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ABSTRACT: A novel fibrous conduit consisting of well-aligned nanofibers with
longitudinal nanogrooves on the fiber surface was prepared by electrospinning and was
subjected to an in vivo nerve regeneration study on rats using a sciatic nerve injury model.
For comparison, a fibrous conduit having a similar fiber alignment structure without
surface groove and an autograft were also conducted in the same test. The
electrophysiological, walking track, gastrocnemius muscle, triple-immunofluorescence,
and immunohistological analyses indicated that grooved fibers effectively improved sciatic
nerve regeneration. This is mainly attributed to the highly ordered secondary structure
formed by surface grooves and an increase in the specific surface area. Fibrous conduits
made of longitudinally aligned nanofibers with longitudinal nanogrooves on the fiber
surface may offer a new nerve guidance conduit for peripheral nerve repair and
regeneration.
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■ INTRODUCTION

Nerve injury caused by accidents or diseases is an important
clinical issue. Nerve damage with a short gap (e.g., 1−2 mm)
can be repaired usually by end-to-end suture, while the nerve
often loses its regeneration and recovery capability when the
lesion gap is longer.1 The most efficient treatment so far to the
nerve injuries, which are unrepairable by direct end-to-end
suture, is autologous nerve grafting. Autologous nerve grafting,
however, has disadvantages including a shortage of nerve
donor, multiple rounds of surgery, and function loss at the
donor site.2,3

Substantial attention has been devoted recently to the repair
and regeneration of nerves through tissue engineering. Neural
tissue engineering involves the outgrowth of nerves in artificial
nerve guidance conduits (NGCs). It has been identified as the
major alternative strategy to nerve repair and regeneration. As a
key part for neural tissue engineering, NGCs are expected to
provide appropriate physical and chemical cues to direct cell
migration toward a targeted function. Recent papers indicated
that cell migration was mainly controlled by the physical
aspects although both physical structure (i.e., channels formed
by aligned nanofibers or micropatterned films) and chemical/
biological agents (i.e., growth factors) facilitate cell adhesion
and differentiation.4−12

Nanofibers, mostly produced by an electrospinning techni-
que, show great potential for NGC applications, since they have

small diameter, large surface-to-volume ratio, and a similar
morphology to native extracellular matrices.13 NGCs with well-
controlled nanofiber alignment structure is highly desirable. It
was reported that neurite outgrowth could be exquisitely
controlled by surface property and alignment of fibers.16 Some
aligned nanofibers can even regulate the preferential differ-
entiation of neural stem cells.17,18 Therefore, NGCs with a
longitudinal fiber alignment are expected to accelerate nerve
cell growth along the conduit.
Several methods have been employed to prepare nanofiber

conduits. Early work used a “roll & seal” method to prepare
fibrous conduits, in which an aligned nanofiber membrane was
electrospun, followed by cutting into a strip, formed into a tube
structure, and finally fixed with a suture.19,20 This method has
seldom been used in recent years, because the sutured structure
is unstable and contains seams. Conduits were also prepared by
mounting micro- or nanofibers to the inner wall of a dense
polymer/protein tube. In this case, the conduit was
impermeable and fibers inside the conduit functioned mainly
to guide cell growth.21,22 Recently, fibrous conduits were
prepared mainly by directly electrospinning polymer solution
into a conduit. Conduits with circumferentially aligned
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nanofibers have been prepared by depositing as-electrospun
nanofibers onto a high-speed roller,14,15 and conduits with
longitudinally aligned nanofibers were also prepared by using
nonrotating collectors such as two poles23 or a pair of uniaxially
arranged pin electrodes24 and two rotating electrodes.25

