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ABSTRACT: In the study of hollow nerve guidance conduit
(NGC), the dispersion of regenerated axons always confused
researchers. To address this problem, filler-containing NGC
was prepared, which showed better effect in the application of
nerve tissue engineering. In this study, nanofiber sponges with
abundant macropores, high porosity, and superior compressive
strength were fabricated by electrospinning and freeze-drying.
Poly(L-lactic acid-co-ε-caprolactone)/silk fibroin (PLCL/SF)
nanofiber sponges were used as filler to prepare three-
dimensional nanofiber sponges-containing (NS-containing)
NGC. In order to study the effect of fillers for nerve regeneration, hollow NGC was set as control. In vitro cell viability
studies indicated that the NS-containing NGC could enhance the proliferation of Schwann cells (SCs) due to the macroporous
structure. The results of hematoxylin−eosin (HE) and immunofluorescence staining confirmed that SCs infiltrated into the
nanofiber sponges. Subsequently, the NS-containing NGC was implanted in a rat sciatic nerve defect model to evaluate the effect
in vivo. NS-containing NGC group performed better in nerve function recovery than hollow NGC group. In consideration of
the walking track and triceps weight analysis, NS-containing NGC was close to the autograft group. In addition, histological
and morphological analyses with HE and toluidine blue (TB) staining, and transmission electron microscope (TEM) were
conducted. Better nerve regeneration was observed on NS-containing NGC group both quantitatively and qualitatively.
Furthermore, the results of three indexes’ immuno-histochemistry and two indexes’ immunofluorescence all indicated good nerve
regeneration of NS-containing NGC as well, compared with hollow NGC. The results demonstrated NS-containing NGC had
great potential in the application of peripheral nerve repair.
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1. INTRODUCTION

Peripheral nerve injury is a common clinical problem, which
has a high morbidity of the trauma patients.1−3 Nerve tissue
engineering scaffold, also called nerve guidance conduit (NGC)
with a cylindrical tube shape, has been fabricated to guide cells
proliferation and facilitate axons extension of injured neural
tissues in three dimensions.4,5 In previous study, NGC played
the role of biomimic extracellular matrix (ECM) for Schwann
cells (SCs) adhesion and growth at the beginning.6 Security,
biocompatibility, biodegradability, permeability, mechanical
strength, and similarity structure to ECM is quite essential
for an ideal NGC.
In the past decade, various NGCs were fabricated to guide

neural regeneration. Initially, NGC with a single hollow lumen

was designed to guide neural regeneration. However, studies
indicated that hollow NGC will lead to the dispersion of
regenerating axons during nerve regeneration. And the
dispersion of regeneration across the NGC tube may lead to
misdirection and polyinnervation.7−9 Therefore, some complex
NGCs have been developed with the incorporation of physical
fillers into the NGC lumen to mimic the endoneurial-like
structure of autologous nerve grafts. A series of biomaterial-
based filler has been included into the lumen of NGC to
guide nerve regeneration, such as fibers,10 filaments,11 and gels.12
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Lundborg and Kanje first reported silicone conduits with eight
nylon filaments filled in the application of 10 mm rat model.13

Later, in Matsumoto’s study, NGC was made of a poly(glycolic
acid (PGA)−collagen tube filled with laminin-coated collagen
fibers and was used to bridge an 80 mm gap in the left peroneal
nerve of a beagle dog. In the time frame 10−12 months after
implantation, the pattern of walking was restored to almost
normal.10 Although the mechanism has not yet been verified
due to the difficulty of a meticulous imitation of the in vivo
situation, filler-containing NGC shows potential to promote
nerve regeneration.14 However, the above-mentioned reports
focused on the aligned filler containing for NGC; few sponge
fillers with irregular morphology were used in the preparation
of NGC.
Currently, electrospinning was a general method to prepare

tissue engineering scaffolds including nerve, skin, vascular,
bone, and so on.15,16 Electrospun tissue engineering scaffold
could offer ECM-mimicking nanoscale structure with high
specific surface and porosity. However, the disadvantages of
electrospinning restricted its applications. (1) Most of electro-
spun scaffold is a membrane with two-dimensional (2D)
structure. Fabricating a 3D nanofiber scaffold rather than the
conventional 2D membrane is still a major research direction.17

(2) The pore size of electrospun scaffold is too small for cells to
infiltrate into the nanofiber scaffold.18 To solve these problems,
Fong et al. produced 3D nanofibrous scaffold by two steps:
(1) the electrospun polycaprolactone (PCL) nanofibers were
broken with immersion into liquid nitrogen; (2) then the 3D
nanofibrous scaffold was prepared by thermally induced self-
agglomeration.19 However, the process of 3D PCL nanofibrous
scaffold was too complicated to process heavily. On the other
hand, PCL was hydrophobic; thus the scaffold was not suitable
for cell colonization.20 In the study of Chen et al., gelatin and
poly(lactic acid) (PLA) were mixed to prepare electrospun
nanofiber membranes. Then, electrospun gelatin/PLA nano-
fiber was dispersed, freeze-dried, and heat-treated to fabricate a
3D nanofiber scaffold. It was confirmed that the 3D nanofiber
scaffold can not only keep the nanofibrous structure but also
possess some merits: such as macroporous structure for cell
infiltration, high compressive strength, and high porosity.21

