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ABSTRACT ARTICLE HISTORY
Biomaterials are playing a significant role in understanding and promoting the plasticity and repair of the Received 18 May 2015
nervous system. Biomimetic nanofibrous scaffolds mimicking important features of the native extracellular Accepted 20 September
matrix provide a promising strategy to restore functions or achieve favorable responses for tissue 2015

regeneration and autograft nerve conduit is one of the most promising nerve regeneration strategies. The KEYWORDS

present study is based on novel fabrication method by using a special collector for 3D multichannel nerve Aligned electrospun
conduit, longitudinally oriented with aligned electrospun nanofibers. The conduit contained a high number nanofibers; electrospinning;
of channels (varying from 7 to 19) and each channel showed a separate morphology. Nerve channels were multichannel nerve conduit;
fabricated with the varying length ranging from 4 to 9 cm and total diameter ranging from 2200 + 40 um to P(LLA-CL); Schwann cells
3951 4 196 um, while the channel diameter ranging from 350 4+ 86 um to 780 & 20 um. It has been clearly

shown that the average porosity of nerve conduits has reached almost 89%. In this study, we optimized the

parameters to control the structural stability, including the size and the number of channels in the nerve

conduit. We also checked in vitro cell biocompatibility of multichannel nerve conduit and demonstrated that

Schwann cells have the tendency to grow along the direction of nanofibers and high cell growth was

observed in high number of channels compared to low number of channels. These results elaborated the

potential use of this biocompatible multichannel nerve conduit for further in vivo testing.

GRAPHICAL ABSTRACT
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1. Introduction of nerve function is frequent during surgical reconstruction.
Approximately 2.8% nerve injury cases have been reported

Peripheral injuri f th 1 i
eripheral nerve injuries are one of the common problems in annually during trauma [1]. In peripheral nerve systems,

trauma patients and in those injuries partial or complete loss
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regeneration of injured nerve by implanting of autografts or
synthetic conduits can be achieved when the length of
damaged gap is less than 5cm [2]. Biomaterial-based conduit
is best alternate to substitute the peripheral nerve injuries due
to the disadvantages of autografts such as morbidity of donor
site, incomplete yield or partial recovery, and difference in
size [3,4]. Though commercially available nerve conduits
are best for small gaps but not for larger gaps because physi-
cal topography or chemical cues are not identical, and so
they can recapitulates the hierarchical organization and
biological functions of the native nerve [5]. The native nerve
is enclosed with an extracellular matrix that is fibrous and
porous [6,7]. Nanofibrous scaffolds fabricated by electro-
spinning provide a suitable environment for cell attachment
and proliferation, because of the similar physical dimension
as natural extracellular matrix (ECM) [8]. The orientation of
electrospun nanofibers plays an important role in cell
growth and related functions [9], whereas it is also reported
that aligned electrospun fibers have demonstrated utility in
directing nerve outgrowth as well as inducing morphological
changes [10-13]. Although electrospinning is best for
production of two-dimensional meshes, incorporation into
three-dimensional constructs for nerve regeneration is diffi-
cult and limited [14]. Clinically available nerve grafts are
limited to single-lumen conduit constructed of collagen,
poly (glycolic acid), poly (D,L-lactide-co-e-caprolactone),
poly(vinyl alcohol), or decellularized ECM, and their recovery
is not similar to autografts [15]. Adequate achievements
through experiments have been succeeded by nerve autografts
and muscle basal lamina [2]. It may be due to in part to the
confinement of the nerve within the complex multi-channel
structure of the basal lamina [16]. However, researchers have
made an effort for various fabrication methods to mimic multi-
channel structure but fail to succeed same design [17].
Recently, Jeffries and Wang [16] produced a multichannel
nerve conduit by using template electrospinning, although this
model fulfills the 3D nature of native nerve but thin layer of
circumferential aligned fibers is present only on the top of
the guide to hold the tube structure while internal structure

is consisted of random fibers. To address the previously men-
tioned challenges, novel fabrication scheme for multichannel
nerve conduit has been proposed, which is very simple and
entire conduit is made up of only one type of uniform longi-
tudinal aligned electrospun nanofibers. We believe that our
proposed model is more supportive in comparison to other
models because it contains aligned nanofibers with open
porous longitudinal microchannel structures, which promote
directional cell growth. Further, in vitro testing was performed
by using Schwann cells to evaluate the growth rate of cells on
present nerve conduit.

