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Abstract Nerve tissue engineering is one of the most
promising methods in nerve tissue regeneration. The
development of blended collagen and glycosaminoglycan
scaffolds can potentially be used in many soft tissue
engineering applications. In this study an attempt was made
to develop two types of random and aligned electrospun,
nanofibrous scaffold using collagen and a common type of
glycosaminoglycan. Ion chromatography test, MTT and
attachment assays were conducted respectively to trace the
release of glycosaminoglycan, and to investigate the bio-
compatibility of the scaffold. Cell cultural tests showed
that the scaffold acted as a positive factor to support con-
nective tissue cell outgrowth. The positive effect of fiber
orientation on cell outgrowth organization was traced
through SEM images. Porosity percentage calculation and
tensile strength measurement of the webs specified analo-
gous properties to the native neural matrix tissue. These
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results suggested that nanostructured porous collagen-gly-
cosaminoglycan scaffold is a potential cell carrier in nerve
tissue engineering.

1 Introduction

Tissue engineering is a technique in biomedical engineer-
ing to repair, replace or maintain the function of defective
or damaged tissues or organs [1].

It is well known that the nervous tissue defects are
among those defects which could not be repaired sponta-
neously. Traditionally, tissue transplantation or peripheral
nerve grafting were used to repair damaged or diseased
region of the nervous system, but this procedure often
encountered donor shortage and immunological problems
associated with infectious disease. Recently, tissue engi-
neering has provided a new medical therapy as an alter-
native to conventional transplantation methods based on
the use of biomaterials with or without living precursor
cells. Cells live in a complex mixture of pores, ridges and
fibers of ECM at nanometer scales. Hence, a nano-struc-
tured porous scaffold with pores and large surface area is
needed as an alternative to natural ECM for better cell
ingrowth in a three dimensional fashion. As per literature
survey, several methods have been reported to fabricate
polymeric nanofibers or submicrofibers by using phase
separation, electrospinning, and self assembly [1].

The key point in the success of a tissue engineering
technique is to mimic the structural and functional prop-
erties of a native tissue. Extracellular matrix (ECM) is the
basement membrane of cells in the biological environment
of the body. The more the designed scaffold resembles the
native tissue, the more efficient the cell-scaffold interaction
would be. As it is known, ECM is mainly composed of
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Collagen, frequently with a fibrous-like structure and var-
ious nano-sized diameters. Among all the techniques which
are used in synthesizing the scaffolds, electrospinning is
the most well-known in nanofiber production [2—4].

The collagen fibril provides the key to scaffolding
structures in the body [2, 5]. Glycosaminoglycans (GAGs)
are glycoproteins with a protein core and polysaccharide
branches. Collagen and GAG are widely utilized to fabri-
cate scaffolds, serving as an active analog of native ECM.
Both of them have been found to enhance biological
interactions with cells and speed up tissue regeneration
[2-4].

Traditional collagen—GAG scaffolds in gel or sponge
form have been extensively manufactured. However, these
scaffolds exhibit poor mechanical properties and unac-
ceptable physical structure for many specific organ or tis-
sue regeneration. This is due to the great differences
existing between native ECM and manufactured scaffolds
[3, 4].

Electrospinning is a process that utilizes a strong elec-
trostatic field to obtain ultrafine fibers from a polymer
solution or molten medium [6, 7]. Most of the nanofibers
produced by electrospinning are collected into a nonwoven
web form, which generally gives random fiber orientation
and poor mechanical properties. Most native ECMs found
in tissues or organs, however, have regular or defined
orientation architecture, which is significant for tissue
function [2-4].

As cell orientation and its cytoskeleton organization
define cell function, it is expected that the use of specifi-
cally oriented fibers would lead to closer simulation of
body environment [8, 9].

In this study we made an attempt to fabricate a biode-
gradable nanofibrous porous scaffold by Electrospinning
method, using collagen and GAG with a structure similar to
natural ECM to support cell outgrowth in vitro.

