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Peripheral nerve regeneration remains a significant clinical challenge to researchers. Progress in the
design of tissue engineering scaffolds provides an alternative approach for neural regeneration. In this
study aligned silk fibroin (SF) blended poly(L-lactic acid-co-e-caprolactone) (P(LLA-CL)) nanofibrous scaf-
folds were fabricated by electrospinning methods and then reeled into aligned nerve guidance conduits
(NGC) to promote nerve regeneration. The aligned SF/P(LLA-CL) NGC was used as a bridge implanted
across a 10 mm defect in the sciatic nerve of rats and the outcome in terms of of regenerated nerve at
4 and 8 weeks was evaluated by a combination of electrophysiological assessment and histological and
immunohistological analysis, as well as electron microscopy. The electrophysiological examination
showed that functional recovery of the regenerated nerve in the SF/P(LLA-CL) NGC group was superior
to that in the P(LLA-CL) NGC group. The morphological analysis also indicated that the regenerated nerve
in the SF/P(LLA-CL) NGC was more mature. All the results demonstrated that the aligned SF/P(LLA-CL)
NGC promoted peripheral nerve regeneration significantly better in comparison with the aligned
P(LLA-CL) NGC, thus suggesting a potential application in nerve regeneration.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Peripheral nerve injury that cannot be directly repaired by end
to end sutures remains a significant clinical problem. The current
gold standard for treating large nerve defects involves nerve
autograft transfers, but they are limited by donor site morbidity,
shortage of donor nerve and inadequate functional recovery [1,2].
An alternative approach is the use of a nerve guidance conduit
(NGC) that could provide a pathway for nerve out-growth and also
promote nerve regeneration. A number of synthetic or natural bio-
polymers, such as poly(L-lactic acid) (PLLA), poly(lactic–co-glycolic
acid) (PLGA), poly(caprolactone) (PCL), collagen and chitosan, have
been utilized to construct NGCs for nerve repair [3–7]. Although
the advances are encouraging, neural regeneration achieved
through these degradable NGCs is still unsatisfactory as a result
of their biological or mechanical properties [8].

Nanofibrous scaffolds generated by electrospinning have gained
increasing popularity in the field of tissue engineering over the
past few years [9–14]. They are characterized by an extremely high
porosity and surface area to volume ratio mimicking the features of
the extracellular matrix (ECM) that is critical for tissue regenera-
tion. Various synthetic or natural polymers and even mixed solu-
ia Inc. Published by Elsevier Ltd. A
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tions of these synthetic and natural polymers can be electrospun
into nanofibers, to be used in tissue engineering applications.
Moreover, aligned nanofibers can be obtained by correct choice
of the collector in the electrospinning equipment. Aligned nanofi-
bers have been shown to direct cell migration, which plays a crit-
ical role in nerve regeneration [15–17].

Recently our group has reported the development and character-
ization of natural–synthetic polymeric nanofibers comprised of
well-blended silk fibroin (SF) and poly(L-lactic acid-co-e-caprolac-
tone) (P(LLA-CL)) by electrospinning [18]. Blending SF into
P(LLA-CL) has proved to greatly improve the cell affinity of
P(LLA-CL). In this study aligned SF/P(LLA-CL) nanofibers were
fabricated by electrospinning with a rotating drum collector and
then reeled on a stainless steel bar to fabricate an aligned NGC.
The effect of the aligned SF/P(LLA-CL) NGC on nerve regeneration
was assessed in a rat sciatic nerve injury model using electro-
physiological, histological and immunohistological techniques and
electron microscopy.
2. Materials and methods

2.1. Electrospinning materials

Bombyx mori silkworm cocoons were kindly supplied by Jiaxing
Silk Co. Ltd. (China). A co-polymer of P(LLA-CL) (50:50) (Mw =
ll rights reserved.
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34.5 � 104 g mol�1), which has a composition of 50 mol.% L-lactide,
was provided by Nara Medical University (Japan). 1,1,1,3,3,3,-
Hexafluoro-2-propanol (HFIP) was purchased from Daikin Indus-
tries Ltd. (Japan).
2.2. Preparation of regenerated SF

