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Abstract

Recent bioengineering strategies for peripheral nerve regeneration have been focusing on the development
of alternative treatments for nerve repair. In this study, we incorporated nerve growth factor (NGF) into
aligned core—shell nanofibres by coaxial electrospinning, and reeled the scaffold into aligned fibrous nerve
guidance conduits (NGCs) for nerve regeneration study. This aligned PLGA/NGF NGC combined physical
guidance cues and biomolecular signals to closely mimic the native extracellular matrix (ECM). The effect
of this aligned PLGA/NGF NGC on the promotion of nerve regeneration was evaluated in a 13-mm rat
sciatic nerve defect using functional and morphological analysis. After 12 weeks implantation, the results
of electrophysiological and muscle weight examination demonstrated that the functional recovery of the
regenerated nerve in the PLGA/NGF NGC group was significantly better than that in the PLGA group, yet
had no significant difference compared with the autograft group. The toluidine blue staining study showed
that more nerve fibres were regenerated in the PLGA/NGF group, while the electron microscopy study
indicated that the regenerated nerve in the PLGA/NGF group was more mature than that in the PLGA group.
This study demonstrated that the aligned PLGA/NGF could greatly promote peripheral nerve regeneration
and have a potential application in nerve regeneration.
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1. Introduction

Treatment of large-gap peripheral nerve defects remains a serious clinical problem
to surgeons. The current clinical gold standard for repairing large nerve defects is
nerve autograft transfer, but it is associated with some limitations, such as loss of
function at the donor site and the need for multiple surgeries [1]. A decellularized
nerve allograft could overcome the shortage of nerve autograft resource to some
extent; however, the process of decellularization may damage the structure of the
extracellular matrix (ECM) which decreases its efficiency [2]. An alternative to
nerve autograft transfer is the use of nerve guidance conduits (NGCs). An NGC
is a tubular structure designed to bridge the gap between a proximal and a distal
nerve, guide regenerating axons into the distal nerve stump, and protect the regen-
erating nerve from infiltrating scar tissue. Recently many research efforts have been
directly made towards the nerve guidance conduits (NGCs) to enhance nerve regen-
eration across nerve gaps. Various materials have been used to develop NGCs, such
as silicone [3], collagen [4], chitosan [5], polyglycolide (PGA) [6] and poly(lactic
acid) (PLLA) [7]. While the advances are encouraging, the functional recovery of
the regenerated nerve via NGCs remains unsatisfactory [1]. This may be partially
attributed to the inadequate formation of the ECM or the lack of neurotrophic fac-
tors during the initial phase of regeneration [8, 9].

Nanofibrous scaffolds have gained wide attention in the field of tissue engineer-
ing over the past few years, as their structure mimics the features of the native ECM
[10]. Electrospinning is a versatile technique that enables the generation of nanofi-
brous scaffolds from a rich variety of materials that include polymers, composites
and ceramics [11]. Aligned nanofibres can also be obtained by electrospinning to
direct cell migration, therefore, enhancing nerve regeneration [12—14]. In addition,
electrospinning could provide the potential of embedding a single drug species
within polymer nanofibres for drug-delivery applications [15—17]. Coaxial electro-
spinning, a modification of the electrospinning technique, is regarded as a one-step
process for producing core—shell nanofibres; drugs can be incorporated into the
core of the nanofibres for sustained release [18-20]. Many drugs, even proteins
have been successfully embedded into the core—shell nanofibres [21, 22].

Neurotrophic factors, such as nerve growth factor (NGF), have been reported to
play critical roles in neuronal survival and axonal outgrowth, as well as in regu-
lating Schwann cell (SC) differentiation and axon remyelination after nerve injury
[23]. Recently our group reported the sustained release of NGF from core—shell
nanofibres fabricated by coaxial electrospinning, and the released NGF retained
its bioactivity [24]. In this study, aligned core—shell nanofibres with NGF in the
core layer and poly(DL-lactide-co-glycolide) (PLGA) as the shell layer were fab-
ricated by coaxial electrospinning. The aligned PLGA/NGF nanofibres were then
reeled on a stainless steel bar to develop an aligned NGC. The effect of the aligned
PLGA/NGF NGC on the promotion of nerve regeneration was evaluated in a rat
model of 13-mm sciatic nerve defect, using functional and morphological analysis.
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2. Materials and Methods
2.1. Electrospinning Materials and Animals