In vitro and in vivo experiments indicated that this 3D
nanofiber scaffold could promote the regeneration of cartilage
tissue.22 It is suggested that there is potential of gelatin/PLA 3D
nanofiber scaffold for cartilage tissue engineering by combining
electrospinning and freeze-drying. Herein, the promising electro-
spun composites of poly(L-lactic acid-co-ε-caprolactone)/silk
fibroin (PLCL/SF) were used.23,24 A 3D nanofiber nerve scaffold
was fabricated with PLCL and SF which had macroporous
structure for cells growth, high porosity, and enough mechanical
properties.
In this study, 3D nanofiber sponges were fabricated via

dispersion and freeze-drying. The 3D nanofiber sponges were
set as filler to prepare nanofiber sponges-containing NGC
(NS-containing NGC). This nanofiber sponges-containing
NGC could provide a 3D microenvironment with macropores
for SCs growth and infiltration. It could also biomimic the
endoneurial-like architecture of nerve fascicles. Morphology
and mechanical properties of NS-containing NGC were
characterized. Furthermore, the in vitro and in vivo experiments
have been performed to evaluate the biocompatibility and
promotion for nerve regeneration.

2. EXPERIMENTAL SECTION
2.1. Materials. Copolymer PLCL (Mw = 300 kDa; LA:CL =

75:25) was purchased from Jinan Daigang Co., Ltd. (China).
Bombyxmori silkworm cocoons were supplied by Jiaxing Silk Co.,
Ltd. (China), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was pur-
chased from Alfa Aesar Co. (Ward Hill, MA, USA). tert-Butanol and
glutaraldehyde were obtained from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. (China); both of them were analytical grade
reagents. Cell culture reagents, such as Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, and trypsin were purchased
from Life Technologies (Waltham, MA, USA). SCs (rat) were
obtained from the Shanghai Institute of Biochemistry and Cell Biology
(SIBCB, CAS, China).

2.2. Fabrication of PLCL/SF Nanofiber Membranes. The
regenerated SF was prepared according to the previously reported
method.25 The electrospinning solution (w/v (%) = 8) was prepared
by mixing PLCL and SF (w/w (%) = 20:80) in HFIP and stirring at
room temperature for 4 h. PLCL/SF nanofiber membranes were
fabricated by electrospinning process as was done previously.26

In brief, PLCL/SF solution was placed in 5 mL plastic syringes
loaded in syringe pumps (789100C, Cole-Parmer Instruments, USA)
and operated at the rate of 1 mL/h. PLCL/SF solution was
electrospun with a syringe equipped with a 21G steel needle using a
voltage of 12 kV high-voltage power supply (BGG6-358, BMEI Co.
Ltd., China). Aluminum foil (5 × 5 mm2) was used as a collector, and
the distance between needle and collector was 5−6 cm. All of the
collected PLCL/SF nanofiber membranes were placed in vacuum
overnight to remove the residual solvent.

2.3. Preparation of PLCL/SF 3D Nanofiber Sponges. PLCL/
SF 3D nanofiber sponges were prepared with the method shown in
Figure 1A. In brief, PLCL/SF nanofiber membranes were cut into
small pieces (0.5 cm × 0.5 cm), which were immersed into tert-butanol
solution to disperse with homogenizer (IKA T-18, Germany) at the
speed of 10000 rpm for 30 min. Then, the dispersed nanofibers were
poured into a 24-well cell culture plate and freeze-dried for 24 h.
Freeze-dried 3D nanofiber sponges (un-cross-linked) were cross-
linked via glutaraldehyde vapor for 20 min. Eventually, cross-linked
nanofiber sponges were placed in vacuum overnight to remove the
residual solvent and obtain the PLCL/SF 3D nanofiber sponges
(cross-linked).

2.4. Characterization of PLCL/SF 3D Nanofiber Sponges. The
morphology of PLCL/SF nanofiber membrane, freeze-dried 3D
nanofiber sponge (un-cross-linked), and PLCL/SF 3D nanofiber
sponge (cross-linked) were examined using a digital camera (Canon
550D, Japan) and scanning electron microscope (SEM, Hitachi
TM-100, Japan), respectively. The corresponding pore size distribu-
tion of three samples was calculated by a CFP-1100-AI capillary flow
porometer (PMI, Porous Materials Inc.).

The total porosity (%) of the different samples was determined via
liquid displacement.27 Briefly, each sample with a known dry weight
was placed in absolute acetone for 48 h. Acetone was used due to its
ability to permeate through the scaffolds without swelling or shrinking
the matrix. The total amount of acetone that the scaffolds were able to
absorb during 48 h was calculated by the following equation:

ρ
=

−
×

W W
V

porosity (%) 100w d

a s

where Ww (g) and Wd (g) represent wet weight and dry weight of the
samples, respectively, ρa (g/cm

3) is the density of acetone at room
temperature, and Vs (cm

3) represents the volume of the wet sample.
Each sample was measured at least five times (n = 5) repeatedly to
obtain the average values.