Raw silk was degummed three times with 0.5 wt.% Na2CO3

solution at 100 �C for 30 min each and then washed with distilled
water. Degummed silk was dissolved in a ternary solvent system
of CaCl2/H2O/ethanol solution (mole ratio 1/8/2) for 1 h at 70 �C.
After dialysis through cellulose tubular membrane (250-7u,
Sigma) in distilled water for 3 days at room temperature the SF
solution was filtered and lyophilized to obtain regenerated SF
sponges.
Fig. 1. A schematic illustration of the experimental set-up for fabricating aligned
nanofibers.
2.3. Preparation of aligned SF/P(LLA-CL) nanofibrous scaffolds and
NGCs

Polymer solution (8% (w/v)) was prepared by dissolving
SF/P(LLA-CL) blends at a weight ratio of 25:75 in hexafluoroisopro-
panol and stirred at room temperature for 6 h. Pure 8% (w/v) and
4% (w/v) P(LLA-CL) solutions were prepared by dissolving
P(LLA-CL) in hexafluoroisopropanol and stirred at room tempera-
ture for 6 h. In previous experiments thick fibers (>1000 nm) were
obtained by electrospinning the pure 8% (w/v) P(LLA-CL) solution,
so we selected the 4% (w/v) P(LLA-CL) solution as a control elec-
trospinning solution. The solutions were placed in a 2.5 ml plastic
syringe with a blunt-ended needle (inner diameter 0.21 mm). The
syringe was placed in a syringe pump (789100C, Cole-Pamer
Instrument Co., Vernon Hills, IL) operating at a flow rate of
1.2 ml h. A voltage of 12 kV was generated by a high voltage power
supply (BGG6-358, BMEI Co. Ltd., Beijing, China). To obtain aligned
nanofibers a rotating drum collector was used at a speed of
4000 r.p.m. The distance between the needle and the collector
was 12–15 cm (Fig. 1). The SF/P(LLA-CL) nanofibrous scaffolds
obtained were placed in a desiccator saturated with 75% ethanol
vapor at 25 �C for 6 h, making the scaffolds insoluble in water.

The fabrication process for the aligned NGC is outlined in Fig. 2.
The aligned nanofibrous scaffold was reeled onto a stainless steel
bar with a diameter of 1.4 mm and sealed with 8–0 nylon monofil-
ament suture stitches (Shanghai Pudong Jinhuan Medical Products
Co. Ltd., Shanghai, China), ensuring that the orientation of the
nanofibers was parallel to the axis of the bar. The length of the
Fig. 2. A schematic illustration of the design of the aligned nerve guidance conduit (NG
reeled onto a stainless steel bar and sealed with nylon monofilament suture stitches. Th
NGC was 12 mm and the inner diameter and wall thickness were
1.4 and 0.3 mm, respectively.

2.4. Structural morphology of the aligned nanofibrous scaffolds

The morphology of the aligned SF/P(LLA-CL) and P(LLA-CL)
nanofibers was observed by scanning electron microscopy (SEM)
(JSM-5600, Japan) at an accelerating voltage of 15 keV. The mean
fiber diameters were estimated using ImageJ image analysis soft-
ware (National Institutes of Health, Bethesda, MD).

2.5. In vivo nerve regeneration studies

2.5.1. Surgical procedure
In this study all experimental procedures involving animals

were conducted under Institutional Animal Care guidelines and ap-
proved ethically by the Administration Committee on Experimen-
tal Animals (Shanghai, China).

Thirty-six adult male Sprague–Dawley rats weighing 200–250 g
were randomly divided into three groups of 12 animals each. These
C). The aligned silk fibroin (SF)/P(LLA-CL) and P(LLA-CL) nanofibrous scaffolds were
e orientation of the nanofibers was parallel to the axis of the bar.