2 Materials and methods
2.1 Materials

Main chemicals and reagents used in this study included
calf skin type I collagen extracted in the Cell Bank
department of Pasteur institute of Iran, chondroitin-6-sul-
fate (C6S) (Sigma Aldrich Chemical Co), 1,1,1,3,3,3
hexafluoro-2-propanol (HFP) (Sigma Aldrich Chemical
Co), genipin (Wako Chemicals GmbH, Japan), 3-(4,5-
dimethylazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco), and fetal bovine serum (FBS) (Hyclone), Trypsin +
EDTA, PBS.
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2.2 Methods
2.2.1 Preparation of nanofibrous collagen scaffold

In this research, HFP the ordinary solvent of proteins, was
used as a component of the solvent. A 7% w/v solution of
Collagen in the relevant solvent of 1,1,1,3,3,3-hexafluoro-
2-propanol (HFP):Acetic Acid (AAc) (1:1) was used as the
optimum electrospinning solution in order to achieve the
ideal nanofibrous scaffold.

2.2.2 Preparation of nanofibrous collagen/chondroitin
sulfate composite scaffold

In order to get the composite scaffold, a solution with the
collagen/Chondroitin Sulfate (CS, a common GAG) with
the ratio of 98/2 was prepared. After this solution had been
kept in the refrigerator for 24 h, it was sent for electros-
pinning process.

2.2.3 Optimizing the electrospinning process parameters

During electrospinning, the solution was placed into a
10 ml syringe fitted to an 18 gauge needle. Three param-
eters including Voltage, Feed Rate and nozzle to target
distance which were of much more significance among the
other parameters were optimized. A syringe pump was
used to feed the solution into the needle tip at a feed rate of
0.2-0.7 ml/h. A voltage of 10-20 kV provided by a high
voltage power source was applied between the needle
(anode) and the grounded collector (cathode) with the
distance of 13-20 cm. Finally, the optimized group was set
at, vol. of 15 kV, feed rate of 0.2 ml/h and the needle to
collector distance of 20 cm.

2.2.4 Oriented collection of the fibers

As the orientation of the fibers in electrospun scaffolds
directly affects the cellular organization and orientation, in
order to get an aligned fibrous scaffold we used a cylin-
drical collector (GOLDSTAR FZ-180) with an adjustable
speed at three rates of 2600, 3400 and 5000 rpm. Rotating
speed of the collector directly affects both size (diameter)
and morphology of the webs. Investigation of the results
pointed to the optimum speed of 2600 rpm. The process is
schematically shown in Fig. 1.

2.2.5 Crosslinking of the scaffolds

The traditional method in crosslinking of the protein-based
electrospun scaffolds is Glutaraldehyde (GA) vapor expo-
sure. But, recently, Genipin (GP) has been reported as a
crosslinking agent of cellular and acellular tissues, as well
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Fig. 1 Schematic of electrospinning setup and process with cylin-
drical collector to get aligned fibers

Table 1 Four groups of crosslinking solution concentration-cross-
linking time combination

Grp.1 Grp.2 Grp.3 Grp. 4
Genipin solution concentration 3.5 3.5 5 5
(mM)
Crosslinking duration (days) 3 5 3 5

as biomaterials. Genipin is a novel kind of natural cross-
linker whose cytotoxicity is 5,000 to 10,000 times lower
than GA [10-15].

Collagen is white in crystalline form and produces a
clear solution when dissolved in water or saline. Collagen
crosslinking with genipin has two unique outcomes: (1)
following crosslinking with genipin, normally opaque
collagen turns blue, and (2) these crosslinks emit fluores-
cence at 630 nm when excited at 590 nm [16, 17].

In this research the electrospun collagen-based scaffolds
were soaked in two 5 and 3.5 mM aqueous genipin solu-
tions and each for two periods of 3 and 5 days. In short,
four groups (grp.) as is shown in Table 1, were adjusted for
further cytotoxicity evaluation.

Specimens of 1.5 cm x 2 cm were cut out of the mats.
Then each of them was crosslinked with the four distinctive
crosslinking solutions. Next each specimen was soaked in
1 ml of the proper crosslinking solution and incubated
either 3 or 5 days in centrifuge tubes at 37°C.

After crosslinking, the scaffolds were rinsed three times
in 1% PBS solution for 15 min to quench unreacted GP.