Pore size distributions of three samples were measured by through-
pore size analyzer (Quantachrome Instruments, USA). To analyze the
mechanical properties of PLCL/SF nanofiber sponges, cyclic
compression experiments were conducted by a compression testing
machine (HY-940FS, China). Samples have been composed with
100 cycles and five replicates (n = 5).
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2.5. Preparation and Characterization of PLCL/SF
NS-Containing NGC. Sponge-containing NGC could guide the extension
of nerve axons. Herein, PLCL/SF 3D nanofiber sponges were used as
filler to prepare nanofiber NS-containing NGC. (1) Cross-linked
PLCL/SF nanofiber sponges were fabricated in tubular structure
(length, 50 mm; diameter, 2 mm) as previously described.26 (2) New
nanofiber (PLCL/SF, w/w (%) = 75:25) was warped on the surface of
nanofiber sponges tube by electrospinning to obtain NS-containing
NGC. As control, a poly(tetrafluoroethylene) (PTFE) stick (l =
50 mm, Φ = 2 mm) was set as a collector, which was removed
after electrospinning (the material is PLCL/SF, w/w (%) = 75:25) to
fabricate a hollow NGC.
The cross-section morphology of NS-containing NGC and hollow

NGC was characterized by SEM, and the axial compressive mechanical
properties of two NGCs were evaluated with cyclic compression
experiment.
2.6. SC Cells Proliferation and Infiltration in NS-Containing

NGC. In order to analyze the biocompatibility of PLCL/SF
NS-containing NGC, SCs were cultured on the NS-containing
NGC, the hollow NGC, and tissue culture plate (TCP). SC cells
were cultured in DMEM medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin−streptomycin formulation at 37 °C
with 5% CO2 in a humidified atmosphere. Samples were cut into
10 mm length and sterilized with 75% ethanol and UV light for 2 h.
Then SCs were detached by 0.25% trypsin−EDTA and seeded on the
nanofiber sponges’ filler of NS-containing NGC, the lumen of hollow
NGC, and the surface of TCP with a density of 1 × 104 cells/well,
approximately (n = 8). After 1, 3, 5, and 7 days of culture, SC cells
viability was determined by CCK-8 assay (Sigma-Aldrich Co., Ltd.,
USA). During the culturing process, medium was refreshed every
other day. After culturing for 7 days, SCs cultured on the
NS-containing NGC and hollow NGC were fixed by 4% paraformal-
dehyde for 2 h at 4 °C. Then, the samples were dehydrated with
gradient ethanol solution (50%, 70%, 90%, 95%, and 100%) and
observed by SEM at the accelerating voltage of 15 kV.

After culturing for 7 days, NS-containing NGC and hollow NGC
were paraffin-embedded, cut in the central (cross and longitudinal),
and washed with PBS. After being dewaxed with xylene, some samples
were stained with hematoxylin−eosin (HE) staining; some other
samples were treated with rabbit anti-S100 antibody (1:100, Sigma,
USA) overnight and then stained with rhodamine (TRITC)-labeled
goat antirabbit IgG (1:200, Sigma) and 4′,6-diamidino-2-phenylindole
(DAPI; 1:200, Life Technologies, USA) for 30 and 5 min, respectively.
Subsequently, the HE staining and immunofluorescence staining images
were observed through analysis cell infiltration using the inverted
fluorescence microscopy (IX71, Olympus, Japan) and confocal laser
scanning microscope (CLSM, C2, Nikon, Japan).

2.7. Surgical Procedure. Spraguee−Dawley (SD) rats (male or
female, 200−250 g) were employed to assess the nerve repairing effect
of autograft and various NGCs. All the rats were divided into three
groups (autograft, hollow NGC and NS-containing NGC), with each
group containing six rats. All the experiments were carried out in
accordance to Institutional Animal Care guidelines and approved
ethically by the administration committee of experimental animals.

Before the surgical procedure, hollow NGC and NS-containing
NGC were sterilized by 75% (v/v) ethanol for 24 h, and the rats were
anesthetized by sodium pentobarbital (50 μg/g) and fixed on the
operating table. The left leg sciatic nerve of rat was dissected and
exposed by a dorsal gluteal muscle splitting. A 10 mm nerve gap was
produced by removing the proximal peroneal nerve. In the group of
autografts, a 10 mm nerve was excised and rebridged by rotating 180°.
At the same time, 10 mm length hollow NGCs and NS-containing
NGCs were used to bridge the nerve gap, respectively. During the
surgical procedure, autologous nerve and NGCs were secured with 8-0
nylon sutures. After implantation, the implanted site was sterilized and
irrigated carefully, and the muscle layer and skin layer were sutured by
4-0 and 2-0 sutures.