Fig. 3. SEM images and diameter distributions of electrospun SF/P(LLA-CL) and P(LLA-CL) nanofibers. (A and C) SF/P(LLA-CL) nanofibers; (B and D) P(LLA-CL) nanofibers.
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groups were the P(LLA-CL) NGC (negative controls, group I), SF/
P(LLA-CL) NGC (group II) and autograft (positive controls, group
III) groups. All rats were anesthetized by intraperitoneal injection
of 100 mg kg�1 ketamine and the right sciatic nerve of each animal
was exposed by incision through the dorsolateral gluteal muscle. In
groups I and II a 7–8 mm nerve segment was resected and removed
proximal to the bifurcation of the sciatic nerve, leaving a 10 mm
long defect following retraction of the nerve ends. Then a SF/
P(LLA-CL) or P(LLA-CL) NGC was used to bridge the nerve defect
(Fig. 4C). In group III a 10 mm nerve segment was resected, rotated
180� and re-implanted across the nerve defect. Each implant was
sutured to both the proximal and distal nerve stumps with 8–0 ny-
lon sutures. Finally, the surgical incisions were closed in a routine
fashion. All animals were kept under standardized laboratory con-
ditions in a temperature and humidity controlled room with free
access to food and water.

2.5.2. Electrophysiological evaluation
The electrophysiological assessments were performed 4 and

8 weeks after implantation. Each rat was anesthetized and the
NGCs in groups I and II were removed, exposing the sciatic nerve.
A monopolar recording electrode and bipolar stimulating elec-
trodes were applied to induce and record electrical activity. Nerve
conduction velocity (NCV) and distal compound motor action po-
tential (DCMAP) responses to the stimuli were recorded on a digi-
tal MYTO electromyograph machine (Esaote, Genoa, Italy).

2.5.3. Histological analysis
The morphological evaluations were performed at 4 and

8 weeks after implantation, following the electrophysiological
study. Axonal regeneration was investigated by toluidine blue
staining, immunohistology and transmission electron microscopy
(TEM) in the middle of the sciatic nerve. The samples were fixed
in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 �C
for 48 h before further processing, followed by post-fixing with
1% osmium tetroxide, ethanol dehydration and embedding in
Epon� 812 (Electron Microscopy Sciences, Hatifield, PA).

Thin, 1 lm sections were taken from each sample using a Leica
EM UC6 ultramicrotome and stained with 1% toluidine blue for light
microscopy. At 400� magnification six random fields per nerve
were evaluated with ImageJ software and morphometric indices,
including the total number of nerve fibers, percent neural tissue
((neural area/intrafascicular area) � 100) and myelinated axon
diameter, were calculated. Parts of the sections were examined by
immunohistochemistry using an antibody against S100 (1:150
dilution, Invitrogen, Carlsbad, CA) and the percent S100-positive
area ((positive area/intrafascicular area) � 100) of each group was
calculated in a transverse section. For electron microscopy ultrathin
sections of 70 nm were cut, placed on 0.5% formvar coated meshes
and stained with uranyl acetate and lead citrate. The thickness of
the myelin sheath was evaluated using ImageJ software.

2.6. Statistical analysis

The data are expressed as means ± standard errors of the mean
(SEM). Statistical analyses were performed using the SPSS 11.0
software package (SPSS Inc., Chicago, IL). The statistical signifi-
cance of differences between groups was determined as *P < 0.05
and **P < 0.01 by LSD analysis of variance (ANOVA).

3. Results

3.1. Structure and appearance of aligned nanofibers and NGCs

The SEM morphologies and fiber diameter distributions of
aligned SF/P(LLA-CL) and P(LLA-CL) nanofibers are shown in Fig. 3.
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The SEM morphologies show that aligned nanofibers could be ob-
tained using a rotating drum set-up with a 4000 r.p.m. rotation rate.
In addition, the fibers had a solid surface with interconnected voids
Fig. 4. Surgical implantation of the aligned NGC for nerve regeneration in a rat sciatic n
aligned SF/P(LLA-CL) NGC before implantation; (C) the SF/P(LLA-CL) NGC was used to brid
after implantation.
and a porous structure. The average diameters of the aligned
SF/P(LLA-CL) and P(LLA-CL) nanofibers were 409 ± 128 and
507 ± 110 nm, respectively. Although the concentration of the
erve model under a microscope (10� magnification). (A and B) The contour of the
ge the 10 mm nerve defect; (D and E) the contour of the SF/P(LLA-CL) NGC 8 weeks



