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Abstract Sciatic nerve injury presents an ongoing chal-
lenge in reconstructive surgery. Local stem cell application
has recently been suggested as a possible novel therapy.
In the present study we evaluated the potential of a chitosan/
silk fibroin scaffold serving as a delivery vehicle for adi-
pose-derived stem cells and as a structural framework for
the injured nerve regeneration. The cell-loaded scaffolds
were used to regenerate rat sciatic nerve across a 10 mm
surgically-induced sciatic nerve injury. The functional
nerve recovery was assessed by both walking track and
histology analysis. Results showed that the reconstruction
of the injured sciatic nerve had been significantly enhanced
with restoration of nerve continuity and function recovery
in the cell-loaded scaffold groups, and their target skeletal
muscle had been extensively reinnervated. This study raises
a potential possibility of using the newly developed nerve
grafts as a promising alternative for nerve regeneration.

1 Introduction

Peripheral nerve regeneration of partial injuries, such as
nerve crushes, entrapment with nerve compression, and
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trauma-induced or iatrogenic neurotmesis with incomplete
nerve transaction, occurs frequently [1]. Functional recov-
ery following surgical nerve repair is often disappointing
and remains a challenge despite continued improvements in
microsurgical techniques and tissue engineering.

Incomplete recovery is due to several factors including
scar formation at the lesion site. Following nerve injury
and repair, fibroblasts invade the lesion site and establish a
physical obstruction. Extraneural scarring may lead to
nerve tethering to adjacent tissues, which prevents nerve
mobility and induces traction injuries and vasospasm.
Physical obstructions may reduce axonal re-growth through
lesion sites and consequently impair function [2]. Various
procedures have been developed to prevent extraneural
scarring, including wrapping nerves with veins, muscle, fat,
fascia, free vascularized omentum and polymeric mem-
branes seeded with Schwann cells or olfactory ensheathing
cells [3-5]. However, the results are often inconsistent.

For theses reasons, recent studies have focused on
improving bioengineered scaffolds by mimicking features
of the permissive environment in the peripheral nervous
system following injury [6—8]. Our aim was to develop a
therapeutic chitosan (CS)/silk fibroin (SF) scaffold by
seeding with regenerative cells. The scaffold would act as a
baffle to physically block fibroblast invasion into the lesion
area, reduce scar tissue and be a three-dimensional carrier
for cell transplantation. Bioartificial scaffolds for cell
transplantation is an alternative strategy to create a favor-
able environment for nerve regeneration. In our study, we
compare scaffolds alone or seeded with regenerative cells
including primary Schwann cells (SCs) and adipose-
derived stem cells (ADSCs) for nerve regeneration.

CS, a naturally degradable polysaccharide composed of
alternating acetylated and deacetylated D-glucosamine
residues, has been clinically applied in hemostatic wound
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dressings and is a promising component of novel bio-
compatible matrices in tissue engineering [9]. CS shares
similar properties with polysaccharide and glycosamino-
glycan components of the extracellular matrix (ECM),
which allow CS to function as a substrate for cell adhesion,
migration, and ultimately tissue incorporation [10]. In our
previous study, we demonstrated high in vitro CS bio-
compatibility with nerve cells [11]. However, the use of CS
for tissue-engineering nerve grafts remains uncharacter-
ized. Recent advances in CS optimization in terms of
biocompatibility and cell support have been achieved by
hybridization with the structural SF protein [9].

SF is a natural fibrous protein, which is useful for sur-
gical implantation due to advantageous biological charac-
teristics. These characteristics include oxygen and water
permeability, cell attachment and proliferation support,
relatively low thrombogenicity, a low inflammatory
response and protease susceptibility, and most importantly,
high degradation kinetics and solid physical strength with
flexibility [12]. Previous studies demonstrated that SF
fibers are biocompatible with peripheral nerve tissues and
cells [13]. Other studies have shown that the combination
of SF with CS improves SF structural features, which
benefit from CS surface chemistry and produce a hybrid
scaffold with ideal qualities for cell attachment and pop-
ulation of the scaffold [9, 12].

SC transplantation is a promising therapy following
peripheral nerve transection. SCs and basal lamina provide
two key factors for nerve regeneration: (1) acting as a
scaffold for regenerating axons that grow through empty
basal lamina tubes [14]; (2) secretion of numerous neuro-
trophic factors that improve nerve regeneration [15, 16].
However, their clinical use is limited by culturing an
adequate quantity of SCs for transplantation into nerve
conduits, which is time consuming and technically chal-
lenging. Moreover, SCs are not easily accessible and
require an autologous nerve biopsy with the related com-
plications of anesthesia and pain at the harvest site [14, 17].
However, with the increasing clinical use of stem cells,
new strategies are being developed for the treatment of
nerve injuries [18].

Recently, ADSCs have been identified as a source of
adult stem cells. ADSCs can differentiate into various cell
types from mesodermal to ectodermal lineages such as
adipocytes [19], osteoblasts [20], myocytes [21], chondro-
cytes [22], endothelial cells [23], cardiomyocytes [24] and
neural lineages [25-27]. In a previous study, we demon-
strated that ADSCs can be induced to differentiate into
Schwann-like cells by an indirect co-culture microenvi-
ronment [28]. Furthermore, ADSCs proliferate rapidly in
culture and are easily isolated by conventional liposuction
procedures that avoid tissue morbidity compared with that
of bone marrow aspiration. Similar to other stem cell types,
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the potential of ADSCs for regeneration was initially con-
sidered to be related to their differentiation potential.
Although this assumption is true, there is an increasing body
of evidence describing trophic effects of ADSCs on pro-
tection, survival and differentiation of various in vivo cells/
tissues [29]. Moreover, ADSCs have demonstrated an
immunomodulatory property that is closely related to the
ADSC secretome. The secreted factors include hepatocyte
growth factor, granulocyte and macrophage colony stimu-
lating factors, interleukins-6, -7, -8 and -11, tumor necrosis
factor-alpha, vascular endothelial growth factor, brain
derived neurotrophic factor, nerve growth factor and adi-
pokines [29]. Therefore, ADSCs may be an ideal cell source
for transplantation and peripheral nerve regeneration.

In the present study, we developed an artificial nerve
graft composed of CS/SF seeded with ADSCs and inves-
tigated whether enwrapping of the lesion site improves
regeneration and recovery rates. The artificial nerve scaf-
fold was used to regenerate a 10 mm surgically-induced
sciatic nerve injury in a rat model. The clinical outcome
was evaluated by various histological methods at 24 weeks
post-surgery.

2 Materials and methods
2.1 Materials

Bombyx mori silk was purchased from Shibanyan Xinxing
raw silk factory, Linzhou, Anyang, Henan, China. CS was
obtained from Qingdao Haisheng Co., Qingdao, Shandong,
China. The degree of deacetylation was estimated to be
93.5% using the 1H-NMR method and the viscosity-aver-
age relative molecular weight was 1.8 x 10° Da.