2. Experimental
2.1. Material

The copolymer of poly (L-lactide-co-caprolactone) (P(LLA-
CL); 50:50) was purchased from Gunze Limited (Japan). Cell
culture reagents including fetal bovine serum (FBS), horse
serum (HS), Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS), trypsin/EDTA, RPMI 1640
medium, and penicillin-streptomycin were purchased from
Gibco BRL, Life Technologies, USA, while the rest of the
reagents and chemicals for cell culture and seeding were pur-
chased from Invitrogen and Sigma Aldrich (St. Louis, MO).
The mouse Schwann cells for in vitro analysis were obtained
from the Shanghai Institute of Biochemistry and Cell Biology
(SIBCB; CAS, China).

2.2. Electrospinning

The 15% (w/v) polymer solution of P(LLA-CL) (50:50) was
prepared by dissolving in 5:1 trifluoroethanol:water solution
at room temperature and constantly stirred overnight [18].
The schematic diagram for electrospinning process is shown
in Figure 1A, the two magnets were used for both sides of
collector to achieve the aligned nanofibers. The distance
between the needle and the collector was set to 15cm while
the polymer solution was pumped through 21-gauge needle
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Figure 1. (A) Basic setup of aligned electrospinning. (B) Fabrication scheme for multichannel nerve conduit preparation by multilayer aligned electrospinning. (a)
Special collector designed by placing the needle between two small gear wheels. (b) Deposition of first layer on the open surface of collector. (c) Tying up of two
aligned sutures over the first layer. (d) Deposition of the second layer of aligned fibers over the sutures. (e) Creation of more channels by again tying more aligned
sutures across second layer of polymer solution. (f) Deposition of another layer of aligned fibers on the surface over sutures. (g) Removal of the wheel gear and needle

from the nerve conduit. (h) Removal of the sutures manually from nerve conduit.
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at a flow rate of 0.8 mL/h. A voltage of 15kV was generated
by a high-voltage power supply and high-power magnets
were placed in both side of rotatory collector to produce
the aligned fiber, whereas the rotatory collector was used at
a speed of 50 rpm for collecting homogenized nanofibers over
the collector surface.

2.2.1. Fabrication of multichannel nerve conduit

The schematic diagram of fabrication process is shown in
Figure 1A. We have designed the special collector by using
the needle and gear wheel (Figure 1B-a) to achieve the multi-
channel structure in nerve conduit. Briefly, the first layer of
nanofibers was deposited on the surface of collector (Figure
1B-b), then two synthetic sutures were regularly fixed on a
gear wheel in longitudinal position to produced channels
(Figure 1B-c), and a further second layer was deposited on
the surface of sutures (Figure 1B-d). Following the these
mentioned procedures, four synthetic sutures were used to
make channels on second layer and then fabricated one more
layer (third layer) to cover the sutures’ surface (Figures 1B-e
and 1B-f). As a whole, three different layers and six sutures
were used to produce the present nerve conduit structure.
The total volume of electrospinning solution for each layer
was adjusted to 0.8, 1, and 1.2 mL, respectively. The conduit
was placed in a vacuum chamber for overnight to remove the
residual solvent. After removal of gear wheel, needle and
sutures longitudinal multichannel nerve conduit have been
formed (Figures 1B-g and 1B-h).The reproducibility and
variability of this method was also analyzed by increasing
the number of layers and channels in multichannel nerve
conduit structure.

2.3. Characterization of multichannel nerve conduit

The structure and surface morphology of the nerve conduit
was observed by using a FUJI-Z200 digital camera and scan-
ning electron microscope (SEM; TM-1000, Hitachi, Japan).
To maintain the integrity of microchannels, nerve conduits
were soaked in deionized water for 1h and then frozen by
ice [16]. The samples were prepared by cutting the nerve
conduits into small pieces and dried samples were putter-
coated with gold for 10 s twice with the accelerating voltage
of 10kV before the scanning of SEM. On the basis of SEM
image, average of the 100 random measurements of diam-
eter distribution, electrospun nanofiber diameters were
calculated by using Image J (National Institutes of Health,
USA).