The first outcome of collagen crosslinking, turning the
opaque appearance of collagen to blue, was obviously
observed with naked eye. And the second outcome, emission
of red fluorescence as a consequence of exciting at the proper
wavelength, was probed by Fluorescence microscope.

2.2.6 Scanning electron microscopy

Fiber morphology of the non-crosslinked and crosslinked
scaffolds was visualized and compared by use of a

scanning electron microscope (XL30 Philips). The SEM
scanning was performed at an accelerating voltage of
25 kV. The diameters of the fibers were measured from
SEM images with an image analysis program (Motic
Images Plus 2.0).

2.2.7 Physical and mechanical evaluation of the scaffolds

Uniaxial material testing was performed in dry state and on
a mechanical testing system (Siber Tensile Tester, Fafe-
graph M, Textechno) incorporating a 10 N load cell with
an extension rate of 0.16 mm/s to failure. Five (n = 5) test
specimens were tested in each of the following orientations
(random and regular oriented fibers). The specimens were
cut out of the mats (15 mm x 3 mm) [14, 18] and ranged
in thickness from 0.01 to 0.07 mm. Since the tensile
specimens were cut through different parts of the main mat,
to minimize the effect of the difference in the porosity % in
various parts of the mat from one tensile specimen to
another, each specimen was cut in precise weight of 0.0013
g (equal weight—equal porosity). The material properties
chosen for comparison were the peak stress, and the strain
to failure (also calculated automatically by the tensile
system).

Scaffold porosity was estimated using the following
equation [7, 19]:

%x 100 (1)

Porosity =

where pgs and py (=0.9667 g/cm3) are the scaffold and
material densities, respectively. This equation provides an
accurate measurement of the porosity, with an estimated
error of 2%, but cannot distinguish between open and
closed porosity.

2.2.8 Cell culture

For sterilization, the scaffolds were soaked in 70% ethanol
for 2 h. SK-N-MC human neuroblastoma cell lines (cour-
tesy of Cell Bank department of Pasteur institute of Iran)
and human normal Fibroblast extracted from bone tissue in
the Tissue Engineering lab of Cell Bank department
of Pasteur institute of Iran were routinely grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% (vol/vol) fetal bovine serum (FBS) (DMEM-10%
FBS). Cells were maintained at 37°C in a saturated
humidity atmosphere incubator in 75 cm? flasks. For cell
culture experiments, SK-N-MC and Fibroblast were
detached by means of Trypsin/EDTA solution, resus-
pended in DMEM-10% FBS and seeded at a concentration
of 5 x 10° cells/ml on (1 cm x 1 cm) samples of each
of the 2 kinds of scaffolds produced, placed on the bottom
of a 24-well cell culture plate. Cells were allowed to grow
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in DMEM-10% FBS on different substrates for 7 days. At
the end of the seventh day, cells were fixed on the scaffold
surfaces for SEM observation.

2.2.9 MTT assay

MTT assay determines viable cell numbers and is based on
the mitochondrial conversion of the tetrazolium salt,
3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyltetrazolium bro-
mide (MTT). Modified MTT assay was employed in this
study to quantitatively assess the cytotoxicity of cross-
linked Collagen/GAG scaffolds.

Each 3 cm? crosslinked specimen was incubated in 4 ml
absolute DMEM in 37°C incubator for intervals of 3, 7 and
14 days. The control group (absolute culture medium) was
also treated the same way. The media collected at days 3, 7
and 14 were kept in the refrigerator until use.

On the first day of testing, SK-N-MC and fibroblast were
seeded on a 96-well culture plate with cell density of 2 x
10* cells/well in fresh DMEM-10% FBS and incubated for
24 h; the second day the medium was removed and
reconstituted with the 3rd, 7th and 14th day extract of each
group crosslinked scaffold + 10% FBS and incubated
overnight. The medium was then totally removed and MTT
reagent (1004, 0.5 mg/ml) was added to each well of the
96-well plate and left to incubate for 4 h at 37°C. The MTT
reagent was replaced with 1004 of isopropanol to dissolve
the formazan crystals. The absorbance was measured at
570 nm using an ELISA plate reader (Stat fax-2100 USA).