PLGA (PLA/PGA = 85:15) with a molecular mass of 150 kDa was purchased from
Jinan Daigang Biomaterial. Poly(ethylene glycol) (PEG) with a molecular mass of
10 kDa and bovine serum albumin (BSA) were purchased from Sigma-Aldrich.
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was obtained from Daikin Industries.
Recombinant rat S-NGF and the DuoSet ELISA development system for rat 8-
NGF were purchased from R&D Systems.

Adult male Sprague—Dawley rats weighing 200-250 g were supplied by Shang-
hai Sixth People’s Hospital, JiaoTong University. All experimental procedures in-
volving animals were performed in strict accordance with Institutional Animal Care
guidelines and approved ethically by the Administration Committee of Experimen-
tal Animals (Shanghai, P. R. China).

2.2. Preparation of the Aligned Core—Shell Nanofibrous Scaffolds and NGC

The core—shell nanofibres were fabricated by using a coaxial electrospinning set-up
as described in our previous study [25]. The shell solution was obtained by dissolv-
ing 0.4 g PLGA in 5 ml HFIP, whereas the core solution was prepared by adding
10 pg B-NGF (reconstituted in 0.1 wt% BSA) and 400 mg PEG to 1 ml distilled wa-
ter. The B-NGF and PLGA solution were loaded in the inner and outer channel of
the set-up, respectively. The outer and inner flow rates were 1.0 ml/h and 0.2 ml/h,
respectively. Pure PLGA nanofibres were also fabricated by electrospinning as con-
trol group. The applied voltage was approx. 10-12 kV and the distance between
the spinneret and the collector was 16 cm. The electrospinning was done at an am-
bient temperature of 23-25°C with a relative humidity of 50-60%. For fabricating
aligned nanofibres, a rotating wheel drum with a speed of 4000 rpm was used to
achieve fiber orientation.

NGCs were fabricated by reeling the nanofibrous scaffolds onto a stainless steel
bar and sealing with 8-0 nylon monofilament suture stitches (Shanghai Pudong Jin-
huan Medical Products) (Fig. 1). The orientation of the nanofibres was parallel to
the axis of the steel bar in order to obtain an aligned NGC. The length of NGC was
14 mm, and the inner diameter and wall thickness of the NGC were 1.4 mm and
0.3 mm, respectively.

2.3. Structural Morphology of the Aligned Core—Shell Nanofibrous Scaffolds

The morphology of the aligned PLGA/NGF and PLGA nanofibres was observed
under a scanning electronic microscope (SEM; JSM-5600, JEOL) at an accelerating
voltage of 15 kV. Fibre diameters were calculated using ImageJ image analysis
software (National Institutes of Health, Bethesda, MD, USA).

The core—shell structure of the coaxial electrospun nanofibres was examined by
transmission electron microscopy (TEM; H-800, Hitachi) at 100 kV. The samples
for TEM were prepared by directly depositing the nanofibres onto carbon-coated
Cu grids.
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Figure 1. Schematic representation of the design of the aligned core—shell nerve guidance conduit
(NGC). The aligned PLGA/NGF nanofibrous scaffolds were reeled onto a stainless steel bar and sealed
with 8-0 nylon monofilament suture stitches. The orientation of the nanofibres was parallel to the axis
of the steel bar so than an aligned NGC could be obtained. The PLGA/NGF was 14 mm in length, with
its inner diameter and wall thickness being 1.4 mm and 0.3 mm, respectively. This figure is published
in colour in the online edition of this journal, which can be accessed via http://www.brill.nl/jbs

2.4. In Vitro Release

Three nanofibrous samples, weighing 100 £ 5 mg, were soaked in 5.0 ml PBS
(pH 7.4) at 37°C. At predetermined time intervals, 1 ml of supernatant was re-
trieved from the wells, and an equal volume of fresh medium was replenished for
continuing incubation. At the end of the release study, each sample was dissolved
in 6 ml methylene chloride/PBS (1:1) solution to extract the residual S-NGF from
the organic phase into the aqueous phase. The concentration of S-NGF in the su-
pernatant was analyzed using the Duoset ELISA kit, and the results were presented
in terms of cumulative release.