Trypsin and Dulbecco’s modified Eagle medium/F-12
Ham nutrient mixture (DMEM/F-12) were purchased from
Invitrogen. Collagenase type II was purchased from Merck.
Cytosine-B-arabinoside hydrochloride (Ara-C), penicillin
and streptomycin were purchased from Sigma. Human
heregulinl-f$1 Extracellular Domain (HRG1-$1 ECD) was
from R&D system. Fetal bovine serum (FBS) was obtained
from Hyclone. All the culture plates and clusters were from
Costar. All other reagents were local products of analytical
grade.

Primary antibodies employed for immunocytochemistry,
including mouse-anti-S-100 protein antibody and rabbit
anti-neurofilament H (200 kDa) antibody, were obtained
from Millipore. Secondary antibodies including FITC goat
anti-rabbit IgG (H + L) and TRITC goat anti-mouse IgG
(H + L) were purchased from Invitrogen.

Postnatal Sprague-Dawley rats (either sex, 1-3 days old,
for SC isolation) and adult Sprague-Dawley rats (male,
6-8 weeks old, for ADSCs isolation; female, 200-300 g,
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for nerve regenerative surgery) were obtained from Beijing
Haidian Experimental Animal Center. All animal experi-
ments were carried out in accordance with the US National
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals (NIH Publications No. 80-23) revised 1996
and approved by the Beijing Administration Committee of
Experiment Animals.

2.2 Cell isolation and culture

Schwann cells were enriched from the sciatic nerves of
postnatal Sprague-Dawley rats as described in our previous
study [30]. The adipose tissue was purified from the tes-
ticular fat pads of adult Sprague-Dawley rats. Isolation of
ADSCs was accomplished using a modification of pub-
lished methods [31]. The obtained adipose tissues were
washed with cold DMEM/F-12 medium and mechanically
dissociated by scissors. After that, the adipose tissues were
digested with collagenase type II for 40 min at 37°C and
then dissociated carefully with pipettes. The suspension
was filtered through 80-pum metal mesh and centrifuged to
separate the floating adipocytes from stromal vascular
fraction. The supernatant was discarded and cells in the
stromal vascular fraction were re-suspended in DMEM/
F-12 medium (containing 1% penicillin/streptomycin and
10% FBS) and seeded onto culture plates. 24 h later, the
culture medium was changed to eliminate the non-adherent
cells. Cells used in our experiments were passaged for 3-5
times.

2.3 Flow cytometry

Rat ADSCs within 3-5 passages after the initial plating of
the primary culture were harvested, and then the cells were
centrifuged and re-suspended in PBS. Each 1.5 ml tube
was placed with 1 x 10° cells. Then the cells were washed
twice with PBS, and incubated for 30 min on the ice
with the following FITC-conjugated primary antibodies,
including CDI11b, CD31, CD45, CD44 and CD90. For
control samples, nonspecific FITC-conjugated IgG was
substituted for the primary antibodies and analyzed by BD
FACSAria " 1I Flow Cytometer (BD Biosciences, USA).

2.4 SF purification and concentration

The sericin coating of raw silk fiber from Bombyx mori
cocoon was removed via degumming. In brief, 0.5% (w/v)
sodium carbonate was dissolved and brought to 100°C. Raw
silk was added at 1:100 (w/v) and heated for 1 h, followed
by draining of the alkaline soap solution. The degummed
silk was rinsed in running distilled water. After all the
remaining sericin was removed completely, the washed silk
was air-dried.

The degummed silk was then dissolved in calcium
dichloride-ethanol solution (molar ratio, CaCl,:H,O:
C,HsOH 1:8:2) at 80°C as described previously [32].
The solution was cooled and then dialyzed against the dis-
tilled water for 3 days. After vacuum filtration, the SF
aqueous solution was stored at 4°C until use. The concen-
tration of SF aqueous solution was determined by BCA
protein assay kit (Pierce). The final SF concentration can be
adjusted to meet the need by concentrating the solution at
40°C or diluting.

2.5 CS dissolution and blending with SF solution

CS solution was prepared by dissolving 3% (w/v) CS in
1.5% (w/v) acetic acid. The solution was filtered through a
middle-pore-size nylon cloth (Hualu medical material
company, Shandong, China) to remove insoluble sub-
stances. An equal volume of 10% (w/v) SF was added
to the filtered CS solution to prepare a 50:50 blend
(V3acs:Vipasg = 50:50) and allowed to mix for 15 min.
The final blend was named 5CS/5SF, which was clear and
homogeneous and stored at 4°C until use. In addition,
70:30 blends (V3gcs:Viowse = 70:30) were prepared in
the similar manner (7CS/3SF).

2.6 Preparation of SF-CS blend film

The above blends were degassed and then cast into the
wells of 24-well Costar tissue culture clusters (0.3 ml/
well for 24-well cluster), and dried at 50°C for 48 h to
form thin membrane substrates. After drying, the mem-
branes were treated with methanol for 2 h, and then
immersed into NH4OH solution for 30 min. Finally, the
film was washed with the distilled water until neutrality,
and then air-dried. A pure CS membrane was processed
with the same procedure as controls. For all membranes,
their thickness was ~20 pm, which was measured by
micrometer caliper.

2.7 Cell adhesion and proliferation on CS/SF blend
films in vitro

SCs and ADSCs were used to evaluate the biocompatibility
of the blended CS/SF films. Prior to cell culture assays, all
tissue culture clusters were sterilized by exposure to UV
light for 30 min. Two types of cells were routinely
removed from tissue culture dishes, and were seeded on the
pretreated tissue culture clusters obtained as described in
Sect. 2.5. All substrates remained fully transparent, which
allowed direct observation of cell morphology with an
inverted phase contrast microscope. Cells cultured after
24 h were viewed using an inverted phase contrast
microscope (Axiovert 10, Opton). Images from the
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microscope were acquired using a CCD video camera
(CCD color camera, Hitachi).

An MTT test was performed to quantify the cell via-
bility. Briefly, cells were cultured for 1, 3, and 5 days,
and 100 pl MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diph-
enyltetrasodiuim bromide, 5 mg/ml, Amresco 0793) was
added to each well and were incubated at 37°C for 4 h.
Then, the MTT solution was removed and the insoluble
blue formazan crystal was dissolved in dimethyl sulfoxide.
100 ml of solution from each well was aspirated and
poured in a 96-well plate. The absorbance was measured at
570 nm using an ELISA reader (Bio-Rad Model 550,
USA). In addition, MTT assay was performed on a directly
counted cells serial (0.2 x 105, 0.4 x 10°, 0.8 x 10°,
1.6 x 105, 32 x 10°, 6.4 x 105), and the absorbance
values were plotted against the counted cell numbers to
establish a standard calibration curve. Viable cell numbers
were then determined from the standard curve based on
their MTT absorbency. Cells numbers were represented as
means =+ standard deviation (SD).