2.2.10 Ion chromatography test

In order to determine the amount of GAG release and also
to vindicate the MTT assay results, Ion (Sulfate) chroma-
tography test was conducted. In this test, IC (Metrohm No.
761) with the following specification was used:

Ionic column: 6.1006.100 METROSEP Anion Dual 2,
Eluent: 2 mmol/l NaHCO3/1.3 mmol/l Na,CO; (with
chemical suppression), Loop: 20 pl and Flow: 0.8 ml/min.

Calibration of the system was conducted with 3 standard
points of 1, 5 and 10 ppm with Fluka 89886.

Twelve ml of samples from each of the four crosslinking
groups were sent to the biochemistry laboratory for mea-
suring the concentration of sulfate groups in the medium.

2.2.11 Cell attachment experiment

Cell attachment assays determine the fraction of cells that
attach to matrix surfaces and are resistant to gentle washing
[20].

The cell attachment experiments were conducted in a
three stage test, on the Ist, 3rd and 7th day. The main
purpose of the first day stage of the test was to investigate
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the attachment affinity of the cells to the surface of the
scaffold, and in the 3rd and 7th day stage, the role of the
scaffolds composition in cell proliferation was investigated
and compared with the control sample.

The bottoms of 6 wells of a 24-well cell culture plate
were totally covered with scaffold. The control samples
were the bottom of cell culture plates. At the first stage,
2,000 cells were allowed to attach for 90 min in each well,
before scaffolds/plates were washed gently with PBS and
aspirated. Cell attachment was then assessed in 3 replicates
using cell counting quantitative method, using trypsin
solution and neubauer lam. In the second and third stages
of the test, the washing step was omitted, and at the end of
the 3rd and 7th day, the viability of cells was compared in
test samples and controls.

2.2.12 Statistical analysis

All statistics are based on a Dunnet one way analysis of
variance (ANOVA) on ranks. The a priori alpha value was
set at 0.05 with significance defined as P < 0.05.

3 Results
3.1 Optimizing electrospinning process
3.1.1 Viscosity

In order to analyze the effect of solution viscosity on fiber
diameter, electrospinning of four solutions with the con-
centrations of 18, 15, 10 and 7% w/v was conducted. It is
deduced that by increasing the solution viscosity the
diameter of the fibers also increase.

Favorable fiber diameter and scaffold application can be
achieved by careful selection of solution viscosity. To
attain the fibers with diameters in nano-scale the concen-
tration of 7% w/v was selected.

Figure 2 shows the representative images of fibrous
scaffolds for solutions with different amounts of viscosity.

3.1.2 Electric field strength

The effect of electric field strength was traced through the
SEM micrographs. Three experiments were run with
electric field strength of 20, 15 and 10 kV, while the other
parameters were kept unchanged.

It can be inferred from Fig. 3a) that, the voltage of
10 kV was able to initiate the jet but not a smooth one. The
voltage was increased to obtain a more homogenous web as
shown in Fig. 3b). But further increasing in electric field
strength caused the mat to be formed with more defects
(Fig. 3c¢).
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Fig. 2 Collagen
electrospinning solution with
collagen concentrations of
a18%, b 15%, ¢ 10% and d 7%
w/v in HFP:AAc solvent

Fig. 3 The effect of voltage
increase on the fibers
morphology. a 10 kV, b 15 kV
and ¢ 20 kV. Other parameters
are kept constant

Accordingly, it seems that there is no identified manner
for optimizing this parameter and the “try and error”
procedure must be followed.

3.1.3 Solution flow rate

Solution flow rate is one of the secondary factors which
affect the fibers morphology. Solution flow rate and electric

field strength are correlative parameters whose values
fluctuate according to the change of the value in one or the
other. Considering the value which was set for electric field
strength, solution flow rate parameter was also adjusted.
Keeping all parameters constant, three values of 0.2, 0.5
and 0.7 ml/h were set for solution flow rate. In Fig. 4, the
effect of this parameter can be detected. Taking Fig. 4 into
consideration supports the conclusion that the most
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Fig. 4 Solution flow rate as a
secondary factor affecting the
fibers homogeneity. Flow rate
and voltage conjugation is a
factor that must be optimized
according to the situation. As in
the previous phase voltage was
set on 15 kV so the proper
amount of flow rate was decided
in the current phase. a 0.2, b 0.5
and ¢ 0.7 ml/h

efficient combination of solution flow rate and electric field
strength is obtained at 0.2 ml/h and 15 kV respectively.

