fiber. FTIR spectra analysis showed that the col-
lagen-chitosan nanofibers do not change significantly, except for
enhanced stability after crosslinking by GTA vapor. XRD analysis
implied that both collagen and chitosan molecular chains could
not be crystallized in the course of electrospinning and crosslink-
ing, and gave amorphous structure in nanofibers. The thermal
behavior and mechanical properties of electrospun collagen—chito-
san fibers were also studied by DSC and tensile testing, respec-
tively. The results of cell behavior on nanofiber scaffolds showed
that both EC and SMC proliferated well on or within the nanofiber.
These results strongly support that the collagen-chitosan nanofi-
brous matrices, especially with a chitosan content of 20% or 50%,
have the advantages of similar components and the nanometer-
scale architecture of ECM. They can be beneficial to the damaged
tissue repair. Further studies will be focused on developing tissue
engineering scaffold for the repair and regeneration of blood vessel
and nerve tissue.
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Appendix A. Figures with essential color discrimination

Certain figure in this article, particularly Figures 4-7, 9, 15, 16,
are difficult to interpret in black and white. The full color images

can be found in the on-line version, at doi:10.1016/
j-actbio.2009.07.024.
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