2.8 Fabrication of CS/SF nerve conduit

CS/SF nerve conduit was prepared by the method as
described previously with minor modification [33]. In brief,
the blended solution was obtained and degassed as
described in Sect. 2.4. Then the solution was injected
gently into a homemade mold using a syringe, frozen in
liquid nitrogen for 30 min, followed by lyophilization for
48 h. The dried samples were removed from the molds and
treated in methanol for 2 h to crystallize the silk content.
The methanol was then replaced with NH4OH solution
overnight to neutralize the acetic acid content. To remove
the NH4OH solution, the samples were rinsed several times
using deionized water until the rinsing solution was neutral,
and then equilibrated in 0.2 mol/l phosphate buffered sal-
ine solution (PBS, pH 7.4) for 30 min. The surface water of
the samples was absorbed by filter paper and dried at room
temperature, and then the mandrel was removed to produce
a porous CS/SF conduit. CS nerve conduit was prepared as
described above without modification.

2.9 Characterization of the silk fibroin-chitosan nerve
conduit

2.9.1 Scanning electron microscopy (SEM)

The scaffolds were mounted on aluminium stumps and
coated with gold in a sputtering device for 3 min at 15 mA
under vacuum. The surface and cross-section morphologies
of CS and SF-CS scaffolds were examined with a scanning
electron microscope (KYKY-2800, Apparatus Factory,
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Chinese Academy of Sciences, Beijing, China) with an
acceleration voltage of 20 kV.

2.9.2 Mechanical properties

The mechanical properties of the conduits were tested with
a universal testing machine (AG-1, Shimadzu Co, Japan).
All the samples were tested in a wet state after immersion
in PBS for 24 h. Tensile strength was evaluated by
applying a force parallel to the longitudinal axis of a
conduit. Six replicates were included in each group.

To investigate the suture retention ability of the scaf-
folds, the tensile testing was performed by mimicking in
vivo surgical procedures as described previously [34].
Briefly, the scaffold was sutured to epineuria between two
stumps of goat common peroneal nerve obtained from a
local abattoir with 8-0 nylon sutures at two opposite sites on
both ends. At least seven knots were tied at the end of the
each suture to prevent slippage. The two nerve stumps were
clamped into the testing device, and force was applied
parallel to the axis of the conduits at an extension speed of
10 mm/min until the suture pulled out of the testing scaffold
or epineuria. The maximum load was recorded as the suture
retention strength of the scaffolds. At least six samples were
measure, and the average values were obtained.

2.9.3 Swelling index and expansion ratios measurements

Dried CS/SF and CS conduits were weighed and subse-
quently immersed in PBS, (pH 7.4) for 24 h. The mass of
the swollen samples were measured after the surface water
was removed with filter paper. The changes in inner
diameter and wall thickness of the conduits were measured
by a micrometer caliper. For each experimental value, five
independent experiments were conducted. The swelling
properties of the conduits were evaluated by the following
parameters:

SI = (Ws — Wd)/Wd) x 100%, (1)
T = ((Hs — Hd)/ Hd) x 100%, (2)
D = ((Ds —Dd)/ Dd) x 100%, (3)

where SI is the swelling index. Wd and Ws is the mass of
the dried and swollen grafts; T is the increase in wall
thickness of a conduit. Hd and Hs is the wall thickness of
the dried and swollen grafts; D is the change in inner
diameter of the conduit. Dd and Ds is the inner diameter of
the dried and swollen grafts.

2.9.4 Cells loading of CS/SF conduits

Freeze-dried CS/SF conduits were sterilized with 70%
ethanol immersion overnight, decontaminated by exposure
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to ultraviolet irradiation for 1 h, and incubated in sterile
PBS prior to in vitro cell seeding. Conduits of 12 mm in
length were injected with 200 pI DMEM/F12 culture
medium alone in the CS/SF group and with an equal vol-
ume of cell suspension containing 1 x 10° cell/ml SCs in
the SC-7CS/3SF group, and 1 x 10° cell/ml ADSCs in the
ADSC-7CS/3SF group. Conduits were incubated in 5%
CO, incubator at 37°C for 3 h, after which the overlying
medium or cell suspension was aspirated. The conduits
were then dipped into DMEM/F12 culture medium and
incubated under standard culture condition for 48 h. When
conduits were transferred to the operative field for surgical
engraftment, they were moved to a sterile six-well plate
and washed gently in two 1 ml aliquots of PBS to remove
any non-adherent cells or medium.

In order to examine whether grafted cells were survived,
cell viability and proliferation was determined by using
CCK-8. Briefly, conduits of 2 mm in length were injected
with 30 ul DMEM/F12 culture medium alone in the CS/SF
group and with an equal volume of cell suspension con-
taining 1 x 10’ cell/ml SCs in the SC-7CS/3SF group, and
1 x 10° cell/ml ADSCs in the ADSC-7CS/3SF group.
Conduits were incubated in 5% CO?2 incubator at 37°C for
3 h, after which the overlying medium or cell suspension
was aspirated. The cell-loaded conduits were cultured
DMEM/F 12 medium and incubated under standard culture
in 96-well plate. After 1, 3, 5, 7 days, 10 ul CCK-8 was
added to each well. Aftet incubation at 37°C for 4 h, the
absorbance of WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt] in each well at 450 nm was measured with an
ELISA reader (Bio-Rad Model 550, USA).

Fig. 1 A schematic illustration
of the nerve injured model
and the surgical procedures

proximal
nerve stump

(a)

|

2.9.5 Surgical procedures

Based on the results of the above physical and biological
properties of the scaffolds, 7CS/3SF scaffold was selected
to regenerate the sciatic nerve across a 10-mm long sur-
gically induced sciatic nerve injury in a rat model. Briefly,
32 female Sprague-Dawley rats (200-230 g) were used to
evaluate the nerve regeneration in 7CS/3SF scaffold.
The animals were randomly divided into four groups: (1)
the SC-7CS/3SF scaffold group (n = 8); (2) ADSC-7CS/
3SF scaffold group (n = 8); (3) 7CS/3SF scaffold group
(n = 8); (4) the non-grafted rats as a negative control
group (n = 8). For the surgical procedures, the animals
were anesthetized by administering 10% chloral hydrate
(0.35 ml/100 g) intraperitoneally (i.p.) and the left sciatic
nerve was exposed through a skin incision extending from
the greater trochanter to the mid-thigh followed by splitting
the overlying gluteal muscle. The nerve injured model was
performed by half sectioning the exposed sciatic nerve
through a fine scissor cut every 2 mm within 1 cm as
shown in Fig. lc. The injured sciatic nerve was then
enwrapped by the splitted nerve conduits with 10-0 nylon
sutures as shown in Fig. le. For the negative control group,
the nerve defect was left uncovered. Finally the muscle
layer was anastomosed with 4-0 nylon sutures, and the skin
was closed with 2-0 silk sutures.