3.1.4 Nozzle to target distance

Nozzle to target distance is another factor affecting the
morphology and homogeneity of the scaffold. This
parameter is among the factors which have no specific
effect on the fiber diameter (Chart 1). According to the
experiments which were conducted in this phase, it can be
inferred that during the period in which the electric filed is
not interrupted, an increase in the Nozzle to target distance
leads to a more homogenous structure. The effect of this
parameter is shown in Figs. 5 and 6.

8 8 8 8

Diameter(nm)

2

(=]

T

123 15 20
Collectorto Nozzle distance (cm)

Chart 1 Changing nozzle to target distance has no specific effect on
fibers mean diameter
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3.2 Scaffold characterization

3.2.1 Tensile strength of intact nerves and extracted nerve
scaffolds

Tensile strength of scaffold was measured and was com-
pared with the properties of an intact nerve which was
assessed [21] by the same test factors as the scaffolds. The
results, summarized in Table 2, indicate that the strategy of
orienting the fibers appears successful in improving the
tensile property of the scaffold. As it is presented in
Table 2 the ultimate strength of aligned scaffold in com-
parison with random fibrous scaffold is much closer in
value to intact normal nerve. From a different viewpoint,
ultimate strains of both the extracted scaffolds are higher in
value compared to the normal nerve [21]. Discussing the
data, it is obvious that the higher magnitude of ultimate
stress in aligned fibrous scaffolds compared with random
fibrous scaffolds, points to a stiffer structure of the aligned
structure. Consequently, its relative ultimate strain is lower
(compared to random fibrous scaffold).

As demonstrated by the statistical analysis of the data,
oriented collecting of the fibers has a profound effect on
improving the tensile strength of the scaffold.

3.2.2 Porosity percentage evaluation of scaffolds
Porosity and surface area are two important variables

affecting interaction of structures with the host environ-
ment [7]. It is clear that as far as the porosity value of the
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Fig. 5 Nozzle to target
distance, a factor which affects
the homogeneity of web
structure, and no specific effect
on fibers mean diameter. As is
shown, increasing the distance
have had positive effect on
structure homogeneity, a 13 cm,
b 15 cm and ¢ 20 cm

membrane increases, the amount of surface area will
increase accordingly. The porosity of randomly orientated
electrospun collagen/GAG scaffolds was estimated at
80.68% using the equation.

3.2.3 Morphology of aligned nanofibrous scaffold

In order to get organized oriented fibrous webs, collection
of the fibers was conducted at speeds of 2600, 3400 and
5000 rpm which refers to rotating speed of the collector.
The overall outcome indicated that by increasing the col-
lection speed from 2,600 to 5,000 rpm, the diameter of the
fibers decrease, whereas homogeneity of the structure
undergoes a reduction. As the defective and beaded
structure affects cell outgrowth negatively, the speed rate
of 2,600 rpm was selected. The morphological structure of
electrospun nanofibrous collagen was observed by SEM.
As shown in Fig. 7, though the alignment of every fiber is
not perfect in the same orientation, a distinct regularity of
the collagen fibers with a specific aligned longitudinal
topography is shown on the aligned scaffold Fig. 7a. In
comparison, the fibers on the random scaffold Fig. 7b
exhibited a more random orientation.

3.3 In vitro cell culture study
Attachment and spreading of the SK-N-MC and fibroblast

on the scaffold surface were both observed by SEM
micrographs as shown in Figs. 8 and 9.

In the in vitro cell culture tests, we demonstrated the
biocompatibility of the scaffolds to the cells and proved
that the scaffold is very important in making the cellular
morphology and the cells outgrowth.

In Figs. 8 and 9 the cells were shown to align parallel to
the orientation of the Collagen nanofibers.