2.8. Walking Track Analysis and Triceps Weight Analysis.
Four weeks and 12 weeks after implantation, the neurological recovery
functions were evaluated through walking track analysis and triceps

Figure 1. (A) Schematic illustration of PLCL/SF 3D nanofiber sponges by electrospinning and freeze-drying methods. Digital photographs of
(B) PLCL/SF nnaofiber membrane, (C) freeze-dried 3D nanofiber sponges, and (D) PLCL/SF 3D nanofiber sponges. SEM images of (E) PLCL/SF
nnaofiber membrane, (F) freeze-dried 3D nanofiber sponges, and (G) PLCL/SF 3D nanofiber sponges.
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weight analysis. For walking track analysis, both hind plantars were
dipped in red ink and the footprints were obtained when the rats
moved on the surface of white paper (the dimension was 100 cm ×
15 cm). The sciatic function index (SFI) was introduced and calcu-
lated according to the following formula by de Medinaceli et al.:28

= − − −

− − −

SFI
109.5(ETS NTS)

NTS
38.3(EPL NPL)

NPL
13.3(EIT NIT)

NIT
8.8

where TS, PL, and IT representing toe spread length, paw length, and
intermediary toe spread length, respectively, N refers to normal legs,
and E refers to experimental legs. The SFI results of each group were
calculated at least 3 times (n = 3), and herein, SFI = 0 in normal rats
for normal sciatic nerve function, while SFI = −100 in the case of rats
with a completely severed sciatic nerve.
Triceps surae muscle (TSM) is the target organ of the sciatic nerve.

Generally, the TSMs of both sides in each rat were dissected to weigh;
then the moist weight was collected in each rat promptly (both
in experimental side and normal side). The TSM weight ratio of all
animals was calculated as the following equation:

=TSM weight ratio (%)
TSM(experimental leg)

TSM(normal leg)

At the same time, the TSMs were paraffin-embedded and sectioned for
Masson staining. For the quantitative analysis of the Masson staining, a
positive area percentage of collagen was measured using Image-Pro
Plus software (Media Cybernetics, Inc., Bethesda, MD, USA)
2.9. Histological Evaluation and Morphological Analysis of

Regenerated Nerves. Immediately after nerve function recovery
assessment, all the rats were sacrificed The implantation site of the rat
sciatic nerve was re-exposed, and the regenerated nerve was harvested
for histological evaluation and morphological analysis at 4 and 12 weeks,
respectively. Before histological staining, the regenerated nerve tissues
were fixed with 4% paraformaldehyde at 4 °C for 24 h. Subsequently,
the samples were embedded in paraffin and cut into cross-sections in the
middle of specimens. Slices were stained with HE, TB, and LFB,
respectively, and which were observed with fluorescence microscopy
(IX71, Olympus). The samples were also fixed with 2.5% glutaraldehyde
in 4 °C (2 h) for transmission electromicroscope observation. Briefly,
the fixed samples were embedded and cut into ultrathin sections and
then were stained with lead citrate and uranyl acetate. In the end, the
nerve morphology was observed and photographed using transmission
electron microscope (TEM; HT7700, Hitachi, Ltd., Japan).
Moreover, the number of positive cells per area (100 μm2) and myelin

positive area were measured through TB staining and LFB staining
results via Image-Pro Plus software. The total number of regenerated
nerve fibers, myelin thickness, and axon diameter were analyzed by
ImageJ software (National Institute of Health, Bethesda, MD, USA).
2.10. Immuno-histochemistry and Immunofluorescence. All

slices of regenerated and normal nerve tissues were stained with
several antibodies. For immuno-histochemistry, sections were
incubated by the primary antibody of rabbit anti S-100 antibody
(1:200, Sigma), rabbit anti 200 kDa neurofilament antibody (NF-200,
1:100, Abcam, U.K.), and mouse antiglial fibrillary acidic protein
(GFAP; 1:100, CST, USA) respectively. The incubation with primary
antibody was kept overnight at 4 °C. Then all the procedures were
performed according to the standard protocol.29 Briefly, the samples
were incubated with horseradish peroxidase (HRP)-labeled secondary
antibody (DAKO, K5007) for 50 min; then the sections were further
processed with the diaminobenzene (DAB) regent kit (DAKO,
K5007) for visualization. Finally, the immune stained samples were
viewed with the inverted fluorescence microscopy (IX71, Olympus),
and quantified the positive area to analyze nerve regeneration.
Immunofluorescence staining was applied to evaluate nerve

regeneration. The sections were incubated with S-100 and NF-200
primary antibody, respectively overnight at 4 °C, and then incu-
bated with the secondary antibody of fluorescein isothiocyanate
(FITC)-labeled goat antirabbit IgG (1:200, Sigma) and rhodamine

(TRITC)-labeled goat antirabbit IgG (1:200, Sigma), respectively.
Cell nuclei were stained with DAPI (1:200, Life Technologies) for
5 min. Eventually, the samples were observed on CLSM.

2.11. Statistical Analysis. All the quantitative data were expressed
as a mean ± standard deviation. The statistical analysis was carried out
using one-way ANOVA, followed by Bonferroni’s test for the
evaluation of specific differences with Origin 9.1 software (Originlab
Corp., Northampton, MA, USA). Only a value of (*) P < 0.05 was
considered to be significant, and (**) P < 0.01 was considered to be
highly significant.

3. RESULTS
3.1. Three-Dimensional Nanofiber Sponges’ Prepara-

tion and Morphology characterization. PLCL/SF nano-
fiber membranes were fabricated by electrospinning. Then
PLCL/SF 3D nanofiber sponges were prepared by dispersing
PLCL/SF nanofibers according to the previously described
method (Figure 1A). Panels B−D of Figure 1 showed the
digital photographs of PLCL/SF nanofiber membrane, freeze-
dried 3D nanofiber sponges, and cross-linked PLCL/SF 3D nano-
fiber spongers. The SEM images were shown in Figure 1E−G,
which indicated that three kinds of samples consisted of nanoscale
fibers. According to nanofiber diameter analysis, the average
nanofiber diameter was 975.51 ± 78.21 (PLCL/SF nanofiber
membrane), 1012.25 ± 83.73 (freeze-dried 3D nanofiber
sponges), and 987.38 ± 102.01 nm (PLCL/SF 3D nanofiber
spongers), indicating no significant differences among all groups.