Fig. 5. Electrophysiological evaluation. (A) NCV evaluation at weeks 4 and 8 after
implantation of NGCs (or autograft). (B) DCMAP evaluation at weeks 4 and 8 after
implantation of NGCs (or autograft). n = 6, *P < 0.05 and **P < 0.01, determined by
LSD analysis of variance (ANOVA).
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SF/P(LLA-CL) solution (8% w/v) was twice that of P(LLA-CL) (4% w/v),
the average diameter of the aligned SF/P(LLA-CL) nanofibers was
less than that of the P(LLA-CL) nanofibers. The results show that
the addition of SF decreased the nanofibre diameter. This phenom-
enon could be explained by the increase in conductivity of the blend
solution with increasing SF content. SF is a typical amphiprotic mac-
romolecule electrolyte, composed of hydrophobic blocks with
highly preserved repetitive sequences consisting of short side-chain
amino acids such as glycine and alanine and hydrophilic blocks with
more complex sequences that consist of larger side-chain as well as
charged amino acids [19]. When SF was affiliated, more ions were
formed in the blend solution. The conductivity of the solution could
increase through the addition of ions. On the other hand, the in-
creased charge density could increase the elongational forces,
resulting in the fiber jet yielding a smaller fiber [20].

Fig. 4A and B shows the contour of the aligned SF/P(LLA-CL)
NGC under a microscope (10� magnification) before implantation.
Fig. 4D and E displays the contour of the SF/P(LLA-CL) NGC under a
microscope (10� magnification) 8 weeks after implantation. The
NGC was covered by vascular fascia, indicating that the SF/
P(LLA-CL) NGC had good biocompatibility. Eight weeks after
implantion the NGC maintained its structure and mechanical
integrity for nerve regeneration. In this study no collapse of the
NGC occurred.

3.2. Electrophysiological evaluation

Both the NCV and DCMAP values gave significant information
regarding the evaluation of the functional results for the regener-
ated nerve. Fig. 5A shows the NCV of regenerated nerves at 4 and
8 weeks after implantation. At week 4 after implantation there
was a significant difference between the P(LLA-CL) (11.75 ± 1.20
m s�1) and SF/P(LLA-CL) (15.44 ± 1.51 m s�1) groups (n = 6,
P < 0.05). By week 8 the NCV for the SF/P(LLA-CL) group (29.25 ±
3.27 m s�1) was restored to a greater extent than that of the
P(LLA-CL) group (21.23 ± 2.50 m s�1) (n = 6, P < 0.01). However, at
weeks 4 and 8 the NCV of the autograft group (21.78 ± 2.87 and
40.90 ± 3.07 m s�1) was better restored compared with the
P(LLA-CL) and SF/P(LLA-CL) groups (n = 6, P < 0.01).

The amplitude of DCMAP at weeks 4 and 8 can be seen in
Fig. 5B. At week 4 there was no significant difference between
the P(LLA-CL) (2.12 ± 0.28 mV) and SF/P(LLA-CL) (2.3 ± 0.26 mV)
groups (n = 6, P > 0.05). However, at week 8 the amplitude of
DCMAP in the SF/P(LLA-CL) group (8.08 ± 0.76 mV) was higher
than that of the P(LLA-CL) group (6.73 ± 0.69 mV) (n = 6, P < 0.05).
At weeks 4 and 8 the amplitude of DCMAP in the P(LLA-CL) and
SF/P(LLA-CL) groups was lower than that of the autograft group
(3.75 ± 0.81 and 13.4 ± 0.94 mV) (n = 6, P < 0.01).

3.3. Histological and histomorphometric analysis

Transverse sections in the middle segment of the regenerated
nerve were analyzed by toluidine blue staining. As shown in
Fig. 6, at week 8 post-implantation there were more nerve fibers
in the SF/P(LLA-CL) and autograft groups than the P(LLA-CL) group.
Additionally, the arrangement of the fibers in the SF/P(LLA-CL) and
autograft groups were more ‘‘organized” compared with the
P(LLA-CL) group.