2.5. Experiment Design and Surgical Procedures

Rats (n = 36) were randomized into three groups of 12 animals each. These groups
were the PLGA NGC (negative controls, group I), PLGA/NGF NGC (group II) and
autograft (positive controls, group III) groups. After anesthetizing with ketamine
(100 mg/kg, i.p.), the right sciatic nerve of each rat was exposed by an incision
through the dorsolateral gluteal muscle. A 13-mm nerve defect was made by ex-
cising a 10-mm segment and retracting the nerve ends. Then the nerve gap was
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repaired with PLGA NGC (group 1) or PLGA/NGF NGC (group II) (Fig. 3A).
0.5 mm of nerve was inserted into each end of the NGC and sutured with 8-0 nylon
sutures. In autograft group, a 13-mm nerve segment was excised, reversed 180° and
coapted to each end of the nerve. After surgery, all rats were returned to the animal
facility with free access to food and water.

2.6. Functional Evaluation of Regenerated Nerves

2.6.1. Electrophysiological Evaluation

The electrophysiological evaluation was performed at 12 weeks after implantation,
and two parameters, nerve conduction velocity (NCV) and compound motor action
potential (CMAP), were recorded. Each rat was anesthetized and the sciatic nerve
was exposed. Using a monopolar recording electrode and bipolar stimulating elec-
trodes, electrical activity of the sciatic nerve was induced, and NCV and CMAP
responses to the stimuli were recorded by a digital MYTO electromyographic ma-
chine (Esaote).

2.6.2. Weight Ratio of Gastrocnemius Muscle

The weight of the gastrocnemius muscle was considered to be proportional to the
degree of sciatic nerve innervation [26], and was, therefore, used to indicate the
degree of functional recovery. At 12 weeks after implantation, the gastrocnemius
muscle was obtained from both experimental and untreated side, and the ratio of
the muscle weight was calculated from the experimental side to that of the untreated
side.

2.7. Morphological Analysis of Regenerated Nerves

The morphological assessments were performed at 12 weeks post-operation, fol-
lowing the electrophysiological study. The NGCs in groups I and II were carefully
removed, exposing the regenerated nerve. The middle segments of the regenerated
nerves in all three groups were evaluated by toluidine blue staining and TEM.

Each nerve segment was fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) at 4°C for 2 days, followed by post-fixing with 1% osmium tetroxide and
ethanol dehydration. After procedures of fixation, nerve segments were embedded
in Epon 812 (Electron Microscopy Sciences) for further studies.

Thin sections (1 pm) of each group were stained with 1% toluidine blue and
observed under light microscopy. Six random fields of each sample at 400 x mag-
nification were recorded by an IM50 image manager system (Leica Microsystems).
Based on these images, the total number of myelinated fibres and percent neural tis-
sue (100x neural area/intrafascicular area) were calculated using ImagelJ software.

Ultra-thin sections (70 nm) of each group were made for TEM study. The sec-
tion was placed on 0.5% formvar-coated meshes and stained with uranyl acetate
and lead citrate. The thickness of the myelin sheath was measured under electron
microscopy.
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2.8. Statistical Analysis

Data were expressed as mean + SD and analyzed by LSD analysis of variance
(ANOVA) with a SPSS 11.0 software package (SPSS). Values of P < 0.05 were
considered statistically significant.