However, longitudinally aligned nanofiber conduits prepared
using two isolated electrodes are often limited to a short length
because aligned fibers in a long tube are easy to collapse into
fiber bundles.
Fiber diameter and surface morphology are also important

parameters affecting cell growth in NGCs. Nanofibers facilitate
cell growth and promote functional recovery of peripheral
nervous systems.26−29 However, when fibers are finer than 100
nm, cell adhesion is restrained due to the focal adhesion cues
being too small to be recognized.30,31 The majority of studies
on nanofiber-based NGCs are based on nanofibers with a
smooth surface. Effects of fiber surface morphology on the
nerve repair performance of nanofibrous NGCs have not often
been reported in research literature.
In our previous study, we have developed an effective

method to electrospin nanofibers with multiple longitudinal
grooves and also proved that this ordered secondary structure
can considerably enhance the growth of nerve cells in vitro,
even if the fibers are in a randomly orientated state.32 In this
study, we develop a novel technique to directly electrospin
nanofibers into a fibrous NGC and control the nanofibers to
align along the longitudinal direction. By using cellulose acetate
butyrate (CAB) as model polymer, the nanofibers in the NGCs
can have either a smooth surface or nanosized longitudinal
grooves on the surface, depending on the molecular weight of
the polymer used for electrospinning. This allows us to evaluate
the effect of the secondary alignment structure on nerve growth
in vivo. Our in vivo results on rats using a sciatic nerve injury
model have indicated that surface grooves on nanofibers
considerably enhance nerve regeneration. Since CAB has good

biocompatibility,33 CAB fibrous conduits made of longitudi-
nally aligned nanofibers with longitudinal nanogrooves on the
fiber surface may offer a new nerve guidance conduit for
peripheral nerve repair and regeneration.

■ EXPERIMENTAL SECTION
Materials. Cellulose acetate butyrates (CAB) with molecular

weight Mv ≈ 70 000 and Mv ≈ 30 000 and poly(ε-caprolactone)
(PCL) were obtained from Sigma-Aldrich. Polyurethane (PEU) was
obtained from the Dow Chemical Company. Poly(lactic acid-co-
glycolic acid) (PLGA, PLA/PGA = 85:15, molecular weight 150 000
Da) was purchased from Jinan Daigang Biomaterial Co., Ltd. Acetone
(Chem-Supply), N,N′-dimethylformamide (DMF, Chem-Supply), and
1,1,1,3,3,3-hexafluoroisopropanol (HFP, Fluorochem) are of reagent
grade. All other reagents used for biomedical experiments were from
Gibco Life Technologies, USA. Polymer solutions for electrospinning
were prepared by dissolving polymer in the respective solvent. For
CAB, two solutions were prepared, one from high Mv (70 000) CAB
with a concentration of 15% w/w, and another from lower Mv
(30 000) with a concentration of 30% w/w. Both solutions used a
mixture of acetone/DMF (3:1, v/v) as solvent. PEU (10% w/w) was
in a solvent mixture of acetone/DMF (1:1, v/v); PCL (12% w/w) and
PLGA (12% w/w) were in HFP.

Electrospinning. A purpose-made electrospinning setup, which
consisted of a spinneret with a metal needle nozzle, a high voltage
power supply, and a special collector, was used to fabricate nanofiber
conduits. Figure 1A illustrates the collector. Two conductive magnetic
rods (b) were set on the two ends of a short glass rod (a). The
magnets were driven to rotate by a transfer system (c) connected with
a motor (d). Before electrospinning, a thin layer of molten sugar was
dip-coated onto the glass rod so that the fibrous conduits could be
easily separated from the rod. Electrospinning was performed by
loading a polymer solution into the syringe and then charging the
solution with 20 kV DC voltage. The flow rate of polymer solution was
controlled by a syringe pump at 0.8 mL/h, and the distance between
the needle nozzle and the glass rod collector was controlled at 20 cm.
During electrospinning, the rotation speed of the glass rod was 5 rpm.
To prove the spinning ability, we also used other polymers such as