3.2. Porosity and Mechanical Properties. The porosity
of PLCL/SF nanofiber membranes was 72.84 ± 2.93%
(Figure 2A). However, when PLCL/SF nanofiber membrane
was dispersed to sponge, the porosity increased to 92.21 ±
1.36% (freeze-dried 3D nanofiber sponges) and 88.81 ± 1.13%
(PLCL/SF 3D nanofiber spongers). The pore size distribution
results documented similar conclusions as well (Figure 2B).
The pore size of freeze-dried 3D nanofiber sponges and PLCL/
SF 3D nanofiber sponges ranged from 1 to 300 μm and from
1 to 100 μm. Most macroscale pores preformed were higher than
10 μm, while the pore size of PLCL/SF nanofiber membranes
ranged from 0.5 to 12 μm and concentrated at 0.5 μm.
Cyclic compression experiment of PLCL/SF 3D nanofiber

sponges has been tested to assess the mechanical properties.
It was shown that the nanofiber sponges had a good com-
pression recovery capability after cross-linking (maximum 80%
strain), and this capability can be maintained even after
compressed for 100 times (Figure 2C). The maximum stress
and Young’s modulus were calculated and have been shown in
Figure 2D. The maximum stress of PLCL/SF 3D nanofiber
sponges was 376.93 kPa at the first cycle, which decreased
to 292.65 kPa at the 50th cycle until to the 100th cycle.
The Young’s modulus decreased from 28.48 kPa (at first cycle)
to 13.27 kPa (at 100th cycle).

3.3. Preparation of NS-Containing NGC. PLCL/SF 3D
nanofiber sponges were used as conduit filler to prepare
NS-containing NGC (Figure 3A). The length and diameter of
NS-containing NGC were 50 mm and 2 mm (Figure 3B).
Hollow NGC was fabricated by electrospinning PLCL/SF nano-
fibers on a PTFE stick with the same size (Figure 3C). The
cross-section morphology of NS-containing NGC (Figure 3D,E)
and hollow NGC (Figure 3F) were observed by SEM.

3.4. SCs Proliferation and Infiltration. To investigate the
biocompatibility, SCs were seeded on NS-containing NGC and
cultured for 1, 3, 5, and 7 days. SCs proliferation on TCP
and hollow NGC were performed as control. As shown in
Figure 4A, CCK-8 assay results performed that SCs showed
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good cell viability on both hollow NGC and NS-containing
NGC. It is indicated that both of these two samples were
nontoxic. However, on day 1 and day 3, the cell viability on
hollow NGC and NS-containing NGC was significantly higher
than the TCP control (P < 0.05). The difference was increased
on day 5 and day 7 (P < 0.01). Furthermore, the viability
of SCs on NS-containing NGC was significantly higher than
hollow NGC on days 5 and 7 (P < 0.01). In addition, the
cell SEM images indicated that SCs were infiltrated into the
sponges (Figure 4B,C).

After culturing for 7 days, two kinds of NGCs were charac-
terized with immunofluorescence (index: S-100) and HE staining
after cross-cutting and longitudinal-cutting. As shown in Figure 5,
SCs grew on both the inner surface and outer surface of hollow
NGC. However, for NS-containing NGC, SCs not only grew on
the surface but also infiltrated into the nanofiber sponges. The
longitudinal section images of NS-containing NGC showed that
SCs could infiltrate into 1000 μm depth after culturing for 7 days.

3.5. Implantation of NGC. NS-containing NGC was
implanted into the rat sciatic nerve defect site to investigate the

Figure 2. (A) Porosity and (B) pore size distribution of three kinds of scaffolds. (C) Compressive stress−strain curves of PLCL/SF 3D nanofiber
sponges with different cycles. Insets: photographs of the PLCL/SF 3D nanofiber sponges under a compressing and releasing cycle (compressive
strain = 80%). (D) Max stress and Young’s modulus of PLCL/SF 3D nanofiber sponges in 100 cycles.

Figure 3. (A) Fabrication schematic illustration of NS-containing NGC by electrospinning. Digital photographs of (B) PLCL/SF 3D nanofiber
sponges and (C) NS-containing NGC. Cross-section SEM images of NS-containing NGC in (D) low and (E) high resolution and (F) hollow NGC.
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guidance for peripheral nerve regeneration in vivo (Figure 6A),
with hollow NGC and autograft implantation performed as
control. All of the surgical procedures performed well, and

the SD rats survive without any operative complications.
The defective rat sciatic nerve in surgery (week 0) and after
surgery (weeks 4 and 12) were shown in Figure 6B. Regardless
of time, three groups of defective postoperative nerve were
rebridged and regenerated successfully.