2.9.6 General observation
After surgery, all rats were housed and fed routinely, and

monitored for changes in their appearance, hind limb
movements, healing of the surgical wounds, and ulcer
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formation in the foot. At 24 weeks post-operatively, the
rat was held by the tail and lowered toward the cage, and
then pulling it upward when the animal gripped the grid.
The posture of each rat was recorded by the aid of photos at
24 weeks after surgery.

2.9.7 Functional evaluation

In order to assess the functional nerve recovery, walking
track analysis was performed on animals in the four dif-
ferent groups at 12 and 24 weeks after surgery, as previ-
ously described [35]. Briefly, footprints were recorded by
painting the rat hind paws with China ink and have them
walk along a 40 x 8 cm track on white paper, with a dark
shelter at the end. Several measurements were taken from
the footprints: (1) distance from the heel to the third toe,
the print length (PL); (2) distance from the first to the fifth
toe, the toe spread (TS); and (3) distance from the second
to the fourth toe, the intermediary toe spread (ITS). All the
above measurements were taken from the experimental
(E) and normal (N) sides. Footprints for measurements
were chosen at the time of walking based on clarity and
completeness at a point when the rat was walking briskly.
Sciatic functional index (SFI) was calculated according to
the following equation:

SFI = —38.3(EPL — NPL)/NPL
+109.5(ETS — NTS)/NTS
+ 13.3(EITS — NITS)/NITS — 8.8 (4)

For SFI, an index score of 0 is considered normal and an
index of —100 indicates total impairment of the sciatic
nerve. When no footprints were measurable, the index
score of —100 was given. In each walking track, three
footprints were analyzed by a single observer, and the
average of the measurements was used in SFI calculations.

2.10 Histological assessment

Following walking track analysis at week 24 postopera-
tively, the nerve grafts and gastrocnemius muscles were
harvested from the operated and contralateral sides for the
following experiments.

2.10.1 Muscle mass

Recovery assessment was also indexed as the weight ratio
of the gastrocnemius muscle. The gastrocnemius muscles
dissected from the operated and contralateral unoperated
sides were weighed damp. A conservation muscle-mass
ratio, given in percentages, was calculated for each animal
by dividing the muscle mass of the operated side by those
of the unoperated side. All counts were made by two
independent observers unaware of the analyzed group.
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2.10.2 Immunohistochemistry

The nerve specimens in each group were fixed in buffered
4% paraformaldehyde for 24 h, and transferred to the 30%
sucrose in 0.1 M PBS, and then cut into 15 pum thick
transverse sections on a cryostat. Sections were blocked in
5% normal goat serum for 30 min at room temperature, and
allowed to incubate with rabbit anti-neurofilament 200 kD
polyclonal antibody (1:100) and mouse anti-S-100 protein
monoclonal antibody (1:100), at room temperature for 1 h.
The sections were washed three times with PBS and further
reacted with the corresponding secondary antibodies, a
FITC goat anti-rabbit IgG (1:50) and a TRITC goat anti-
mouse IgG (1:50), at room temperature for 2 h. After a
second rinsing step with PBS/Tween, sections were
mounted with antifade solution. Labeled sections were
examined with fluorescence microscopy. The nerve speci-
mens obtained from the unoperated site were served as a
positive control. The images were digitally recorded and
processed with Image-Pro Plus.

2.10.3 Electron microscopy observation

For the histological analysis, the regenerated nerve speci-
mens were fixed with pre-cooled 2.5% glutaraldehyde in
0.1 M PBS for 2 h and post-fixed in 1% osmium tetraoxide
solution for 1 h. Then they were dehydrated stepwise in
increasing concentrations of ethanol, and embedded in Epon
812 epoxy resin. The mid-portions of the specimens were cut
into semi-thin cross-sections of 1 pm thickness with an
ultramicrotome (EM UC6, Leica, Germany), and stained
with toluidine blue for measuring the cross-sectional area of
the total nerve trunk area by light microscopy. The nerve
specimens obtained from the unoperated site were served as
a positive control.

To observe more detailed axon and myelin sheath
regeneration inside the tubes, the specimens were also cut
into ultra-thin sections with 70 nm thickness. The sections
were stained with lead citrate and uranyl acetate, and then
examined by a transmission electron microscopy (TEM,;
H-7650, Hitachi, Japan). The nerve specimens from the
unoperated site were used as a positive control for nerve
histological analysis. The electron microscopic images
from 8 random fields of each nerve section were selected
and analyzed by Image-Pro Plus software to obtain mor-
phometric parameters. In brief, for each selected field,
individual myelinated nerve fibers were counted, and
myelinated fiber diameter (D) and axon diameter (d) were
measured. These data were used to calculate myelin
thickness ((D — d)/2) and g-ratio (d/D). The g-ratio of an
axon is a measure of myelin thickness calculated by
dividing the axonal diameter by the total diameter of axon
plus myelin sheath. The myelinated fiber density was
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determined by examing the ratio of the myelinated fibers/
total area analyzed.

2.11 Statistics

All data were expressed in the text as mean £ SD. For
comparison of quantitative measures, the values were
subjected to statistical analysis using Students z-test, and
statistical significance was accepted at the 0.05 confidence
level.

3 Results
3.1 ADSC:s identification

Flow cytometric analysis of passage 3-5 rat ADSCs
revealed that the cells were CD44 and CD90 positive, and
CDl11b, CD31 and CD45 negative (Fig. 2). This result was
consistent with previous reports [36] that revealed ADSCs
express CD90 and lack hematopoietic lineage markers
CD11b and CD45.

3.2 Cell adhesion and proliferation on CS/SF blended
films in vitro

SCs and ADSCs morphologies and adhesion on CS alone
and two blended films are shown in Fig. 3. After 24 h, SCs
on 7CS/3SF and 5CS/5SF films showed higher adhesion
compared with those on CS control. ADSCs adhesion to

these films showed a similar pattern. Furthermore, many of
SCs on the CS film maintained a spherical shape and only
small number of SCs were bipolar. On the 7CS/3SF and
5CS/5SF films, extensions were observed from most cells
that were characterized as phase-bright, spindle-shaped,
bipolar or infrequent tripolar cells with low cytoplasm to
nuclei ratios.