Figure 1. (A) Schematic diagram and photo of the fiber conduit electrospinning setup, (B) digital photo, SEM images, and 2D FFT alignment plots
of CAB nanofibrous conduits; SEM images of nanofibers electrospun from (C) high molecular CAB (Mw ≈ 70 000), (D) low molecular CAB (Mw ≈
30 000), and (E) a single grooved CAB fiber. (Scale bars in B = 100 μm, C and D = 1 μm, and E = 200 nm.)
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PCL, PEU, and PLGA to prepare longitudinally aligned nanofiber
conduits.
Characterizations. Fiber morphologies were observed under a

field emission scanning electron microscope (FE-SEM, Zeiss SUPRA
55VP). A modified two-dimensional fast Fourier transform (2D FFT)
method was adopted to measure the fiber alignment.15,34

Implantation. Totally, 36 adult, male Sprague−Dawley rats (230−
250g) were randomly divided into three experimental groups with 12
rats in each group. The rats were kept in a humidity and temperature-
controlled room, with 12 h light/dark cycles. Standard rat chow and
water were supplied sufficiently. All experiments were conducted in
accordance with Jiaotong University of Shanghai Institutional Animal
Care and used guidelines which were ethically permitted by the Animal
Experimental Committee of Sixth People’s Hospital affiliated to
School of Medicine, Shanghai Jiaotong University.
Two nanofiber-based NGC groups, one with smooth CAB fibers

and another with grooved CAB fibers, and one autograft group were
used as conduits, which were all 15 mm in length with an inner
diameter of 1.5 mm. They were sterilized in ethanol for 2 h before
transplantation.
All rats were deeply anesthetized by intra peritoneal sodium

pentobarbital (45 mg/kg), and the hair on the right femur was
removed before surgery. Under aseptic conditions, a 3 cm incision was
made at the right thigh. After splitting dorsolateral gluteal muscles, the
sciatic nerve was carefully isolated and exposed from inter muscular
space. With the help of an operating microscope, the right sciatic nerve
was transected from the popliteal center to the lower edge of
piriformis. A 13 mm nerve segment was transected and removed; then,
a 15 mm conduit was implanted by interposing the proximal and distal
stumps into both ends of the tube (1 mm for each end), followed by
suturing with 9/0 monofilament (Ethicon, UK). For the autograft
group, a 13 mm segment of the right sciatic nerve was resected,
reversed, and sutured back across the nerve defect under perfect
microsurgery technology. Finally, the surgical incision was sub-
sequently sutured in layers. To evaluate the function of the nerve
regeneration, the animals were sacrificed by cervical dislocation at
different time points.
Electrophysiological Analysis. Electrosphysiological analysis was

conducted using a previously developed method.35 An electromyo-
graph machine (Esaote, MYTO, Italy) was used to measure all
experimental rats prior to sacrifice at 6 and 12 weeks of implantation.
The recordings were taken carefully from the gastrocnemius muscle to
avoid false signals. Each rat was anesthetized with sodium
pentobarbital, and the regenerated sciatic nerve was exposed by
splitting the NGCs in all of the groups. A bipolar stimulating electrode
was placed on proximal and distal ends of the regenerated nerves. A
monopolar recording electrode was placed in the gastrocnemius
muscle. Nerve conduction velocity (NCV) across the regenerated
nerve and distal compound motor action potentials (DCMAP) were
recorded (n = 6 at week 6 and week 12). The difference in latency and
peak amplitude of DCMAP was calculated.
Triple Immunofluorescence. After 12 weeks of implantation, the