As mentioned earlier, most cell types adhere and elon-
gate themselves along the alignment direction of the
nanofibers. The comparison of the micrographs of cell
organization on the random fibrous scaffold (data not
shown) suggests that the fibers may regulate the cell ori-
entation during proliferation. Proliferation of the two
aforementioned cell types in the crosslinked collagen—
GAG scaffolds’ extract was analyzed by MTT assay. The
results of this assay are presented in Chart 2.

MTT assay results revealed that as time passes, each
group experiences a decrease in the value of the cell via-
bility factor. In order to more precisely explain the MTT
assay results, C6S release (mg/l) into the culture medium,
was measured by chromatography technique and the results
are shown in Fig. 10. In the chromatography test, the
released amount of C6S was in direct relationship with the
released amount of sulfate. Positive slope of the release
profile in parts a and b of Fig. 10, points to ascending
release of C6S. However, this release takes a descending
pattern in parts ¢ and d of Fig. 10 as time passes. Based on
the slope of release profiles, it can be inferred that samples
of the first and the second group possess better conditions
than the samples of the third and the fourth group.
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Fig. 6 Effect of nozzle to target distance parameter on web structure
with a lower magnification index (with respect to Fig. 5). a 15 cm and
b 20 cm

Table 2 Tensile property of the two types of synthesized scaffold
and their comparison with a normal nerve tissue [21]

Normal Extracted Extracted
nerve scaffold scaffold
(random) (aligned)
Ultimate stress (MPa) 6.78 &+ 0.57 0.6 £ 0.1 52 +£0.6
Ultimate strain (—) 0.61 +0.02 1.14 £ 0.03 1.021 £ 0.002

Considering the results of MTT assay and chromatog-
raphy technique together, it is presumed that samples of the
second group are the best alternatives compared to the
other samples.

In the practical aspect of scaffolds’ crosslinking, both
the aforementioned collagen crosslinking outcomes were
probed. As an example, the micrograph of random scaffold
which was crosslinked with the aforementioned prior
genipin solution (3.5 mM, 5 days) is presented in Fig. 11.

@ Springer

Fig. 7 Comparison of the morphological structure of two electrospun
webs, collected in two different manners. a Regularity of the fibers
with a specific aligned topography, collected with a cylindrical
rotating collector, b random structure of web, collected on fixed
aluminum target

The fraction of attached cells to the scaffold surface was
quantitated according to the attachment assay. In Chart 3
the trace of this test can be observed.

4 Discussion

Promoting functional repair after nerve tissue injury is an
achievable target. It is likely that the most successful future
intervention strategies will involve a combination of
approaches, for example, blocking inhibitors of axon
regeneration, as well as providing a scaffold for orientated
tissue repair. The ideal scaffold to support such axonal
regeneration has yet to be developed [22].

The goal of the present investigation is the novel com-
bination of the synthesis of a biodegradable composite
scaffold with an oriented fiber structure with genipin as the
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Fig. 8 Cancerous SK-N-MC cell culture on the composite collagen-
C6S web with regular aligned fiber structure. a x250 and b x500

crosslinking agent. This was accomplished by the method
of electrospinning and evaluation of its cytocompatibility.

As the final material composition, Collagen to GAG
ratio of 98:2 was chosen. According to the parameters
which were optimized during the previous sections, the
electrospinning process was run with definite and specified
parameters.

Solution viscosity is one of the most influential factors
that affect the nanofiber formation. It is directly controlled
by the solution concentration. Empirical evidence reported
by a number of authors indicates that by increasing the
solution concentration, transitions occur from beads to
beaded fibers to homogeneous fibers [6].

In polymeric solutions, entanglement of the chains is the
determining factor of solution viscosity. As it is discussed
in the literatures [7, 23-26], viscosity is a factor in elec-
trospinning process with a minimum threshold value. As
long as this value is kept below this threshold, getting the
fibrous structure is infeasible. From this point on,
increasing the value not only results in fiber formation but
also increases the fiber diameter [6]. The higher value of

Fig. 9 Normal fibroblast cell culture on the composite collagen-C6S
web with regular aligned fiber structure. a x250 and b x500

chain entanglement and consequent increase in viscosity,
leads to thicker fibers [3, 6].