2.3.1. Porosity measurement

The porosity of the three nerve conduits were determined by
using the method described by Li and Hoffman-Kim [19].
Briefly, the porosity of the nerve conduits includes two parts:
the pores in the wall separating the open channels and the
channels within the conduit. For the purpose of clarity, Vi,
V., and V,, were defined as the volume of the whole conduit,
channels, and walls, respectively. D and d were the average
diameter of the conduit and channels; g, n, and m were the
length of the conduit, the number of channels, and the mass
of nerve conduits, respectively. p was the density of PLLA-CL,

which was 1.25mg/mm’. The relationships between these
three factors are mentioned in following equations.

V=V, =V, (1)

nl nmnl
VS—ZXDZ VC_Tde (2)
wall porosity(%) = (1 _Vmp> X 100% (3)

2.4. Cell proliferation and morphology analysis

2.4.1. Cell culturing

Mouse Schwann cells were used for in vitro analysis of nerve
conduit. The cells were cultured in DMEM containing 10%
fetal bovine serum and 1% streptomycin/penicillin and main-
tained at 37°C with 5% CO, incubator. The media were chan-
ged on every second day. The nerve conduits were cut into
small slices with 1cm length and placed into 24-well plates.
All samples were sterilized by ethanol vaporization for 2h,
and then the samples were washed with sterilized PBS and
soaked in cell culture medium. The Schwann cells were
pipetted inside the channels of the nerve conduits at the
density of 1.0 x 10° cells in total volume for 1 mL per well in
a 24-well plate. The plates were placed in low speed shaking
incubator at 37°C with 5% CO, for 14 days.

2.4.2. MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma-Aldrich, USA) assay was used to measure
the cell viability and proliferation for 1, 3, 5, 7, and 14 days.
Briefly, MTT solution was added to each well, incubated for
4h at 37°C, and then replaced the dimethyl sulfoxide (DMSO;
Sinopharm, China) to dissolve the formazan crystals. The
plates were tested at the 492nm absorbance by using an
enzyme-labeled instrument (MK3, Thermo, USA). Each test
point has performed three parallel experiments and results
of experimental data were calculated by using origin 8.5.T-test
was also conducted to find out the silent differences in cell
proliferation of different conduits.

2.4.3. F-actin staining with DAPI

For observing the cell invasion and morphology on nerve conduit,
after third and seventh days of postseeding with mouse Schwann
cells with a density of 1.0 x 10° cells per well, the conduit were
washed with PBS to remove the residual medium and unviable
cells, and fixed in 4% paraformaldehyde (Thermo Scientific)
for 30 min. Fixed samples were rinsed with PBS three times
(15 min each time) and blocked in 1% BSA (Sigma) for 30 min.
Before staining, the nerve conduit was cut half and sectioned into
transverse and longitudinal slices. Subsequently, the cells were
labeled with Alexa Fluor 568 Phalloidin (Life Technologies) for
20 minutes and further stain with 4',6-diamidino-2-phenylindole
(DAPI, Vectashield, Vector Laboratories, USA) for 5min. The
mounted samples were observed by laser scanning confocal
microscopy (LSCM; Zeiss LSM 700, Germany).

2.4.4. SEM

Cell morphology and interaction between cells and conduits
were studied by scanning electron microscope (SEM) at the
third day of incubation. The nerve conduits were removed



Downloaded by [New Y ork University] at 23:17 25 February 2016

326 M. A. BHUTTO ET AL.

from culture media and gently washed with PBS as describe
before and then fixed with 4% (v/v) paraformaldehyde for
30min. Further the conduits were dehydrated by using
different concentrations of ethanol (30, 50, 70, 90, and
100% (v/v) for 7 min in each concentration and samples were
coated with gold and imaged via SEM.

2.5. Statistical analysis

Statical significance of the difference between control and dif-
ferent samples was determined via a paired one-way analysis
of variance followed by Bonferroni’s multiple comparison test;
p < 0.05 was considered to be statistically significant.