MTT assays were performed to assess cell proliferation
on CS and CS/SF blended films. Equal cell numbers were
seeded onto CS and blend films that contained various SF
concentrations. Figure 4 shows the proliferation rates of
SCs and ADSCs cultured on CS and blend films at days 1,
3 and 5. At day 1 in culture, SCs on 7CS/3SF and 5CS/5SF
films demonstrated significantly higher SCs proliferation
compared with those on the CS control. At days 3 and 5,
7CS/3SF and 5CS/5SF films maintained higher SCs pro-
liferation compared with those on the CS control. ADSC
proliferation demonstrated a similar pattern with an
exception of the proliferation rate on the CS control did not
decrease on day 5.

3.3 Characterization of the CS/SF nerve conduit
3.3.1 Scanning electron microscopy (SEM)

After scaffolds were treated with methanol and sodium
hydroxide, the sheet structure remained but was more
compact (Fig. Sa—c). All three conduit types possessed a
well defined and integrated sheet structure, and 7CS/3SF is
much superior. This sheet formation is the first step
towards mimicking the layered basement membrane
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Fig. 2 Flow cytometric analysis of rat ADSCs. Results shows that rat ADSCs don’t express CD11b, CD31 and CD45, but express C44, and

CD90
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Fig. 3 Phase-contrast photomicrograph of SCs and ADSCs 24 h after cells seeding on CS and CS/SF blend films. a—c¢ SCs on CS, 7CS/3SF and
5CS/5SF film, respectively; d—f ADSCs on CS, 7CS/3SF and 5CS/5SF film, respectively. (Scale bar 100 pm)
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Fig. 4 Proliferation of rat SCs and ADSCs on CS and CS/SF blend
films. A—-C SCs on CS, 7CS/3SF and 5CS/5SF film, respectively;
(D-F) ADSCs on CS, 7CS/3SF and 5CS/5SF film, respectively

structure. In addition, fiber-like morphology was observed
on the interior surface of the conduits with increasing of SF
concentration (Fig. 5d—f).

3.3.2 Mechanical properties

Appropriate mechanical properties are required for nerve
scaffolds to remain intact during a suture process and
provide a temporary mechanical support sufficient to
withstand in vivo forces exerted by the surrounding tissues.
In addition, a space must be maintained for tissue rede-
velopment. Conduit tensile strengths are shown in Table 1.
The scaffold elastic modulus, tensile strength and
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elongation-at-break of the scaffold decreased with
increasing of SF concentrations. An elastic modulus
decrease may improve the flexibility of the blended scaf-
fold for nerve regeneration. However, the tensile strength
and elongation-at break of the SCS/5SF scaffold make it
too fragile for medical implantation. Moreover, SCS/5SF
conduits were brittle during fabrication compared with
those of CS and 7CS/3SF conduits (Fig. 6).

To determine whether scaffolds were too fragile for
implantation, tensile analysis was performed by mimicking
in vivo surgical procedures. Suture retention strengths of
CS and 7CS/3SF conduits were high enough to resist the
applied extension force (the epineurium was divulsed at
~2 N, Table 2), while the 5CS/5SF conduit was physi-
cally weak (the conduit was divulsed at ~1.42 N while the
epineurium remained intact, Table 2). These results were
consistent with our observation and their own mechanical
properties. Therefore, the 7CS/3SF conduit may be an
appropriate scaffold for the treatment of peripheral nerve
injuries.

3.3.3 Swelling index and expansion ratios measurements

Swelling properties of CS and blended scaffolds are listed
in Table 3. The swelling index, diameter change and wall
thickness decreased with an increasing SF concentration.
CS contains primary amines and hydroxyl groups that
result in the polymer being hydrophilic. SF is a fibrous
protein that does not significantly swell. Therefore, the
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Fig. 5 SEM images of porous CS and CS/SF conduit. a—¢ Transection view of CS, 7CS/3SF and 5CS/5SF conduit, respectively; d—f Interior
surface of CS, 7CS/3SF and 5CS/5SF conduit, respectively (Scale bar 100 pm)

Table 1 Mechanical properties of CS and CS/SF conduits

Table 2 The suture retention strength of the scaffolds

Sample Elastic Tensile strength Elongation-
name modulus (MPa) (MPa) at-break (%)
CS 6.8 £ 0.5 47 £ 04 62 + 8.7
7CS/3SF 53+02 31+07 56 £ 74
5CS/5SF 344+03 2.1+05 33 £ 48

Values are mean &= SD, n = 6

14 ¢
O 1stday N 3rdday @ 5th day & 7th day
12
y‘é‘r‘
24
" .
%
08 r %
45555
2
06 %
! 95554
04 L ?wv
2
99955
02r 95555
%
0 1 5 J

ADSCs

Fig. 6 Cell proliferation analysis of SCs and ADSCs cultured on
7CS/3SF on day 1, 3, 5,7

swelling changes are probably due to the properties of CS.
To produce an optimal scaffold, CS and SF needed to be
blended at a suitable proportion.

Sample name  Maximum load (N)  Result description

CS 2.18 £ 0.23 The epineuria were divulsed
7CS/3SF 1.96 £ 0.25 The epineuria were divulsed
5CS/5SF 142 £ 0.18 The scaffolds were divulsed

Values are mean + SD, n = 6

Table 3 Swelling properties of CS and CS/SF conduits

Parameters Value (%)

CS 7CS/3SF 5CS/5SF
SI 423 + 35 348 + 39 328 £ 57
T 128 £+ 26 118 + 34 115 £ 27
D —13+3 —11+2 —11+1

Values are mean = SD, n = 5

3.4 Cell viability and proliferation on 7CS/3SF conduit

To examine grafted cell survival, viability and proliferation
was determined by CCK-8. SCs and ADSCs proliferation
rates on 7CS/3SF conduits from day 1 to 7 are shown in
Fig. 8. Both SCs and ADSCs proliferated well on 7CS/3SF
scaffolds with a 1.86-fold increase in SCs and 2.14-fold
increase in ADSCs at day 7. These results indicated that
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SCs and ADSCs not only survive but also proliferate effi-
ciently after seeding on a 7CS/3SF conduit.

3.5 General observation

Complications related to surgical procedures did not occur.
Wounded tissues spontaneously healed and there were no
trophic ulcers on operated limbs or experimental animal
fatalities. Following surgery, locomotor functions were
completely absent in operated limbs. Palms on the operated
side of rats could not touch the ground while walking.
A small number of animals in the negative control group
had shown a tendency to auto-mutilate treated digits and
some mutilated the entire forefoot. After 24 weeks, both
the SCs-7CS/3SF and ADSCs-7CS/3SF grafted rats were
able to grasp a grid (Fig. 7a, b) and coordinate their
movement with each other. Operated limb strengths
appeared approximately equal to contralateral limbs.
Locomotor recovery of the 7CS/3SF scaffold group was
less than that of the ADSCs-7CS/3SF scaffold group
(Fig. 7c), but more than that of the negative control
(Fig. 7d). In the negative control, operated hind limbs
demonstrated limping, gastrocnemius muscle atrophy,
load-bearing incapacity and uncoordinated motion with
unoperated hind limbs (Fig. 7c). Neither scaffold disloca-
tion nor neuroma formation was observed in grafted rats.
However, there was loose tissue in the injured segment
of the negative control (Fig. 8). Serious adhesion of the

Fig. 7 Photographs
demonstrating locomotion
functions of the operated hind
limb of rats at 24 weeks post-
operatively in SC-7CS/3SF
scaffold group (a), ADSC-7CS/
3SF scaffold group (b), 7CS/
3SF scaffold group (c¢) and the
negative control group (d)
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injured segment to the epimysium of the underlying mus-
culature was also observed.