3. Results

3.1. Structure and Appearance of Aligned Nanofibres and NGF

The SEM morphology and fibre diameter distribution of aligned PLGA/NGF and
PLGA nanofibres are shown in Fig. 2. In order to obtain bead-free core—shell
nanofibres, PEG (40%, w/v) was added into the core solution to increase the vis-
cosity of the core solution. Aligned bead-free nanofibres can be observed in both
PLGA/NGF and PLGA groups (Fig. 2A and 2C). The average diameter of aligned
PLGA/NGF and PLGA nanofibres was 513+ 174 nm and 299 67 nm, respectively
(Fig. 2B and 2D).
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Figure 2. SEM images and diameter distributions of PLGA and PLGA/NGF nanofibres. (A, B) PLGA
nanofibres; (C, D) PLGA/NGF nanofibres. The average diameter of PLGA and PLGA/NGF nanofibres
was 299 £ 67 nm and 513 % 174 nm, respectively.
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The core—shell structure of the nanofibres examined by TEM is shown in Fig. 3.
TEM image of PLGA/NGF nanofibres exhibited relatively smooth core—shell in-
terfaces with a core phase containing NGF encased by a polymer shell (Fig. 3A),
whereas the TEM image of PLGA nanofibres revealed no apparent phase segrega-
tion (Fig. 3B).

The contour of the aligned PLGA/NGF NGC 12 weeks after implantation was
observed under a microscope (10x magnification) (Fig. 4B). After 12 weeks, the
NGC remained structurally intact, supporting tissue infiltration and vascularization.
No collapse of NGC occurred in either PLGA or PLGA/NGF groups.

3.2. NGF Release Kinetics

Sustained release of NGF from PLGA/NGF nanofibres was studied for up to
30 days, and the release profile of NGF is shown in Fig. 5. The release kinetics
can be described in two stages: an initial burst release and a constant linear release.
In the first stage, the average amount of NGF released from the core—shell nanofi-
bres was 29.5% in 1 day. After the initial burst release, NFG was released in a
relatively steady manner.
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Figure 3. TEM images of PLGA and PLGA/NGF nanofibres. (A) PLGA nanofibres; (B) PLGA/NGF
nanofibres. The core—shell structure could be observed in PLGA/NGF nanofibres, while no apparent
phase segregation was observed in PLGA nanofibres.
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Figure 4. Surgical implantation of the aligned NGC for nerve regeneration in a rat model of a 13-mm
sciatic nerve defect under a microscope (10x magnification). (A) The NGC was used to bridge
a 13-mm nerve defect; (B) the contour of the NGC 12 weeks after implantation; (C) the appearance of
the regenerated nerve after removing the NGC. This figure is published in colour in the online edition
of this journal, which can be accessed via http://www.brill.nl/jbs

3.3. Electrophysiological Evaluation

The functional recovery of the regenerated nerve was evaluated by electrophysio-
logical examination, as reflected by the value of NCV and CMAP (Fig. 6). At week
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Figure 5. Release profile of NGF from PLGA/NGF nanofibres up to 30 days. After an initial burst
release of 29.5%, NFG was released in a relatively steady manner.

12, the NCV value of the regenerated nerve was 46.8 £ 2.9 m/s in the PLGA/NGF
group and 26.9 & 2.9 m/s in the PLGA group. The NCV value in the autograft
was 49.05 £ 1.3 m/s. The functional recovery of the regenerated nerve in the
PLGA/NGF group was significantly better than that in the PLGA group (P < 0.05),
and no significant difference was observed between the PLGA/NGF and autograft
groups (P > 0.05). Figure 7B shows the results of CMAP in the three groups. The
amplitude of CMAP in the PLGA/NGF group was 12.85+ 1.12 mV, which was sig-
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nificantly greater than that in the PLGA group (8.26 4+ 1.36 mV) and not significant
when compared with that in the autograft group (13.7 £ 1.13 mV).

3.4. Weight Ratio of the Gastrocnemius Muscle

The average weight ratio of the gastrocnemius muscle of the PLGA group was 0.48
and that of the PLGA/NGF and autograft groups was 0.61 and 0.64, respectively.
The recovery of gastrocnemius muscle was better in the PLGA/NGF and autograft
groups than in the PLGA group (P < 0.05), and there was no significant difference
between the PLGA/NGF and autograft groups (P > 0.05) (Fig. 7).
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Figure 6. Electrophysiological examination. (A) NCV evaluation at 12 weeks after implantation of
NGCs (or autograft). (B) CMAP evaluaton at 12 weeks after implantation of NGCs (or autograft)
(n =6). *P < 0.05, determined by LSD analysis of variance (ANOVA).
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Figure 7. Weight ratio of gastrocnemius muscle. The weight recovery of gastrocnemius muscle in
PLGA/NGF and autograft was significantly better than that in PLGA group. There was no significant
difference between PLGA/NGF and autograft groups (n = 6). * P < 0.05, determined by LSD analysis
of variance (ANOVA).
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3.5. Histological and Histomorphometric Analysis