cross-sectional views of regenerated nerves at the middle of the tubes
were visualized by triple immunofluorescence. The regenerated sciatic
nerves were fixed with 2.5 v/v % glutaraldehyde in 0.1 M phosphate
buffer solution (PBS, pH = 7.4) at 4 °C for 48 h. The samples were
then postfixed with 1% osmium tetroxide, dehydrated, and embedded
in Epon 812 (Electron Microscopy Sciences, Hatifield, PA) resin. After
cutting a thin layer of the embedded nerves (Leica EM UC6
ultramicrotome), mouse antineurofilament 200 (1:1000, Sigma, UK),
mouse anti-P0 (1:3000, Astexx, Austria), and Alexa Fluor 586 (1:100)
were used to stain the axons and peripheral myelin. Cell nuclei were
counter stained with 0.1% of 4,6-diamidino-2-phenylindole (DAPI).
The stained sections were rinsed, mounted under coverslips, and
viewed on a Zeiss confocal laser scanning microscope (Leica TCS
SP5). Quantitative measurement of axons (n = 6) was undertaken
using the method described in ref 36.
Immunohistological Assessment. The embedded nerves were

circumferentially and longitudinally cut at the middle for immunohis-
tological assessment. Nerve sections were examined for S100 and

neurofilament expression by immunohistochemistry using anti-S100
(1:150, Invitrogen, Carlsbad, CA) and rabbit antineurofilament 200
(NF200) antibodies (1:80, Sigma, USA). The mean percentages of
S100 positive area ((positive area/intra fascicular area) × 100%) and
NF200 positive area ((positive area/intra fascicular area) × 100%)
were calculated from the images of circumferential sections (n = 6).

Thin circumferential sections at a thickness of 1 μm were taken
(Leica EM UC6 ultra microtome) and stained with 1% toluidine blue.
Images were acquired under an oil lens by an optical microscope
(Olympus, Model DP72, Japan) and measured by the image analysis
program Image-Pro Plus 6.0 (Media Cybernetics, USA). Randomly
selected images of a specimen (n = 3) for each group were analyzed.
Myelinated nerve fiber density was calculated by counting the
myelinated nerve fibers in the acquired image compared to the
image area. Ultrathin sections of 70 nm in thickness were prepared
using an ultramicrotome placed on copper grids, stained with lead
citrate, and examined by transmission electron microscopy (TEM,
CM120, Philips, Netherlands). The diameter of the axons and
thickness of the myelin sheath were measured on the basis of the
acquired images (n = 6).

Walking Track Analysis. The walking behavior of rats was
evaluated to measure the nerve recovery. After implantation for 2, 4, 8,
and 12 weeks, the walking track was analyzed by measuring the SFI (n
= 6) using a method described in the literature.37 Briefly, the sciatic
function index (SFI, n = 6) was calculated as SFI = ((−38.3 × (EPL −
NPL))/NPL) + ((109.5 × (ETS − NTS))/NTS) + ((13.3(EITS −
NITS))/NITS) − 8.8. EPL (operated experimental paw length), NPL
(normal paw length), ETS (operated experimental toe spread, i.e.,
distance between the first and fifth toes), NTS (the normal toe
spread), EIT (the operated experimental intermediary toe spread, i.e.,
the distance between the second and the fourth toes), and NIT
(normal intermediary toe spread) were measured by an independent
investigator who was blinded to the experiments.

Gastrocnemius Muscle Analysis. The bilateral gastrocnemius
muscles were removed and weighed on an analytic scale (Hangping,
Shanghai, China) at week 12 postsurgery, and the ratio of
gastrocnemius muscle weight on the operated side vs the normal
side was determined in each group to assess the extent of denervation-
induced muscle atrophy (n = 6). Then, the middle portion of the
muscle was dissected and placed in 4% paraformaldehyde for
hematoxylin and eosin (HE) staining.

Statistical Analysis. Statistical analysis was performed using LSD
analysis of variance (ANOVA). Values were averaged and expressed as
means ± standard deviation. Statistical analysis was performed using
SPSS 13.0 software (SPSS Inc., Chicago, IL), with significance set at
*p < 0.05.