3.6 Functional evaluation

The SFI value is one of the crucial indexes that evaluate the
recovery of hind limb sensory and motor function, and it
varies from 0 to —100, with O corresponding to normal
function and —100 to complete dysfunction. In order to
avoid the adverse impact of gait analyses and motor per-
formance caused by the loss of a foot, rats with mutilated
feet were removed from the analyses. Figure 9 displays
the changes in the SFI value of the four groups during
24 weeks post-nerve injury. The improvement in mean
SFI values (SC-7CS/3SF scaffold group: —43.6; ADSC-
7CS/3SF scaffold group: —41.4; 7CS/3SF scaffold group:
—55.2) were observed from the twelfth week after trans-
plantation, indicating that some regenerated axons have
passed through the nerve graft and eventually into the
target organ. Recovery of nerve function was also detected
in the negative control group 24 weeks after surgery (SFI
values: —62.2), but the extent was the lowest compared
with other grafted groups. The mean SFI showed no sig-
nificant difference between SC-7CS/3SF and ADSC-7CS/
3SF scaffold group 24 weeks post surgery (SC-7CS/3SF
scaffold group: —22.3; ADSC-7CS/3SF scaffold group:
—23.5), while the value of the 7CS/3SF scaffold

group followed behind (7CS/3SF scaffold group: —36.4).
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Fig. 8 Gross view of the regenerated nerve 24 weeks after injury in
the negative control group. Serious adhesion of the injured segment to
the epimysium of the underlying musculature was also observed

The statistical analysis revealed that the recovery of nerve
function was significantly different between ADSC-7CS/
3SF scaffold group and the 7CS/3SF scaffold group, and
the latter were far superior to the negative groups.

3.7 Histological assessment
3.7.1 Muscle mass

The gastrocnemius muscles weight ratio, defined as
the ratio of muscle wet weight of the operated side to the
contralateral non-operated side, is more reliable than
that of weighing the wet muscle itself. We found that
24 weeks after surgery, the mean wet weight ratio of the
gastrocnemius for the ADSC-7CS/3SF scaffold group was
similar to that for the SC-7CS/3SF scaffold group, but
significantly higher than that for the 7CS/3SF scaffold
group and the negative control group (Fig. 10), which
indicated that ADSC-7CS/3SF graft greatly enhances the
sciatic nerve regeneration process, since the relative pres-
ervation of muscle weight closely reflects the degree of
muscle innervation.

3.7.2 Immunohistochemistry

At 24 weeks after nerve injury, double immunostaining
with anti-NF200 and anti-S100 was performed to the distal
portion of the sciatic nerves from the different groups.
Numerous NF200 immunopositive nerve axons were seen
in all the groups. NF200 and S100 immunopositive nerve
axons in nerves of the unoperated site, SC-7CS/3SF
scaffold group, ADSC-7CS/3SF scaffold group and 7CS/

24 weeks

12 weeks

BASB®EC®D

-120 -

Fig. 9 Functional recovery after surgically sciatic nerve injury using
walking track analysis. Measurements made from walking track
prints were then submitted to SFI. A SC-7CS/3SF scaffold group;
(B) ADSC-7CS/3SF scaffold group; (C) 7CS/3SF scaffold group;
(D) negative control group. *P < 0.05 versus SC-7CS/3SF scaffold
group; **P < 0.05 versus ADSC-7CS/3SF scaffold group

3SF scaffold group were arranged more evenly and den-
sely (Fig. 11a3, b3, c3, d3). A large number of well-
myelinated axons with larger diameter were observed in
both SC-7CS/3SF and ADSC-7CS/3SF scaffold group in
comparison to those in 7CS/3SF scaffold group, which
indicated that ADSCs were beneficial as a cell therapy for
peripheral nerve regeneration. The density of both NF200
and S100 immunopositive areas in the negative control
group was greatly decreased as compared to all other
groups (Fig. 11e3), which suggested that the CS/SF scaf-
fold can mechanically block the invasion of scar tissue
into the lesional area, and serve as a delivery vehicle for
ADSCs.
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Fig. 10 Muscle wet weight ratio of the gastrocnemius muscle of the
operated to contralateral hind limb after 24 weeks indicates a
significantly reinnervation in ADSC-7CS/3SF scaffold group versus
7CS/3SF scaffold group and the negative control group. *P < 0.05
versus SC-7CS/3SF scaffold group; **P < 0.05 versus ADSC-7CS/
3SF scaffold group

3.7.3 Histological observation

Transverse semi-thin sections of sciatic nerves from the
middle portion of the injured sites were analyzed by
Toluidine blue staining 24 weeks after surgery. Figure 12
shows the histological appearance of the nerve specimens
from the unoperated site cross section compared with that
of other regenerated nerve fibers. Regenerated nerve fibers
in ADSC-7CS/3SF scaffold group and SC-7CS/3SF scaf-
fold group were organized in microfascicles, which were
similar to positive control nerve fibers, but much larger
compared with those of the 7CS/3SF scaffold group and
the negative control group. The formation of blood vessels
was also observed (Fig. 12). Vascular tissue was increased
in the negative control compared with that of the grafted
groups.