3.6. Sciatic Nerve Functional Recovery Evaluation.
Sciatic nerve functional recovery of SD rats was evaluated by
triceps weight analysis and walking track analysis. Besides, the
triceps surae muscles (TSMs) of each experimental leg were
sectioned for Masson staining (Figure 7A), where red area was
muscle cells and blue area was collagen extracellular matrix.
The positive area percentage of collagen (with blue color in the
images) was measured to evaluate the atrophy of experimented
TSMs. As shown in Figure 7B, more collagen was produced on
hollow NGC and NS-containing NGC than the autograft group
4 and 12 weeks after implantation (P < 0.01). It is suggested
that the TSMs of two experimental groups had more serious
atrophy than autologous transplantation. The results also
displayed that the amount of collagen in NS-containing NGC
group was significantly lower than the hollow group (P < 0.05).
The TSM weight ratio of all animals was calculated and shown
in Figure 7C. It was shown that the value of NS-containing
NGC was significantly higher than hollow NGC on week 12
(P < 0.05), close to the autograft group.
Walking footprints of all SD rats were obtained (Figure 7D),

which was used to calculate SFI value with the formula.
Figure 7E showed the SFI value of each group, and the SFI
value of hollow NGC was much lower than autograft and
NS-containing NGC on week 4 (P < 0.05) and week 12

Figure 4. (A) CCK-8 results of SCs cultured on the scaffolds. SEM
images of SCs cultured on NS-containing NGC on the seventh day in
(B) low and (C) high resolution.

Figure 5. HE and immunofluorescence staining results of SCs cultured on NS-containing NGC and hollow NGC. White arrows tag the same place
at low and high magnification.
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Figure 6. (A) Schematic illustration of transplanting NS-containing NGC into SD rat sciatic nerve defect model. (B) The gross observation of sciatic
nerve after surgical procedures at week 0, and the regenerated sciatic nerve after implantation for 4 and 12 weeks (the scale bar = 10 mm, which
marked the nerve defect site).

Figure 7. (A) Masson staining images of TSMs (experimental side) and (B) statistical results of collagen positive area percentage after implantation
for 4 and 12 weeks. (C) TSMs weight ratio statistical results. (D) Footprints (experimental side) and (E) SFI statistical results of SD rats after
surgery.
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(P < 0.01). However, there was no significant difference
between NS-containing NGC and autograft groups.
3.7. Histological and Morphological Analysis. The

autograft, hollow NGC, and NS-containing NGC were removed
after being implanted for 4 and 12 weeks (Figure 6B). The
regenerated nerve tissues were sectioned and stained with HE,

TB, and LFB for histological and morphological analyses,
respectively (Figure 8). HE and TB staining results revealed
that there were lots of regenerated nerves and SCs in the
implanted NGCs and autograft. No visible inflammation
was observed (Figure 8A). LFB staining results indicated that
numerous bunches of nerve myelin were produced in all nerve

Figure 8. (A) HE, TB, and LFB staining images of the generated nerves at the middle segment of the NGCs (or autograft) after implantation for
4 and 12 weeks. (B) SCs density calculated by TB staining. (C) Positive area percentage of myelin calculated by LFB staining.
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NGC groups and the autograft group. The density of positive
SCs was calculated by TB staining images (Figure 8B), and
quantitative results exhibited a higher density of SCs on
NS-containing NGC group than hollow NGC (P < 0.05).
Twelve weeks after implantation, the density of positive SCs
on the NS-containing NGC group was close to that of the
autograft group. The positive area percentage of myelin was
calculated by LFB staining images as well (Figure 8C), which
showed results similar to those with TB staining.
Additionally, TEM images are applied on the sections of

the midportion of regenerated nerve after 4 and 12 weeks of
implantation to evaluate the axon diameter and myelin thick-
ness of regenerative axons (Figure 9). The general observation
confirmed that the regenerated axon and myelin were gen-
erated in all of the groups (Figure 9A). In addition, it showed
that more myelinated nerve fibers were regenerated on
NS-containing NGC than hollow NGC. The statistical results
indicated that there was no significant difference in the axon
diameter between hollow NGC group and NS-containing NGC.

However, differences were found in consideration to myelin
thickness (Figure 9B,C). It is indicated that the myelin
thickness of NS-containing NGC was significantly higher than
the hollow NGC group at week 4 (P < 0.01), but close to the
autograft group.

3.8. Immuno-histochemistry and Immunofluores-
cence. To evaluate the nerve repair of autograft and NGCs,
three kinds of immuno-histochemistry (which are named
NF-200, GFAP, and S-100) were presented (Figure 10A).
The gross observations indicated that the positive expressions
of three kinds of proteins were found in all tissues, though there
were some differences among various groups. The quantitative
analyses (Figure 10B) demonstrated the accurate assessment.
For the S-100 index, the NS-containing NGC group showed an
approximate positive area in comparison with the autograft
group, and significantly higher than the hollow NGC group on
weeks 4 (P < 0.01) and 12 (P < 0.05). For NF-200 and GFAP
indexes, although the positive area of NS-containing NGC
group was smaller than that of the autograft group, this value

Figure 9. (A) TEM images of the generated nerves at the middle segment of the NGCs (or autograft) after implantation for 4 and 12 weeks.
(B) Axon diameter and (C) myelin thickness calculated by TEM.
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was much higher than that of the hollow NGC group. Thus, it
is confirmed that the nerve tissue showed better histolo-
gical regeneration in NS-containing NGC than hollow NGC.