■ RESULTS AND DISCUSSION

Fabrication of the Conduits. During electrospinning,
nanofibers were deposited continuously between the ends of
two rotary mandrels to form a fibrous tube. When the two
mandrels were set in a long distance, a fiber bundle resulted
instead of a fibrous tube. This happened due to the collapse of
the fibrous tube during electrospinning. Video 1 (am509227t_-
si_002.avi) in the Supporting Information illustrates the tube
collapse during preparation. We have solved this issue by
connecting the two mandrels with a coaxial glass rod (Figure
1A). The glass rod was found to effectively prevent the tube
from collapsing, ensuring the formation of a tubular structure
(Supporting Information, video 2, am509227t_si_003.avi).
Here, two electrically conductive magnetic rods were placed
at the end of the mandrels. The magnets were used to facilitate
fiber alignment because of the local magnetic fields
generated.38,39

It was noted that it was hard to remove the prepared fibrous
tube from the glass rod if the glass rod was used without any
treatment. The strong adhesion between the fibers and the rod
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came from the static interaction. This problem was solved by
coating a thin layer of molten sugar onto the glass rod before
electrospinning. In this way, the fibrous tube was released
readily by dissolving the sugar layer with water after
electrospinning. Here, sugar was selected because of the
nontoxicity nature. Sugar is not harmful to cells or tissues
even if its removal from the tube is incomplete. This method
can be used to prepare aligned fibrous tubes up to 50 mm in
length, and the tube diameter can be adjusted through changing
the diameter of the glass rod.
Figure 1B shows a digital photo and SEM images of the

prepared fibrous CAB conduits. Fibers on both the outer and
the inner walls were aligned along the longitudinal direction of
the conduit. FFT analysis showed that the fibers on the inner
surface had a slightly better alignment than those on the outer
surface. Two peaks at around 5° and 185° indicated the
direction of fiber alignment along the conduit axis. We also
used different polymers, i.e., PLGA, PCL, and PEU, to
electrospin longitudinally aligned nanofiber conduits (see
SEM images in the Supporting Information, Figure S1). All
conduits showed a similar morphology regardless of polymer
type, indicating that the method is general, suitable for different
polymer materials.
Morphology of CAB Fibers. Figure 1C−E shows the

morphology of CAB fibers prepared using CAB with different
molecular weights. Although the polymer solutions were in the
same solvent system (acetone/DMF), the one from the higher
CAB molecular weight (Mw ∼ 70 000) resulted in longitudinal
grooves on the fiber surface, while the fibers electrospun from
the solution of lower molecular weight CAB (Mw ∼ 30 000)
had a smooth surface. The grooved fibers had an average
diameter of ∼500 nm, and the grooves were about 200 nm in

width (Figure 2E). The smooth fibers had an average diameter
of 500 nm, which is similar to that of the grooved fibers.
The mechanism for the formation of surface grooves on

electrospun fibers has been elucidated in our previous paper.32

In brief, voids were formed on the jet surface at the initial stage
of electrospinning, and the subsequent elongation and
solidification of the voids resulted in the formation of a groove
on the fiber surface. The fast evaporation of a highly volatile
solvent from the polymer solution plays a key role in the
formation of surface voids, while the high viscosity of the
residual solution after the solvent evaporation ensured that the
grooved surface was maintained after the solidification. We also
found that the grooved nanofibers were formed mainly from a
polymer with high molecular weight. Fibers with a smooth
surface resulted when the molecular weight was low, even if the
same type of polymer was used. The high similarity in chemical
composition and fiber diameter between the grooved and
smooth CAB fibers has provided a promising model to examine
the influence of fiber surface morphology on nerve regener-
ation.