3. Results and discussion

3.1. Morphology and characterization of
multichannel-nerve conduit

The major goal of multichannel conduit construction was to
produce endoneurial-like structure with aligned nanofibers in
a nerve conduit. The parallel microchannels are present in
native nerve and conservation of this endoneurial structure is
a positive sign in the prognosis of nerve injuries [20]. The
multichannel-nerve conduits were fabricated by making three
stable layers of P(LLA-CL) composed of aligned electrospun
nanofibers as shown in Figure 2A. The multichannel nerve con-
duit has seven channels with the total diameter of 2200 & 40 um
and the average diameter of the core channel and other

200um

[ Fiber diameter size massurment of nerve conduit in um |

0.657 £ 0.154 um

Figure 2. (A) SEM image of multichannel nerve conduit, (B) longitudinal cross
section of channel, (C) SEM image of aligned nanofibers, (D) SEM image of
Schwann cell morphology: histogram measurement of nanofiber diameter, and
(F) digital camera images of different length nerve conduits and surface
morphology.

channels were 780 = 20 um and 350 % 86 pum, respectively. The
core channel was bigger in diameter as compared to other chan-
nels because of the presence of needle in the center of collector
while other channels were formed by the use of synthetic
sutures.

We have produced nerve conduits with different length ran-
ging from 4 to 9 cm by using different size collector (Figure 2F).
The entire conduits were made up of longitudinally aligned
nanofibers as shown in Figures 2B and 2C, which promotes
migration of Schwann cells and axon growth. The average
diameter of nanofibers was 657 £ 0.15nm (Figure 2E) and size
of the nanofibers can affect interaction between cells and the
substrates [21]. Wang et al. [11] reported that Schwann cell
proved quickest migration on longitudinally aligned fiber with
the diameter ranging from 759 £ 18 nm to 1325+ 38 nm.

3.2. Reproducibility and variability

Figure 3 shows SEM images of three different nerve conduit
structures that vary in diameter, size, and number of channels.
The nerve conduit with total diameter of 3178 + 135 um and
nine channels were fabricated by using three layers of electro-
spun nanofibers (Figure 3A). The volume for each layer was
0.8, 1.0, and 1.2mlL, respectively. The next nerve conduit
(Figure 3B) was fabricated by same way with the volume of
0.8, 1.0, 1.2, 1.4, and 1.5mL for each layer, respectively, and
the average diameter and number of channels increased up
to 3951+ 196 um and 16, respectively (Figure 3B). Similarly,
we fabricated one more conduit by using six layers of same
volume of solution as in previous conduit but this time with
increased number of sutures and their position. In contrary
to previous conduits, we achieved the nerve conduit with high
number of channels (19) while no significant change was
observed in total diameter (3551 % 361 um; Figure 3C) because
the approach behind our experiment was to maximize the
number of microchannels availability along with sufficient
structural stability. It was observed that the channels of upper
layer in Figures 3B and 3C were collapsed with the neighbor-
ing channel, which effect on the mechanics and shape of
channels. These results suggested that we can achieve the high
number of channels by increasing number of layers and
adjusting sutures position. It was also observed that the
channels structure and mechanics can also be controlled by
changing volume of electrospun layer.

The synthetic nerve conduit is preferred over the autografts
or allografts due to its easy availability and customizability. In
this regard, customizability for present nerve conduit can be

Figure 3. SEM images of multichannel nerve conduit with varying diameter in
size and number of channels. (A) nerve conduit having nine channels, (B) nerve
conduit having 16 channels, and (C) nerve conduit having 19 channels.
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achieved by the changing of electrospinning parameters such
as different solvent, concentration of the polymer solution,
distance of collector, flow rate and humidity. However, varia-
bility can be achieved by changing collector size, thickness,
and number of sutures in different layers, while reproducibility
can be only maintained by using constant conditions. Three
different conduits have been produced by using same electro-
spinning parameters but different numbers of sutures and
layers strategy as shown in Figures 3A-C to demonstrate
reproducibility and variability of current method. The time
required for nerve conduit construction by using this tech-
nique depends on flow rate and the volume of electrospinning
solution, while this process took approximately 3-6h. Nerve
conduits showed average porosity of 89% and these results
suggested that our nerve conduit is highly porous and helpful
in nutrient transportation.