Ultra-thin sections were also observed under transmis-
sion electron microscope. Results revealed the morpho-
logical features of the regenerated sciatic nerve in different
groups at 24 weeks after nerve injury. As shown in
Fig. 13a, myelinated axons were surrounded by thick and
dark myelin sheath within the nerve specimens from the
unoperated site (1.17 & 0.02 um). In the ADSC-7CS/3SF
scaffold group, the myelinated axons were surrounded by a
clear, thick, and electron-dense myelin sheath. The thick-
ness of their myelin sheaths were similar to that of
SC-7CS/3SF scaffold group (Fig. 13b, ¢, ADSC-7CS/3SF
scaffold group, 0.75 £ 0.03 pm; SC-7CS/3SF scaffold
group, 0.84 £ 0.05 pm, Table 4), but thicker than the
7CS/3SF scaffold group (Fig. 13d, 7CS/3SF scaffold
group, 0.53 £ 0.07 um, Table 4). The thickness of the
myelin sheaths in the negative control group was the
thinnest (Fig. 13e, 0.36 £ 0.13 pm, Table 4).
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The statistical analysis revealed that the numbers of
myelinated axons in the ADSC-7CS/3SF scaffold group
were 18429 + 3125/mm? (Table 4), which was similar to
that of the SC-7CS/3SF scaffold group (15983 + 1024/
mmz, Table 4), but significantly less than that of 7CS/3SF
scaffold group (28800 + 5286/mm?, Table 4). The num-
bers of myelinated axons of the nerve specimens from the
unoperated site were 12488 + 943/mm?®. Myelinated axon
diameter was significantly larger in ADSC-7CS/3SF scaf-
fold group (5.80 £ 0.45 pm) compared with the other two
operated groups (7CS/3SF scaffold group, 4.65 £ 0.31 pm;
negative control group, 3.01 £ 0.37 pm, Table 4). The
g-ratio is 0.73 £ 0.04 in the ADSC-7CS/3SF scaffold
group, which is much smaller than that of the negative
control group (0.83 £ 0.03).

The diameter of myelinated nerve fiber at the middle
sciatic nerve portion was measured and the diameter dis-
tribution was plotted (Fig. 14). In the ADSC-7CS/3SF
scaffold group, myelinated fibers 5-6 pm in diameter were
as much as 35.2% of the whole population, and those
2-7 pm in diameter accounted for the majority (about
85.5% of the population). The diameter distribution of the
ADSC-7CS/3SF scaffold group had a peak at around
5-6 um, which was similar to that of the SC-7CS/3SF
scaffold group. The distribution pattern in the 7CS/3SF
scaffold group and negative control group was much more
different from that in the ADSC-7CS/3SF scaffold group
and the myelinated nerve fiber diameter in these two
groups were smaller than that of the ADSC-7CS/3SF
scaffold group. The diameter distribution of the positive
control specimens had a peak at 6-7 pm.

4 Discussion

The aim of this study was to evaluate whether the local
enwrapping of the lesion site with CS/SF scaffold seeded
with ADSCs could improve the microenvironment of the
injured sciatic nerve. Subsequently, we investigated whe-
ther this technique could induce axonal regeneration and
locomotor functional recovery in the injured hind limbs of
the experimental rats. The most significant findings in our
study are summarized as follows: (1) with ADSCs-7CS/3SF
scaffold enwrapping technique, regenerated nerve fibers
entered the scaffold, traversed the lesioned area, and reen-
tered the distal portion of the sciatic nerve. This observation
was similar to the results of SC-7CS/3SF scaffold, which
indicated that ADSCs use in cell therapy is advantageous
for peripheral nerve regeneration; (2) the CS/SF scaffold
may mechanically block the invasion of scar tissue into the
lesional area (7CS/3SF scaffold group versus negative
control group), and serve as a delivery vehicle for ADSCs in
a rat sciatic nerve injury model (ADSCs-7CS/3SF scaffold
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Fig. 11 Light micrographs
following double-staining for
NF-200 (al—-dl1, green) and
S-100 (a2—-d2, red) (merged in
a3—d3) on the transverse-
sectioned distal portion of the
regenerated segment in positive
control (al-a3), SC-7CS/3SF
scaffold group (b1-b3), ADSC-
7CS/3SF scaffold group (cl1-
c3), 7CS/3SF scaffold group
(d1-d3), and negative control
group (el—e3), respectively
(Scale bar 10 pm)
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Fig. 12 Light micrographs following Toluidine blue staining on
transverse-sectioned portion of middle sciatic nerve portion in
positive control (a), SC-7CS/3SF scaffold group (b), ADSC-7CS/

group versus 7CS/3SF scaffold group); (3) reconstruction of
the injured sciatic nerve was significantly enhanced with
restoration of nerve continuity and function recovery. In
addition, target skeletal muscle was extensively reinner-
vated in the ADSC-7CS/3SF scaffold group versus 7CS/
3SF scaffold and the negative control group.

Peripheral nerve injury is commonly classified as two
schemes, Seddon and Sunderland. Seddon classified nerve
injuries include neurapraxia, axonotmesis and neurotmesis
[37]. Sunderland recognizes five degrees of nerve injury:
(1) segmental demyelination; (2) the axon severed but
endoneurium intact; (3) continuity loss of axons and
endoneurial tubes; (4) continuity loss of axons, endoneurial
tubes, perineurium and fasciculi but the epineurium intact;
(5) the entire nerve trunk is totally transected [38].
Sunderland’s first, second and fifth degree lesions corre-
spond to Seddon’s classification of neurapraxia, axonot-
mesis and neurotmesis. Reinnervation does not occur in
fourth and fifth degree lesions without surgical repair. In
our rat model of sciatic nerve injury, we induced a half
continuity loss of axons, endoneurial tubes, perineurium,
fasciculi and epineurium, which may be classed as neu-
rotmesis or a Sunderland lesion between the fourth and
fifth degrees. Without a surgical repair, scar tissue blocks
regenerating axons from reaching the distal stump. Nerve
function recovery was rarely detected in the negative
control group even 24 weeks after surgery. Furthermore,
the SFI variation among individual rats in the negative
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3SF scaffold group (c¢), 7CS/3SF scaffold group (d), and negative
control group (e), respectively (Scale bar 50 pm). Arrows indicate the
blood vessels

control was very small and indicated that the lesion degree
of the surgically-induced sciatic nerve injuries was similar
and reproducible.

The ability to store water is one of the most important
aspects of ECM, which supports various cellular activities
and functions [39]. In reference to this, we examined the
swelling capacity of the blending scaffolds in water. In an
inversely proportional trend, as SF content decreased
within the scaffold blends there was an increase in weight
due to water absorption (Table 3). The observed changes in
swelling are probably due to CS, because SF is a fibrous
protein with a fi-sheet structure and does not significantly
swell. Moreover, CS contains primary amines and hydroxyl
groups that provide a hydrophilic quality.