In Vivo Nerve Regeneration. The effect of fiber surface
morphology on nerve regeneration of fibrous conduits was
studied by an in vivo test. Figure 2 shows a typical procedure of
implanting CAB conduits to rats. Nerve ends were each sutured
over a distance of 1 mm into a 15 mm NGC (Figure 2A−C).
Figure 2D shows the same conduit which is covered by native
tissues. Both the proximal and distal ends were found to be
connected successfully by regenerated nerves (Figure 2E),
indicating the efficacy of CAB conduits. After 6 weeks of
implantation, a significant difference in the diameter of the
regenerated nerves was found on the two groups (Figure 2F).
At week 6, the nerve diameter for the smooth conduit and the

Figure 2. Surgical implantation of nanofiber conduits in a rat sciatic nerve model: (A) shaving the right femur of the experimental rats; (B) photo of
conduits before implantation and (C) photo of CAB conduit after bridging the nerve defect; (D) photo of the conduit and (E) the regenerated nerve
after 6 weeks of implantation. The oval frames in E and F highlight the regenerated nerve. (F) Statistical analysis of the retention rate of nerve
diameter at week 6 and week 12.
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surface-grooved fibrous conduit groups was 56% and 65% of
the original size, respectively. At week 12, the corresponding
diameter increased to 71% and 76%.
Electrophysiological, gastrocnemius muscle, and walking

track analyses were employed to study the recovery behavior.
Typical images are shown in Figure 3A. NCV is an objective
index to evaluate the conduction of action potential in
peripheral nerves,40 and DCMAP is often used to reflect the
numbers of regenerated motor nerve fibers and the extent of
muscle.41 Electrophysiological assessment in Figure 3B,C
indicated that the grooved CAB group was significantly higher
in both NCV and DCMAP when compared to the smooth
CAB group. At week 6, the conduits with grooved fibers had a
NCV value of 24.9 m/s and a DCMAP of 5.1 mV, each was
∼20% higher than that of the conduits with smooth fibers (21.1
m/s and 4.1 mV). However, at week 12, the difference in NCV
and DCMAP between the two groups became less apparent
(∼15% higher than the grooved CAB group).
When a muscle is denervated as a consequence of nerve

injury, the size of the muscle cells would be reduced due to the
tendency of muscle degradation.42 The cross-sectional area of
the gastrocnemius muscle in the grooved CAB group was larger
than that of the smooth CAB group. NGCs made of grooved
CAB successfully prevented the muscle from seriously losing
the weight. The quantitative analysis of muscle weight revealed
a significant difference between the groups. As shown in Figure
3D, the muscle atrophy after the nerve injury is rescued to a
large extent. Walking footprints and SFI from walking track
analysis showed a similar trend (Figure 3E). SFI usually
oscillates around 0 for normal nerve function, whereas that at
around −100 represents total dysfunction. After transaction,

the nerve conduction pathway was completely destroyed. SFI in
the CAB groups decreased dramatically at the beginning weeks
with no NCV being detected. In the following weeks, the value
constantly increased with time. In comparison with the smooth
CAB group, the grooved CAB group had higher SFI since week
8. The difference became more significant at week 12.
Triple immunofluorescence provides a general view of the

nerve structure. As shown in Figure 4A, the density of
neurofilaments in the grooved CAB group was higher than that
of the smooth CAB group. Quantitative results indicated that
the area of myelinated axons in the smooth fiber conduits was
83.8% of the area in the grooved conduits. Figure 4B,C shows
visualized proofs from immunohistological analyses in which
circumferential and longitudinal sections of the conduits were
stained by S-100 and NF200. The circumferential view
indicated more cells in the grooved CAB group. The
longitudinal sections revealed that Schwann cells in both the
grooved and the smooth fiber groups grew along the
longitudinal direction of the nerves, and the cells on the
grooved CAB conduits had better alignment than those on the
smooth CAB conduits. Similarly, the grooved CAB conduits
had better axonal recovery. Statistical results at week 6
indicated that both S100 and NF200 positive areas of the
grooved CAB conduits were ∼18% larger than those of the
smooth conduits.
Toluidine blue and TEM images indicated that more myelin

sheaths and axons with uniform size were formed on the
grooved CAB conduits (Figure 4D). This suggested that the
surface grooves assisted in formation of neuro-filament. The
diameter of axons and thickness of myelin sheath in the
grooved CAB conduits were larger than those in the smooth