This may explain the larger mean diameter found in
higher concentration solution compared with the other ones
as represented in Fig. 2. As our attempt was to attain the
nano-sized fibers the concentration of 7% w/v was put as
the basis of production.

After viscosity the second most significant factor in
electrospinning process is the electric field strength.
Electrostatic force is the primary driving force in electros-
pinning. The jet emerges from the polymer solution as soon
as the surface tension of the solution is overcome by this
force. Therefore, the applied voltage is important to initiate
the jet [6].

According to the researches [27, 28], at lower strengths
of the electric field, the dripping of the solution or insta-
bility of the jet are the main culprits in bead formation. In
Fig. 3a the beaded fibers indicate that the utilized electric
field strength can still go higher. At higher strengths, the jet
undergoes whipping and uniform fibers are formed as the
morphology shown in Fig. 3b. On the other hand, higher
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Chart 2 Cell viability versus (a) 140 -
culturing time (3, 7 and %
14 days) of the a SK-N-MC 120 -
cancerous and b normal
fibroblast cells resulted from 100 1
MTT assay. Data are expressed
as mean & SD (n = 5). Data E‘ 80 -
were subjected to Dunnet one ey
way analysis of variance T 60-
(ANOVA), *P < 0.05 >
T 40
o
20 4
0
(b)180 +
160
X
140
21204
5 100
-]
S 80+
< 60
O 40
20 -
0-

voltage than that minimally required to obtain bead-free
fibers causes bead formation in the fibers [6, 28]. At Fig. 3c
the fabricated beaded fibrous structure points to the
excessive amount of electric field strength used. This result
is attributed to the instability in the initial part of the jet,
which correlates with the beaded morphology in the fibers
[6, 28]. Consequently, the final electric field strength was
set at 15 kV.

Applied voltage and feeding rate are highly interde-
pendent. In order to form uniform fibers, the rate of solu-
tion removal from the needle by the electrostatic force has
to match with that of the solution mass delivery. Therefore,
specific combination of these two parameters can lead to
the mass balance.

For a given strength of the electric field, higher flow rate
results in the formation of larger diameter fibers with
beaded morphologies, and at lower flow rates, mainly
dripping of the solution will occur. Accordingly, there exist
combinations of these two parameters at which the mass
balance can be achieved. However, these combinations
highly depend on the type of polymer and solvent used [6].

Considering the aforementioned relationship and the
voltage which was set in the previous section, the best
results for this type of electrospinning solution were
achieved when the solution flow rate and electric field
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strength were adjusted to 0.2 ml/h and 15 kV respectively.
Figure 4 shows how the increases in the solution flow rate,
when higher than the minimum rate required, makes the
structure more defective.

Nozzle to target distance is among the secondary
parameters which affect the web structure. Increasing the
distance in the limited range has no definite effect on the
mean diameter of the fibers, but affects the homogeneity of
the structure. It is concluded that an increase of the distance
provides longer time for evaporation of the solvent, and
also encourages the extent of the spiraling motion during
whipping, consequently, determining a more homogenous
structure [6, 28-31]. In Fig. 5 the improving procedure in
homogeneity of the mat structure resulted from the increase
in amount of nozzle to target distance is presented.

Although in some studies reported in the literature it was
concluded that increasing nozzle to target distance results
in a reduction in mean fiber diameter [19], according to our
findings we concluded that distance is a factor which
affects the web structure in two manners: at lower distance
range, increasing the distance reduces fiber diameter, and at
the higher distance range this phenomenon ceases and
influences the structure homogeneity.

In the second main phase of this project an attempt was
made to produce an aligned fibrous structure.
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Fig. 10 Release of sulfate factor (proportional to C6S concentration)
in the culture medium was defined by Ion Chromatography test.
Although the slope of trendlines in all 4 curves (a 3.5 mM 3 days,
b 3.5 mM 5 days, ¢ 5 mM 3 days, d 5 mM 5 days) is almost zero but
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Fig. 11 The cross linked structure of the scaffold with genipin (Mag.
x1,000)

Since the basement characteristics and its structural
organization has a profound effect on cell outgrowth
organization, and also to improve the mechanical property
of the random scaffolds, we strove to get much closer to the
structural characteristic of the native ECM.