3.3. Comparison with existing methods

Jeffries and Wang have produced multichannel nerve conduit
by using two layers of random electrospun nanofibers with
template sutures and by rolling of mash tube structure was
achieved. The rolling tube was further covered by thin layer
of circumferential aligned nanofiber to hold the cylindrical
structure [16]. It was found that during the rolling of mesh
secondary channels were formed but not continuous struc-
tures. However, early degradation of outer layer due to rapid
cell growth on aligned fiber could cause the deformation of
whole nerve conduit structure. Recently, Dinis et al. [22] also
produced the multichannel structure by rolling of aligned
electrospun silk mat over the 50 different Teflon sticks. In the
previously mentioned model same rolling approach was used
but rolling of mat around the different Teflon sticks was very
laborious and sensitive work, which directly effects on the
reproducibility of results. In comparison to, our method is very
simple and nerve conduit does not show any secondary chan-
nels structure. It was also observed that smooth surface of
the collector allows easy removal from the electrospun fibers
without disrupting the conduit structure. In addition no
circumferential sheath is required to maintain the cylindrical
shape of conduit because highly collaboration of aligned
electrospun was observed so no chance of delamination.
Clements et al. [23] produced the nerve conduit structure
by inserting the flat sheets of electrospun fibers with cylindri-
cal nerve conduit to fill the lumen while Chew et al. [13] pro-
duced the conduit by filling the radially or axially aligned
fibers inside the lumen structure. The problem with these con-
duits is either they do not consume the entire cross-sectional
area for adhesion and guidance or not suitably oriented, or
their tight filling of bundles may inhibit the Schwann cell
migration. In comparison, our nerve conduit provides three-
dimensional open channels structure along with uniform
aligned electrospun nanofibers. The well-defined multichannel
and porous structure facilitates in mass transportation of
nutrients and biological agents, whereas multichannel con-
duits produced by mold casting, lithographic, and deposition
techniques have thick or continuous walls that restrict mass
transfer [17,24-27]. The versatile features of the current nerve
conduit are well channels orientation, size control, and

interconnectivity, which make it supreme over other
fabrication methods such as freeze drying, thermally induced
phase separation, and gas forming methods [28-31].

3.4. Cell morphology and proliferation

Multichannel nerve conduits were cultivated for 14 days under
static culture conditions to analyze the proliferation and
invasion of cells on conduit, designed for application in per-
ipheral nerve repair. Gu et al. [3] reported that Schwann cells
play important role in creating permissive environment during
nerve repair through secretion of neurotropic factors, phago-
cytosis of debris, and deposition of basal lamina, whereas it
is still unclear whether Schwann cells lead axonal regeneration
[32] or follow axons into a lesion site [33,34]. The Schwann
cells have been used from a variety of sources for nerve repair
tissue engineering including autologous, allogeneic cell lines,
or stem cells because these cells are directly intricate the pro-
cess of regeneration [3]. Therefore it is important that
Schwann cells produce the appropriate response to our nerve
conduit structure. The choice of biomaterial and fabrication
technique is also an important step in the development of
any nerve tube. In our study, we used P(LLA-CL) (50:50) as
reported in our previous work that P(LLA-CL) can easily be
electrospun and exhibits slow degradation, which is suitable
for the regeneration of nerves [10,35]. P(LLA-CL) is a copoly-
mer of L-lactic acid and e-caprolactone, shown different mech-
anical properties and biodegradability by changing the weight
ratio of lactic acid and e-caprolactone in the copolymer [6,10].

3.4.1. MTT

To find the effect of multichannel structure on mouse
Schwann cell proliferation, the MTT assay was performed
(Figure 4) and observed that cells were not only alive but con-
sistently metabolically active until 14 days of culturing. In
present experimental model, we have used two different nerve

3~5- *
Il TcP
Il © Channels . ]
Il 19 Channels

3.0 4

Absorbance at 492nm

1 3 5 7 14
Culturing Time (Days)

Figure 4. MTT results for seeded nerve conduit, readings were measured in trip-
licate for each sample (n = 3) and absorbance was read at 492n m (*significantly
different in comparison with control, p < 0.05, n=3).
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conduit structures that vary in number of channels (nine and
19) to find the effect of number of channels on cell prolifer-
ation. Initially both conduits were seeded with the same num-
ber of cells and found that 19-channel conduits showed higher
cell viability compared to nine-channel conduits because the
nerve conduit with a high number of channels provides high
surface area for cell attachment compared to that with a low
number of channels.