Histological examination on the midline of the regenerated nerve by toluidine blue
staining revealed differences in nerve architecture (Fig. 8). At 12 weeks, more nerve

(B)
Figure 8. Histological sections of regenerated nerves at the middle segment of the conduit (or auto-
graft). (A) PLGA group; (B) PLGA/NGF group; (C) autograft group. Thin (1 pm) sections of regener-
ated nerve specimens were stained with 1% toluidine blue for qualitative analysis. This figure is pub-
lished in colour in the online edition of this journal, which can be accessed via http://www.brill.nl/jbs
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Figure 9. The total number of regenerated nerves at the middle segment of the conduit (or autograft).
At 12 weeks, the total number of nerve fibres in PLGA/NGF was significantly higher than that in the
PLGA group, and lower than that in the autogroup (n = 6). * P < 0.05, determined by LSD analysis
of variance (ANOVA).

fibres were observed in the PLGA/NGF and autograft groups than in the PLGA
group. The PLGA/NGF group showed better regeneration compared with PLGA.
Quantitative analysis of the regenerated nerve was performed using the total
number of nerve fibres and percent neural tissue as parameters (Figs 9 and 10).
The total number of regenerated nerve fibres is considered to be a useful parameter
to show the distinction between different NGCs. At 12 weeks, the PLGA/NGF and
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Figure 10. The percent nerve fibres at the middle segment of the conduit (or autograft). At 12 weeks,
the percent nerve fibres in PLGA/NGF and autograft was significant greater than that in PLGA
group. There was no significant difference between the PLGA/NGF and the autograft groups (n = 6).
*P < 0.05, determined by LSD analysis of variance (ANOVA).

autograft groups contained 9945 41052 and 12 288 £455 fibres, respectively, while
the PLGA group had 5920 % 339 fibres. The number of regenerated nerves in the
PLGA/NGF group was significantly higher than in the PLGA group (P < 0.05).
The percent neural tissue is regarded as a parameter that could indicate both
the number and the degree of maturation of the regenerated nerve [27]. As shown
in Fig. 10, the percent neural tissue in PLGA/NGF groups was 39.8%, which is
significantly higher than in the PLGA group (31%) (P < 0.05). No remarkable
difference was observed between the PLGA/NGF and autograft groups (P > 0.05).

3.6. Electron Microscopy

Electron microscopy was used to evaluate the ultrastructure of the regenerated
nerves (Fig. 11). The thickness of the myelin sheath, an indication of the matu-
rity of the regenerated nerve, was counted based on the TEM images. The myelin
sheath thickness in the PLGA/NGF and autograft groups was 0.367 & 0.047 and
0.372 £ 0.054 pm, respectively, and that in the PLGA group was 0.277 £ 0.08 pm.
Statistical analysis revealed that the myelin sheath in PLGA/NGF and autograft
groups was thicker than in the PLGA group (n = 6, P < 0.05; Fig. 12), which sug-
gested that the regenerated nerve in PLGA/NGF was more mature than in the PLGA

group.

4. Discussion

Recent bioengineering strategies for the peripheral nerve regeneration have focused
on developing alternative treatments to the nerve graft (e.g., NGCs), especially for
larger defects. These NGCs include physical guidance cues, cellular components
or biomolecular signals, and have been proven to enhance nerve regeneration. In
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(B)

Figure 11. Ultrastructure of the regenerated nerve under TEM at 12 weeks post-operation. (A) PLGA
group; (B) PLGA/NGEF group; (C) autograft group.
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Figure 11. (Continued.)
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Figure 12. The thickness of myelin sheath at the middle segment of the conduit (or autograft). The
myelin sheath thickness was significantly greater in the PLGA/NGF and autograft groups compared
with the PLGA group (n = 6). * P < 0.05, determined by LSD analysis of variance (ANOVA).