Total myelinated fiber counts of the regenerated nerves, a mea-
sure of the effectiveness of neural regeneration at weeks 4 and 8
in each group, are shown in Fig. 7A. At week 4 the number of mye-
linated axons in the SF/P(LLA-CL) group (4506 ± 121) was signifi-
cantly greater than that of the negative control (3907 ± 199)
(n = 6, P < 0.05), although it was significantly less than that of the po-
sitive control (9596 ± 680) (n = 6, P < 0.01). At week 8 the number of
myelinated axons in the SF/P(LLA-CL) group (6638 ± 166) was sig-
nificantly more than that in the negative controls (4973 ± 118)
(n = 6, P < 0.01), and more than that of the two controls.

Fig. 7B shows the percentage of nerve fibers in each regenerated
nerve at weeks 4 and 8. It is a parameter indicative of both the
number and degree of maturity of the regenerated nerve [21]. At
week 4 the percent nerve fibers in the SF/P(LLA-CL) group was
25.5 ± 0.97%, and 18.53 ± 5.73% and 19.18 ± 1.02% in the negative
and positive controls, respectively. At week 8 the percent nerve fi-
bers in the negative control and SF/P(LLA-CL) groups were
24.81 ± 3.11% and 42.72 ± 1.87%, respectively. Statistical analysis
revealed that percent nerve fibers in the SF/P(LLA-CL) group
(25.5 ± 0.97%) was significantly greater than that of the controls
(negative control 18.53 ± 5.73%, positive control 19.18 ± 1.02%) at
week 4 (n = 6, P < 0.01), and was significantly more than in the neg-
ative control at week 8 (n = 6, P < 0.01). At week 8 there was no sig-
nificant difference between the SF/P(LLA-CL) and positive control
(46.52 ± 0.85) groups (n = 6, P > 0.05).

The myelinated axon diameter is another measure of the
maturity of the regenerated nerve fibers. Fig. 8 shows the myelin-
ated axon diameter distribution in each group at week 8. Both the
SF/P(LLA-CL) and autograft groups contained a lower number of
smaller nerve fibers (2–3 lm) compared with the negative control
(n = 6, P < 0.01). They also demonstrated higher percentages of



Fig. 6. Histological sections of regenerated nerves at the middle segment of the conduit (or autograft). Thin (1 lm) sections of regenerated nerve specimens were stained with
1% toluidine blue for qualitative analysis. (A) P(LLA-CL) group; (B) SF/P(LLA-CL) group; and (C) autograft group.
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larger nerve fibers (3–4, 4–5 and 5–6 lm) than the negative con-
trol (n = 6, P < 0.01). There was no significant difference between
the SF/P(LLA-CL) and autograft groups in terms of the percentage
of larger nerve fibers (4–5, 5–6 and 6–7 lm, n = 6, P > 0.05).
3.4. Immunohistological analysis

The results of immunostaining for the Schwann cell marker S100
in transverse and longitudinal sections at week 8 post-implantation
are shown in Fig. 9. As shown in Fig. 9A–F, the SF/P(LLA-CL) and
autograft groups demonstrated increased levels of S100 expression
and Schwann cell regeneration compared with the P(LLA-CL) group.
Statistical analysis of the transverse sections revealed that the per-
centage S100-positive areas in the SF/P(LLA-CL) (41.92 ± 1.56%) and
autograft (47.10 ± 1.39%) groups were significantly increased com-
pared with the P(LLA-CL) group (18.29 ± 0.45%, n = 6, P < 0.01)
(Fig. 9G). There was also a significant difference between the
SF/P(LLA-CL) and autograft groups (n = 6, P < 0.05).
3.5. Electron microscopy

Fig. 10 shows the ultrastructure of a regenerated nerve under
TEM at week 8 post-operation. The thickness of the myelin sheath
was measured to indicate the maturity of the regenerated nerve fi-
bers. Statistical analysis revealed that the myelin sheath thickness
was significantly greater in the SF/P(LLA-CL) group (0.44 ±
0.09 lm) compared with the negative controls (0.31 ± 0.09 lm)
(n = 6, P < 0.01). However, it was thinner than that of the positive
controls (0.55 ± 0.13 lm, n = 6, P < 0.05) (Fig. 10D).
4. Discussion

Recent efforts in tissue engineering in the field of peripheral
nerve regeneration have been directed towards the development
of NGCs. An ideal NGC should mimic the native ECM and provide
temporary support for the attachment and growth of the cells. A
superior NGC should also provide appropriate chemical, morpho-
logical and structural cues to direct the cells towards a targeted
functional outcome [22]. In this study we have presented an
aligned natural–synthetic NGC fabricated from SF/P(LLA-CL) nanof-
ibers for peripheral nerve regeneration. The design of this NGC
combines technological advances in biocompatible polymers,
nanotechnology and the theory of contact guidance with signifi-
cantly improved biological and mechanical properties.