In addition, Figure 11 and Figure 12 showed the immuno-
fluorescence staining images of regenerated nerves after 4 and
12 weeks of implantation, respectively. The regenerated nerves

Figure 10. (A) Immuno-histochemical staining of S-100, NF-200, and GFAP in the regenerative tissue of different groups at 4 and 12 weeks
postsurgery. (B) Relative positive area percentage of S-100, NF-200, and GFAP.

Figure 11. Immunofluorescence staining (indexes: S-100 and NF-200)
images of regenerated nerves after implanted NGC (or autograft) at
4 weeks postsurgery.

Figure 12. Immunofluorescence staining (indexes: S-100 and NF-200)
images of regenerated nerves after implanted NGC (or autograft) at
12 weeks postsurgery.
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of all groups were observed with low and high (the inset
images) resolutions, and the colors of green and red represent
S-100 and NF-200 protein, respectively. The results were
similar to the above-mentioned tests, which documented
that the histological recoveries of regenerated nerves in the
NS-containing NGC group were better than the hollow NGC
group, but approximate to the gold standard autograft group.

4. DISCUSSION
It is a challenge to prepare 3D electrospun nanofiber scaffolds
with high porosity and interconnected macropores for tissue
engineering.30 To address this problem, a 3D electrospun
nanofiber scaffold was developed with high-speed dispersion
and freeze-drying technology. These scaffolds were sponge-like
with high porosity and compressive mechanical properties.22

To prepare more appropriate nerve tissue engineering scaffold,
PLCL and SF with good biocompatibility and biodegradability
were used to fabricate nanofiber sponges. At first, PLCL/SF
nanofiber membranes were prepared, which were subsequently
dispersed and freeze-dried to generate nanofiber sponges.
Then, PLCL/SF 3D nanofiber sponges were cross-linked
with glutaraldehyde vapor (Figure 1). The nanofiber sponge
scaffolds were cross-linked to became insoluble, which could
also strengthen the scaffolds to bear more compression.
Compared to PLCL/SF nanofiber membrane, the freeze-
dried 3D nanofiber sponges and PLCL/SF 3D nanofiber
sponges showed much higher porosity with larger pores
(P < 0.01). Lots of interconnected macropores were found in
freeze-dried nanofiber sponges (most of the pore sizes ranged
from 50 to 300 μm) and PLCL/SF 3D nanofiber sponges
(more of the pore size is from 10 to 100 μm), and the pore
size of PLCL/SF nanofiber membrane was in the range of
0.5−12 μm (Figure 2). Therefore, the macropores on PLCL/SF
3D nanofiber sponges were large enough and beneficial for
nutrient transport, especially for cell communication and
infiltration. In addition, the PLCL/SF 3D nanofiber sponges
showed good compressive elasticity properties even after
100 times compression (Figure 2). It was concluded that these
3D nanofiber sponges could maintain the porous structure for
tissue engineering application.
Previous study showed that the filler-contained NGC had the

mimicking structure of nerve fascicles, which was used to
reduce the dispersion of regenerating axons for nerve
tissue engineering.6,14 In this study, cross-linked PLCL/SF
3D nanofiber sponges were used as NGC filler to fabricate
NS-containing NGC, which had high porosity and compressive
mechanical properties. The SEM results presented that
PLCL/SF nanofiber sponges were filled into hollow NGC
which kept its macropores structures (Figure 3). The results of
CCK-8 assay indicated that SCs showed significantly better
proliferation behaviors on NS-containing NGC than hollow
NGC and TCP (Figure 4). In addition to good biocompat-
ibility, the nanofiber sponge’s existence could also provide more
adhesion matrix for cells. It is necessary to note that whether
SCs could infiltrate into the NS-containing NGC or not has
been an evaluation standard for its application for nerve
repair.31 Herein, SCs were seeded on the NS-containing NGC
and cultured for in vitro study (Figure 5). Immunofluorescence
and HE staining results indicated that cells had superior
adhesion and infiltration into the nanofiber sponges after
culturing for 7 days, mainly due to the abundant macropores in
NS-containing NGC. These in vitro results suggested that
the NS-containing NGC could significantly improve the SCs

proliferation and infiltration into the nanofiber sponges thanks
to the high porosity and larger pores.
Consistent with in vitro results, the in vivo results also

indicated that the developed NS-containing NGC were more
advantageous for nerve repair and regeneration in a SD rat
nerve defect model. It was observed that the defect nerve was
rebridged after implantation of the autologous nerve and NGCs
for both 4 and 12 weeks (Figure 6). However, the neural func-
tion recovery and nerve regeneration results of three groups
(the group of autograft, hollow NGC, and NS-containing
NGC) were different (Figure 7). To demonstrate the nerve
function recovery of NGCs groups, TSM of the defect nerve’s
target organ was sectioned for Masson staining. The images and
quantitative analysis demonstrated that more collagen was
deposited in hollow NGC group than NS-containing NGC,
i.e., the more serious loss of nerve function in hollow NGC
which led to more severe myophagism and a greater amount of
collagen enrichment. At the same time, the TSM weight ratio of
all animals was calculated, which drew the same conclusions.
SFI value is another important evaluation index for nerve
function recovery. The SFI value of NS-containing NGC group
was significantly higher than the hollow NGC group but close
to the autograft group. This remarkable difference between
NS-containing NGC and hollow NGC suggested that the existence
of nanofiber sponges improved the recovery of nerve functions.
Histological and morphology evaluation of HE, TB, and