Figure 3. (A) Representative nerve and muscle compound action potentials, typical HE stained cross sections of gastrocnemius muscle, and typical
photographs of rat foot prints at week 12 after implantation, (B) NCV and (C) DCMAP from regenerated nerves in rats (5 mV/unit), (D)
quantitative analysis of wet weight ratio, and (E) mean SFI calculated from walking track prints at different time spots.
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CAB conduits, suggesting better nerve regrowth for the
grooved CAB conduit group in both quantity and quality. It
should be noted that all significant differences occurred at week
6, which was consistent with the NCV and DCMAP results.
Therefore, grooved nanofibers had a positive effect on
peripheral nerve regeneration.
Aligned nanofibers can offer a highly oriented surface

structure. As illustrated in Figure 5, the grooves on the fibers

added a secondary aligned structure, making the aligned fiber
surface have finer feature. As cells can recognize nanosized
texture with a feature size much smaller than cell
dimension,43,44 the surface grooves formed by aligned nano-
fibers could effectively enhance the linear cell growth and the
elongation of the cytoskeleton.
In our previous paper, we have analyzed the effect of surface

grooves on fiber surface area. The fiber surface area increases
with an increase in the groove number. For CAB fibers, on
average, 6 grooves were found on each fiber. The fiber surface
area was estimated to increase by up to 20%.32 Such an increase
in the surface area could lead to improved cell adhesion and
proliferation.45

For comparison, an autograft was also used for the in vivo test
(see the results in Supporting Information, Figure S3, Tables S1
and S2). The autograft group showed a better nerve recovery
than the nanofiber groups. The retention rate of the diameter of
regenerated nerves in the autograft was 82% and 90%,
respectively, at weeks 6 and 12. Although autologous sciatic
nerve segments were reversed before suturing back, most of the
neurofilaments and axons in these segments were able to

Figure 4. (A) Triple immunofluorescence for the cross sections of sciatic nerves after 12 weeks of implantation: DAPI (cell nuclei, blue),
neurofilament (axon, green), and P0 (myelin, red) and percentage of neurofilaments in the area. Typical myelinated axons are marked by white
arrows in the merged images; (B) immunohistological analysis of regenerated nerve sections stained with an antibody to the Schwann cell marker S-
100 and percentage of S-100 positive area in the circumferential nerve sections; (C) regenerated nerve sections stained with an antibody to neuronal
NF200 and percentage of NF positive area in the circumferential nerve sections; (D) myelination of regenerated nerves revealed by toluidine blue
and TEM, statistical analysis of the number of myelinated axons, diameter of myelinated axons, and thickness of myelin sheath at week 12 after
implantation.

Figure 5. Schematic diagram of the scaffold formed by the aligned
fibers having a smooth and grooved surface for cell seeding.
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reserve their original function. Reasons for the better nerve
recovery of autograft is because of the presence of neurofila-
ments in the autograft conduit. For the nanofiber conduits,
nerve function had to be reconstructed thoroughly, due to the
absence of neurofilaments and axons before implantation,
resulting in a longer recovery period than the autograft.
Nevertheless, most of the differences between the grooved and
the smooth fiber conduits were still statistically significant even
if the autograft group is included.

■ CONCLUSIONS
We have prepared fibrous conduits from aligned nanofibers. By
forming longitudinal grooves on the nanofiber surface, we have
found that the conduit shows considerable improvement in
nerve regeneration. This is mainly attributed to the highly
ordered secondary structure formed by surface grooves and an
increase in the specific surface area. Our study indicates that
fibrous conduits made of longitudinally aligned nanofibers,
which have longitudinal nanogrooves on the fiber surface, may
offer a new NGC for nerve repair and regeneration.
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