SF is a natural biopolymer derived from silkworm silk and has
found broad application in the pharmaceutical and biomedical
fields due to its distinctive properties, such as excellent biocompat-
ibility [23–25], biodegradability [26] and low inflammatory re-
sponse induction [27]. Minoura et al. [23]. reported that SF
exhibited high levels of fibroblast cell attachment and growth com-
pared with collagen, which is a component of native ECM, and the
morphology of cells attached to SF was similar to those attached to
collagen. Yang et al. [25]. reported good biocompatibility of SF fi-
bers with peripheral nerve tissues and cells in vitro. An in vivo
study also showed that SF grafts could promote peripheral nerve
regeneration [28]. However, the use of pure SF nanofiber scaffolds
fabricated by electrospinning is somewhat limited due to their
weak mechanical properties [18]. P(LLA-CL) is a widely used
synthetic polymer which has a controllable degradation rate and
unique mechanical properties [29]. However, it has limited cell



Fig. 7. Histomorphometric analysis of regenerated nerves at the middle segment of
the conduit (or autograft). (A) The total myelinated fiber count of the regenerated
nerve in each group at weeks 4 and 8. (B) The percent nerve fiber in each group at
weeks 4 and week 8.

Fig. 8. The distribution of the myelinated axon diameter in the middle segment of
the conduit (or autograft) at week 8. n = 6, *P < 0.05 and **P < 0.01, determined by
LSD analysis of variance (ANOVA).
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affinity due to its hydrophobicity and lack of cell surface recog-
nition sites. Our previous study showed that well blended
SF/P(LLA-CL) nanofibers demonstrated favorable mechanical
properties and binding sites for cell attachment and proliferation,
demonstrating potential application in tissue engineering [18].

With the progress in nanotechnology nanofibers have become a
critical direction to consider in the field, since it is generally be-
lieved that close mimicking of the native ECM could provide a
more favorable environment for cellular functions, including adhe-
sion, migration, proliferation and differentiation [30]. We have pre-
viously fabricated ultrafine SF nanofibers by electrospinning, and
an in vitro study has shown that these SF nanofibers were more
conducive to cell attachment and growth compared with cast films
[31].

The inclusion of electrospun nanofibers not only increases the
total surface area available for cell growth, but also introduces con-
tact guidance for direct cell migration. Ceballos et al. [15] reported
that aligned collagen gels provided an improved template for neu-
rite extension compared with random collagen gels. Furthermore,
Chew et al. [16] found that aligned electrospun fibers could
enhance Schwann cell maturation to a greater extent than random
fibers. In this study the NGC was fabricated by reeling the aligned
nanofibers with the aim of introducing contact guidance along the
wall of the NGC to enhance nerve regeneration.

In this study we chose a 10 mm defect in a rat sciatic nerve
model, using electrophysiological, histological analysis and
electron microscopy to evaluate the effect of the aligned
SF/P(LLA-CL) NGC on nerve regeneration. Electrophysiological
examination demonstrated significantly better restoration of
NCV and DCMAP in the SF/P(LLA-CL) NGC group, indicating that
functional recovery of the regenerated nerve was superior to that
in the P(LLA-CL) NGC group. Histological and histomorphometric
evaluation and electron microscopy indicated that the
SF/P(LLA-CL) NGC group displayed better nerve regeneration in
both quantity and quality compared with the P(LLA-CL) NGC
group. All these results show that blending SF into P(LLA-CL)
greatly enhances nerve regeneration.