LFB staining was performed (Figure 8). It was revealed that
both hollow NGC and NS-containing NGC could guide nerve
to rebridge after 4 or 12 weeks of implantation. No obvious
inflammation was found during nerve regeneration. PLCL/SF
nanofiber was dispersed to fabricate nanofiber sponges which
provide a biomimic ECM environment for SCs growth and
axons elongation. SCs density and myelin area were calculated
by TB and LFB staining, respectively. The NS-containing NGC
group exhibited obviously higher SCs density and remyelina-
tion compared with the hollow NGC after being implanted
for 4 weeks (P < 0.05). Furthermore, after 12 weeks of
implantation, this difference increased (P < 0.01). It was sug-
gested that the guidance of NS-containing NGC for nerve
regeneration might be reflected from the first month. TEM
results showed the diameter and myelin thickness of regen-
erative axons (Figure 9). It was well-known that the regener-
ation of peripheral neural started with the SCs adhesion and
proliferation on NGC matrix.6 Therefore, providing more
matrixes for SCs adhesion and proliferation when nerve was
injured could promote axons elongation and nerve regener-
ation. Immuno-histochemistry of NF-200, GFAP, and S-100
were characterized to evaluate the nerve tissues’ regenerates
as superior markers (Figure 10). NF-200 is an important
intermediate filament in neurons. The functions of NF-200
include structural support and regulation of axons regeneration.
Besides, NF-200 is an essential marker for the mature axons.32

GFAP is another protein which is an important component for
nerve cells’ cytoskeletal reorganization, myelination mainte-
nance, and cell adhesion.33 S-100 protein normally presents
neurotrophic effects in the central and peripheral nervous
system.34 Thus, during the process of nerve regeneration,
the detecting of S-100 protein was used to evaluate SCs
proliferation and migration. These results manifested that the
defect nerve was regenerated in all the NGCs and autograft
group at the histological level. However, more proteins were
expressed on NS-containing NGC than hollow NGC group.
Such results demonstrated the nanofiber sponges in the NGC
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were suitable for tissue repairing. Additionally, observation
from the immunofluorescence indicated NS-containing NGC
group showed a better recovery of neural nutrition and axon
maturation (Figures 11 and 12).
In vivo results confirmed better nerve regenerated guidance

with NS-containing NGC than hollow NGC. The nanofiber
sponges in NGC promote SCs proliferation and axons
outgrowth. In the report of Cai et al., it was mentioned that
few SCs were found in the center region of hollow NGC than
filaments-containing NGC. Also SCs were difficult to migrate
to the distal regions without containing filaments.11,35 This was
consistent with the observation from our study. In addition,
most of the studies on the filler-containing NGC were focused
on the orientated fibers, filaments, and gels, because nerve
tissues have the structure of axial orientation in bionics.36,37

In this study, the filler of NGC was random nanofiber sponges,
which successfully bridged the 10 mm gap in the rat model.
Our results demonstrate that nanofiber sponges could also
guide SCs migrating and promote nerve regeneration through
the lumen of the conduit. On one hand, this may be due to the
NS-containing NGC having large pores to accommodate
the SCs infiltration and proliferation. On the other hand,
the balance between supporting density and space occupation
of the NS-containing NGC was very important for nerve
regeneration.11 In this study, the nanofiber sponges had a faster
degradation rate to match the nerve regeneration rate. It was
estimated reabsorption of NS-containing in vivo would take
about 1−3 months to complete, although degradation tests
were not mentioned in this study. In summary, our experi-
mental results suggested that the newly developed 3D
nanofiber sponges containing NGC could provide a more
favorable microenvironment for nerve regeneration, although the
detailed mechanisms might still need to be further investigated.

5. CONCLUSIONS
In the present study, nanofiber sponges were fabricated via
electrospinning and freeze-drying. Morphology characterization
indicated that the PLCL/SF 3D nanofiber sponges consisted
of nanofiber with macroporous structure. The pore size was
higher than 10 μm, and the porosity was 88.81 ± 1.13%, which
was much higher than the PLCL/SF nanofiber membranes.
Meanwhile, mechanical experiments confirmed that the PLCL/
SF 3D nanofiber sponges could still maintain high elasticity
after 100 compression tests. In comparison with hollow NGC,
in vitro study indicated that SCs cultured on NS-containing
NGC showed better proliferation, which might be contributed
to the infiltration of cells in the macropores of NS-containing
NGC. The evaluation of nerve functional recovery showed that
TSMs of NS-containing NGC had more serious atrophy than
hollow NGC. The SFI value of NS-containing NGC was lower
than hollow NGC, close to that of autograft group. Further-
more, through the evaluation of histology and morphology,
immuno-histochemistry, and immunofluorescence, it was surpris-
ing to find that more SCs, axons, and thicker myelin were
regenerated on NS-containing NGC compared with hollow NGC.
In summary, the NS-containing NGC not only successfully
bridged the sciatic nerve defect of SD rats but also showed a better
repair effect than hollow NGC for peripheral nerve injury.
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