To achieve the goal, a rotational collector with three
adjustable speeds was utilized. Although a perfect regularly
aligned fibrous structure was not achieved, the in vitro cell

since in the curves a and b, sulfate concentration (mg/l) has an
ascendant flow, so the status is more suitable for cell outgrowth.
Sulfate concentration &+ SD (n = 3)

culturing experiment confirmed the affected cell outgrowth
organization (Figs. &, 9).

As cell orientation defines cell function, the electros-
pinning of a well-defined structure of the scaffold can be
very useful for engineering different specific tissues or
organs [2, 4].

To increase the biostability property of the mats, they
were crosslinked via four distinctive crosslinking solutions.
In order to determine the most cytocompatible crosslinking
solution among the four, the MTT assay was conducted.

Moreover, the discussion of the MTT assay charts rep-
resents a general descending flow of the cell viability factor
as time passes. Certainly, one of the influential factors in this
form of flow is the release of crosslinking agent. This is the
degradation of the mat that causes the release of reacted
genipin (the molecules which were embedded in crosslinked
structure and are now released) into the medium [16].

Also in this study the release rate of C6S was followed
through ion chromatography assay. As mentioned earlier
GAGs found to enhance biological interactions with cells
and motivate tissue regeneration [2—4]. Accordingly, the
ejection of this medium, from the mat into the regenerating
environment, would be an inspiring factor. According to
the diagrams demonstrated in Fig. 10, the first and the
second groups have an ascending release while the third
and fourth groups have a descending release profile.
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Chart 3 Cells interaction affinity to scaffolds was traced in number
of attached cells to scaffold versus culturing time. As far as it is
shown in a SK-N-MC and b fibroblast, there is no specific difference
in attachment affinity of cells to scaffold regarding to control sample
(plate bottom). Number of cells + SD (n = 3)

It is supposed that, between the concentrations of 3.5 and
5 mM there exists a transition point at which different amount
of shrinkage results for scaffolds during crosslinking.

At higher concentrations than the mentioned point, like
the third and the fourth group (Fig. 10c, d), the structural
shrinkage caused by the crosslinking process inhibits the
diffusion of the C6S. The more this value, the more the
inhibition of diffusion would be. But, at lower concentra-
tion than the mentioned value there would be less shrink-
age. Therefore, diffusion of the C6S would be much more
convenient.

Based on the C6S release profile and the MTT assay
results it is concluded that the applied synhesis factors in
the second group is reliable for further and future studies.

According to this study, the application of the novel
combination of oriented fibrous collagen/GAG scaffold
with genipin crosslinking agent could provide progress in
developing in tissue engineering scaffolds.

5 Conclusion
With the aid of nanotechnology, the present study explored

the possibilities of fabrication of Collagen-C6S composite
nano-structured porous scaffold by electrospinning method.

@ Springer

The structure of Collagen-C6S scaffold resembles that of
natural ECM in our body in forms of nano-scale fiber
diameters ranging between 50 and 350 nm. The average
fiber diameter of the scaffold decreased by decreasing the
Electrospinning solution viscosity and by decreasing
solution flow rate, this was while the electric field strength
and the nozzle to target distance were set in their optimum
values. With the viewpoint of cells motivation to grow in
an oriented path, the electrospun fibers were collected in an
organized, aligned manner with the aid of a rotating col-
lector. This was while the in vitro cell culture studies
proved the effect of fiber orientation on the corresponding
cell growth preference. The statistical data gained from
attachment test also indicated the sufficient cell affinity to
attach to the surface of the scaffolds. In order to increase
the biocompatibility of the scaffolds, they were crosslinked
with genipin, within four definite groups of “crosslinking
solution concentration, time” combination. The in vitro
cell culture studies show the biocompatibility of the scaf-
fold. Additionally, it was the MTT assay results that define
the proper group of crosslinking among the four. On the
other hand, the close physical and mechanical properties of
the scaffold to normal nerve tissue that ensures the suc-
cessful regeneration of tissue in the scaffold. These find-
ings provide the feasibility of using nano-structured
scaffold in nerve tissue engineering for better cell adhesion
and outgrowth in vitro. Hence, we propose the application
of this method in the future in vivo.
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