There are several possible explanations. (1) Since SF protein was
mainly present on the surface of SF/P(LLA-CL) nanofibers [18],
blending SF protein into P(LLA-CL) actually furnished the surface
of the nanfibrous scaffold with biologically active molecules. These
biologically functional groups could interact with cells such as
Schwann cells via cell surface receptors or initiate intracellular cell
signaling pathways, which promote the formation of bands of Bün-
ger and axonal sprouting. (2) The aligned SF/P(LLA-CL) NGC may
promote the formation of blood vessels between the proximal
and distal nerve stumps after injury, resulting in increased growth
of the injured axon and Schwann cells compared with the
P(LLA-CL) NGC. In this study the nerve conduits contained aligned
nanofibers only on the inner walls. Since neurons tend to regener-
ate as a bundle containing hundreds of axons via the process of
cofasciculation [32], directional control of a few axons within the
bundle may lead to directional growth of the entire bundle [33].
In addition, aligned fibers on the inner surfaces of the NGC could
provide adequate space for axonal sprouting.

Schwann cells are known as a major cellular component of
peripheral nerves and have multiple crucial roles in the endoge-
nous repair of peripheral nerves after injury [34]. S100 protein
is a calcium-binding protein predominantly found in Schwann
cells in the peripheral nervous system and in glia in the central
nervous system. It has been reported that S100 expression in
Schwann cells is related to axon diameter and degree of myelina-
tion [35]. In this study we used immunostaining for the Schwann
cell marker S100 in transverse and longitudinal sections to eval-
uate the degree of maturity of the regenerated nerve. The percent



Fig. 9. Immunohistological analysis of regenerated nerves in the middle segment of the conduit (or autograft) at week 8 after implantation. (A) Transverse sections of P(LLA-
CL) group; (B) transverse sections of SF/P(LLA-CL) group; (C) transverse sections of autograft group; (D) longitudinal sections of P(LLA-CL) group; (E) longitudinal sections of
SF/P(LLA-CL) group; (F) longitudinal sections of autograft group. (G) The percent S100-positive area in each group. n = 6, *P < 0.05 and **P < 0.01, determined by LSD analysis
of variance (ANOVA).
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Fig. 10. Ultrastructure of the regenerated nerve under TEM at week 8 post-operatively. (A) P(LLA-CL) group; (B) SF/P(LLA-CL) group; (C) autograft group. (D) The myelin
sheath thickness of each group. n = 6, *P < 0.05 and **P < 0.01, determined by LSD analysis of variance (ANOVA).
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S100-positive area indicated that there was greater proliferation
of Schwann cells in the SF/P(LLA-CL) NGC group compared with
the P(LLA-CL) NGC group, which could partly explain the better
nerve regeneration in the SF/P(LLA-CL) NGC group. The results
also demonstrated that the outcome of nerve regeneration in
the SF/P(LLA-CL) NGC group was inferior to that in the autograft
group. Lacking neurotrophic factors may be one of the possi-
ble reasons. We will incorporate bioactive factors into the
SF/P(LLA-CL) NGC in future research.

Biodegradability is another unique feature that should be con-
sidered in the design of NGCs. Biodegradable NGCs can provide a
guide for nerve regeneration while the need for second surgical
procedure to remove them can be avoided. The ideal degradation
rate of NGCs should be tailored to match that of axonal sprouting
[36]. Although the biodegradation properties of P(LLA-CL) and SF
have been well studied individually [29,37,38], limited infor-
mation has been provided with regard to that of blended
SF/P(LLA-CL) nanofibers. In this study we found that the
SF/P(LLA-CL) NGC could maintain its structure and mechanical
integrity up to 8 weeks after implantation; further efforts
should be devoted to studying the biodegradation properties of
SF/P(LLA-CL) nanofibers in future.
5. Conclusions

In this study we have presented the design, processing and appli-
cation of aligned SF/P(LLA-CL) NGCs for peripheral nerve regenera-
tion. Using a critical size defect in a rat sciatic nerve model we
evaluated nerve regeneration by functional and morphological anal-
ysis. All the results demonstrate that blending SF into P(LLA-CL)
greatly improves nerve regeneration. Thus we believe that SF/
P(LLA-CL) NGCs have potential applications in nerve regeneration.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 4, 6 and 9, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2010.09.011.
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