Tissue engineered scaffolds require appropriate mecha-
nical and biological properties to retain the original shape
and to support the tissue regeneration. In our study, we
demonstrated that the mechanical properties can be
manipulated by adjusting the SF content in CS/SF scaf-
folds. By increasing the concentration of SF, the elastic
modulus, tensile strength and elongation-at-break of the
scaffold all decreased (Table 1). A decrease of the elastic
modulus can greatly improve the flexibility of the blend
scaffolds, but the tensile strength and elongation-at break
of the blend scaffolds make them too brittle for medical
implantation. In our experiment, 7CS/3SF scaffolds dem-
onstrated a favorable plasticity compared with that of SCS/
5SF scaffolds. The 5CS/5SF scaffolds became fragile
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Fig. 13 Transmission election micrographs of middle sciatic nerve portion in positive control (a), SC-7CS/3SF scaffold group (b), ADSC-7CS/
3SF scaffold group (c¢), 7CS/3SF scaffold group (d), and negative control group (e), respectively (Scale bar 5 pm)

Table 4 Comparison of stereological parameters of myelinated nerve fibers from the positive control and regenerated nerves

Positive SC-7CS/3SF ADSC-7CS/3SF 7CS/3SF scaffold Negative

control scaffold group scaffold group group control group
Density of fibers (#/mm?) 12488 £ 943 15983 £ 1024 18429 + 3125 28800 + 5286 26666 + 5329
Fibers diameter (pm) 7.38 £ 0.68 6.38 £ 0.56 5.80 £ 0.45 4.65 £ 0.31 3.01 £ 0.37
Axons diameter (pm) 5.09 £0.14 4.67 £0.34 426 £0.23 3.58 £ 0.19 242 £ 046
Myelin thickness (pm) 1.17 £ 0.02 0.84 £ 0.05 0.75 £ 0.03 0.53 £ 0.07 0.36 £ 0.13
g-ratio 0.68 + 0.01 0.73 £ 0.02 0.73 £ 0.04 0.76 £ 0.03 0.83 £ 0.03

Values means £+ SD
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during fabrication. The tensile testing of the scaffold was
performed by mimicking the surgical procedure to deter-
mine whether the scaffolds were too fragile for implanta-
tion. The suture retention strengths of pure CS alone and
7CS/3SF scaffold were high enough to resist the applied
extension force, while the SCS/5SF conduit was mechani-
cally weak. The results were consistent with our observa-
tion and their mechanical properties. From in vitro
experiments, the blend films efficiently supported adhesion
and proliferation of SCs and ADSCs compared with that of
CS alone (Figs. 3, 4). This observation may be due to the
blended film surfaces containing amino acids from the SF
component, which probably resulted in surface character-
istics that enhanced cytocompatibility of CS/SF films.

To determine whether isolated cells from adipose tissue
were rat ADSCs, passage 3—5 cells were analyzed by flow
cytometry. Rat ADSCs were CD44 and CD90 positive, and
CD11b, CD31 and CD45 negative, which is consistent with
previous studies [36]. ADSCs express CD90 and lack
hematopoietic lineage markers CD11b and CD45. In our
previous study, isolated ADSCs were treated with factors
that are known to induce differentiation toward adipogenic
and osteogenic lineages. Von Kossa and oil red-O staining
revealed that these ADSCs could differentiate into osteo-
blasts and adipocytes, which indicated multipotency simi-
lar to that of mesenchymal stem cells.

To evaluate grafted cell survival, cell viability and
proliferation were determined by CCK-8. CCK-8 is non-
radioactive and allows sensitive analysis of viable cells.
The detection sensitivity of CCK-8 is higher than that of
other tetrazolium salts such as MTT, XTT, MTS or WST
[40]. Results showed that both SCs and ADSCs efficiently
proliferated on 7CS/3SF scaffold, with 1.86-fold increase
in SCs number and 2.14-fold increase in ADSCs number
on day 7. Results indicated that SCs and ADSCs not only
survived but also owned nice proliferation after grafted on
the 7CS/3SF scaffold.

Considering the favorable physical and biological
properties of CS and SF as mentioned above, we have
developed a two-component artificial nerve scaffold seeded
with ADSCs. In this novel design, the CS/SF scaffold
supported nerve fiber re-growth, performed as a substrate
for ADSCs delivery and allowed the diffusion of nutrients
and other molecules while preventing fibroblasts from
entering the injury. In the present study, myelinated axon
diameter in the ADSC-7CS/3SF scaffold group was similar
to that of the SC-7CS/3SF scaffold group, but much higher
compared with those of the 7CS/3SF scaffold and negative
control groups. Moreover, myelin sheath thickness at the
repair site was the highest in the ADSC-7CS/3SF scaffold
group compared with those in the 7CS/3SF scaffold and
negative control groups. This could be because the func-
tioning of the 7CS/3SF scaffold is only dependent on the

@ Springer

single 7CS/3SF blending material without SCs or ADSCs.
Following nerve injury and repair, fibroblasts invade the
lesion site and contribute to scaring, which can impede
axonal re-growth through the lesion and consequently
impair functional recovery. One possibility for the
improvement in regeneration following ADSCs transplan-
tation is that the cultured ADSCs are “primed” to secrete
trophic factors soon after transplantation, which rapidly
provides trophic support for the injured axons. Without cell
transplantation it takes endogenous SCs several days to
detach from axons and up-regulate tropic factor expression
[29]. Early ADSCs transplantation at the time of repair
may allow rapid neurotrophic factor secretion that may
prevent or reduce axonal dieback. In addition, transplanted
ADSCs may rapidly integrate into the lesion site thereby
limiting fibroblasts invasion that could impede axonal
regeneration. Thus, ADSCs may provide trophic support
that reduces axonal dieback and allows axonal regeneration
to rapidly initiate and increase the probability of axon
re-growth across the injury site. Furthermore, ADSCs may
contribute to improved functional outcomes by differenti-
ating into SCs in vivo and remyelinating regenerated
axons.

The effect of ADSC-seeded scaffold grafts versus
SC-seeded scaffolds, unseeded scaffolds and negative
controls were investigated in a rat model of surgically-
induced sciatic nerve injury with a 10 mm partial defect.
Our fingdings suggest that enwrapping injured nerves
with a CS/SF scaffold seeded with SCs and ADSCs, sig-
nificantly improves axonal regeneration and locomotor
recovery of injured hind limbs. These promising results
from combining ADSCs with a CS/SF scaffold for nerve
regeneration are positive steps toward future clinical
applications in cases of peripheral nerve injury. Further
studies are needed to determine the final phenotypic fate of
engrafted cells in vivo and whether CS/SF-based tissue-
engineered grafts seeded with ADSCs maintain beneficial
effects in an entire nerve trunk transection model.

5 Conclusion

ADSC-seeded CS/SF scaffold implantation significantly
improves axonal regeneration and functional recovery fol-
lowing surgically-induced sciatic nerve injuries. This effect
may be due to two factors. One may be the sufficient
mechanical strength of the scaffold, effective prevention of
fibrous scar tissue invasion, and suitable permeation of
nutrients and oxygen; the other may be the differentiation
of ADSCs to SCs, relay and magnification of neurotrophic
function from ADSCs to SCs in addition to ADSCs direct
secretions of neurotrophic factors. This study provides
evidence for the feasibility of ADSC-7CS/3SF scaffold use
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in promoting nerve regeneration. Furthermore, our study
establishes an experimental basis for clinical trial study to
evaluate tissue engineered hybrid nerve grafts that are
practical for implantation into peripheral nerves with par-
tial sciatic nerve injuries.
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