this study, we have presented an aligned PLGA/NGF NGC fabricated by coaxial
electrospinning for peripheral nerve regeneration. This NGC combined multiple
stimuli in order to more closely mimic the environment normally found in the body,
which results in increased regeneration in a rat sciatic nerve model.
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The influence of NGF in neural regeneration has been heavily investigated at
various levels, from molecular interactions to macroscopic tissue responses [28,
29]. It has been proven that NGF promotes survival, out-growth and branching of
neurons, and also modulates the repair of injured nerves [30]. Administration of
recombinant NGF protein into injured nerves has been proven to promote nerve re-
pair and enhance functional recovery [31, 32]. However, as NGF may leak from the
channel, continuous delivery devices appear to be a more reliable means of admin-
istering NGF. A variety of techniques to continuous delivery therapeutics to nerve
regeneration have been developed, such as polymer matrices and microspheres, and
enhanced nerve regeneration has been reported [17, 33-36]. In this study, NGF
was successfully incorporated into the core layer of aligned core—shell nanofibres
by coaxial electrospinning. Compared with many other delivery methods [15-17,
22, 37], the aligned PLGA/NGF NGCs combine the benefits of physical guidance
cues and bimolecular signals, and we evaluated its effect on promoting nerve re-
generation in vivo. In addition, different from conventional electrospinning, coaxial
electrospinning holds the advantage that in this process two dissimilar materials
solutions can be delivered independently through a coaxial needle and drawn to fab-
ricate nanofibres in a core—shell configuration. With this technique, proteins such
as NGF can be incorporated into nanofibres without exposure to organic solvent.
In this study, we chose PLGA as the shell polymer due to its excellent biocompat-
ibility and variable degradability (modulated by the L/G rate) [38, 39]. PEG was
added into the NGF solutions to increase the viscosity, so that continuous bead-free
core—shell nanofibres can be obtained.

The application of electrospun nanofibre scaffolds for drug delivery has been
explored by several researchers [15—17, 22, 37]. It has been hypothesized that the
drugs were released from nanofibres through two ways, namely, passive diffusion
across nanopores on the nanofibres surface and polymer degradation of the nanofi-
bres [19, 22, 40]. The NGF released from the core—shell nanofibres in this study was
expected to combine the effects of the above mechanisms. The initial burst release
of the core—shell nanofibres, although less severe, may be due to a minimal amount
of PEG/NGF located on the nanofibres surfaces during the coaxial electrospinning,
which is difficult to avoid [25]. Then NGF released from the composite nanofibres
by diffusion through the polymer matrix and/or pores into the matrix.

The bioactivity of the released NGF and the effect of these aligned core—shell
nanofibres for nerve regeneration was evaluated in a rat sciatic nerve model, using
functional and morphological analysis. In electrophysiological examination, the re-
sults of NCV and CMAP in the PLGA/NGF group were significantly better than
that in the PLGA group, indicating that the functional recovery of the regenerated
nerve was better in the PLGA/NGF group. This better functional recovery in the
PLGA/NGF group was also observed in the examination on weight ratio of gas-
trocnemius muscle. In addition, there was no significant difference between the
PLGA/NGF and the autograft group based on the functional results. This may be
due to the combined effects of physical guidance cues and biomolecular signals
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provided by aligned PLGA/NGF. Furthermore, morphological analysis of the re-
generated nerve using toluidine blue staining and electron microscopy indicated
that more nerve fibres were regenerated in PLGA/NGF, and that the nerve fibres in
the PLGA/NGF group showed more maturity than those in the PLGA group. Thus,
the in vivo results demonstrated that the aligned core—shell nanofibres could greatly
improve nerve regeneration.

5. Conclusion

The goal of this study was to present the design, processing and application of the
aligned PLGA/NGF NGC for peripheral nerve regeneration. NGF was successfully
incorporated into core—shell nanofibres by coaxial electrospinning, and a sustained
release was observed for 1 month. The effect of this PLGA/NGF NGC on the pro-
motion of nerve regeneration was evaluated in a rat 13-mm sciatic nerve defect
model. The functional and morphological results demonstrated that the nerve re-
generation in PLGA/NGF NGC was significant better than that in PLGA NGC.
Thus, we believe that the aligned PLGA/NGF NGCs have a potential application
for the treatment of peripheral nerve injuries.
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