3.4.2. SEM

The morphology of Schwann cells as well as interaction between
the cells and conduit fibers were observed by SEM. It was
observed that cells adhere to the surface of fiber and extended
their cytoplasm along the fiber alignment, which showed longi-
tudinal direction in the nerve conduits (Figure 2D). In addition,
cell invasion indicates the porous nature of conduit, which pro-
vides enough space and 3D environment for cell growth and
migration. It is already reported that aligned nanofibers could
provide guidance to form oriented cellular morphologies, which
plays an important role in nerve regeneration [36]. In our study,
the 3D-aligned scaffolds provided a good microenvironment for
Schwann cell proliferation.

3.4.3. F-actin staining with DAPI

We have investigated the distribution pattern of Schwann cells
within the nerve conduit structure on third and seventh day of
post incubation. The representative confocal laser micrographs
of Schwann cells on the conduits showed that Schwann cells
spread well on the entire parts of nerve conduit (Figure 5).
By assessing results an expansion in cell viability was observed
from the third to seventh day. Briefly, Schwann cell migration
and proliferation throughout the entire conduit was further
supported by increased cell proliferation throughout channels
in the transverse-sections of the nerve conduit at the both
opening ends (Figures 5A, 5B, 5E, and 5F). The cells prolifer-
ation rate on the upper lamina of the conduits was shown on
Figure 5C to Figure 5G from the third to seventh day, respect-
ively. The distribution pattern of cells within the channels

On 3rd day of cell seeding
A B C

100pm 100pm

On 7th day of cell seeding

Figure 5. Alexa Fluor 568 Phalloidin with DAPI staining reveals the longitudinal
and transverse distribution of Schwann cell nuclei in the multi-channel nerve
conduit. (A, B) Transverse section at open end on third day, (C) cell distribution
on surface area of nerve conduit on the third day, (D) longitudinal section on the
third day, (E, F) transverse section at open end on the seventh day, (G) cells
distribution on surface area of nerve conduit on the seventh day, and (H)
longitudinal section on the seventh days.

were observed low on third day, but drastically improved on
seventh day as shown in longitudinal sections of conduit in
Figure 5D and Figure 5H, respectively. In present study, cell
proliferation and distribution rate may be higher due to direc-
tional fiber alignment within the channels whereas, high
porosity of electrospun structure and continually low speed
shaking also enhances the cells penetration in the channels.
Moreover, large open space of present multi-channel structure
also offered low growth resistance. Similarly, Kijenska et al.
[37] reported the aligned topography of P(LLA-CL) and
P(LLA-CL)/collagen I/collagen III nanofibrous scaffolds influ-
enced the behavior of C17.2 cells and higher cell proliferation
and differentiation was observed on aligned nanofibers as
compared to random nanofibers. However Gupta et al. [38]
observed low Schwann cell proliferation on aligned nanofibers
of PCL/gelatin nanofibers as compared to random nanofibers.
The difference of result is because, they have not used the same
size of aligned and random nanofibers scaffolds for Schwann
cells proliferation and as we have discussed previously that size
of the nanofibers can effect interaction between cells and the
substrates [21].

4. Conclusion

In present study, we fabricated the 3D multichannel nerve
conduit entirely composed of aligned electrospun fibers with
open porous longitudinal microchannels structure. We
demonstrated that the high number of channels can be
achieved by increasing the number of layers and maximum
sutures positioning, while the number of sutures and arrange-
ment should be compared with wall thickness ratio. An in
vitro study demonstrated that Schwann cells have the tendency
to grow along the direction of nanofibers and more cells were
observed in high number of channel-nerve conduit compared
to low number of channel-nerve conduit. These promising
results show potential use of this biocompatible multichannel
nerve conduit model for further in vivo analysis.
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