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Abstract  
Recent studies have shown the potential of artificially synthesized conduits in the repair of peripheral nerve 
injury. Natural biopolymers have received much attention because of their biocompatibility. To investigate the 
effects of novel electrospun absorbable poly(ε-caprolactone)/type I collagen nanofiber conduits (biopolymer 
nanofiber conduits) on the repair of peripheral nerve injury, we bridged 10-mm-long sciatic nerve defects 
with electrospun absorbable biopolymer nanofiber conduits, poly(ε-caprolactone) or silicone conduits in 
Sprague-Dawley rats. Rat neurologica1 function was weekly evaluated using sciatic function index within 
8 weeks after repair. Eight weeks after repair, sciatic nerve myelin sheaths and axon morphology were ob-
served by osmium tetroxide staining, hematoxylin-eosin staining, and transmission electron microscopy. 
S-100 (Schwann cell marker) and CD4 (inflammatory marker) immunoreactivities in sciatic nerve were 
detected by immunohistochemistry. In rats subjected to repair with electrospun absorbable biopolymer 
nanofiber conduits, no serious inflammatory reactions were observed in rat hind limbs, the morphology of 
myelin sheaths in the injured sciatic nerve was close to normal. CD4 immunoreactivity was obviously weaker 
in rats subjected to repair with electrospun absorbable biopolymer nanofiber conduits than in those sub-
jected to repair with poly(ε-caprolactone) or silicone. Rats subjected to repair with electrospun absorbable 
biopolymer nanofiber conduits tended to have greater sciatic nerve function recovery than those receiving 
poly(ε-caprolactone) or silicone repair. These results suggest that electrospun absorbable poly(ε-caprolac-
tone)/type I collagen nanofiber conduits have the potential of repairing sciatic nerve defects and exhibit good 
biocompatibility. All experimental procedures were approved by Institutional Animal Care and Use Commit-
tee of Taichung Veteran General Hospital, Taiwan, China (La-1031218) on October 2, 2014.
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Introduction 
In the study of peripheral nerve injury or rupture, a physi-
cian usually starts with determining the degree of severity. 
Although nerves are able to regenerate, treatment can be 
provided through medicine and microsurgery and, in case 
of severe injuries, biomaterials. Due to differences in manu-
facturing processes and material quality, biomaterials have 
different effects on nerve regeneration (Stanec and Stanec, 
1998; Gu et al., 2012). However, many existing types of nerve 
guidance conduits, such as hollow conductors (Yang et al., 
2010), porous conduits (Hsieh et al., 2016), multi-channel 
conduits (Dinis et al., 2015), and stem cell and growth factor 
enhanced conduits (Shen et al., 2012; Zheng and Cui, 2012; 
Dinis et al., 2014), are united by a common objective of 

achieving the regeneration and functional recovery of nerves 
within a short amount of time.

Electorspun silk nanofiber technologies have been widely 
applied in recent years (Biazar et al., 2010). With regard to 
nerve guidance conduits, small diameter fibers enabled by 
nanotechnologies can increase the surface area of the used 
material (Panseri et al., 2008). Microporous structures and 
high-level porosity can improve cell adhesion and growth, 
stimulating the regeneration of nervous tissue and the dif-
ferentiation of stem cells into nerve cells (Kim et al., 2016). 
One study tested the compressive strength of nerve guidance 
conduits coated with film-like chitosan structures fabricat-
ed using fiber electrospinning technology (Matsuda et al., 
2007). In another study, Schwann cells were cultivated using 
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chitosan and poly(ε-caprolactone) (PCL) to determine the 
most appropriate chitosan/PCL ratio for cell proliferation 
and maintenance of cellular-type material (Prabhakaran et 
al., 2008). Furthermore, electric conduction using electro-
spun nanofibers combined with electrical stimulation was 
examined in terms of its effect on nerve cells (Lee et al., 
2009).

Biomaterials can either directly or indirectly interact with 
the human body. Therefore, biological compatibility is the 
primary consideration when selecting biomaterials, followed 
by other individual requirements. PCL is a polymer that 
can improve the mechanical properties of biomaterials and 
the wall strength of nerve conduits (Moroder et al., 2011). 
Being absorbable and biodegradable, PCL does not require 
a follow-up surgery for its removal (Yu et al., 2015). To 
date, it has been used in bone nails, artificial skin materials, 
drug delivery systems, and intravascular stents (Dash and 
Konkimalla, 2012). Some studies have also reported the 
use of PCL for controlled drug release during osteoporosis 
treatment (Nair et al., 2016) and the use of PCL/chitosan 
blend scaffolds to heal burns, cuts, and diabetic wounds 
(Gholipour-Kanani et al., 2016). However, the hydrophobic 
nature of PCL reduces cell adhesion and proliferation. In this 
study, type I collagen was applied to enhance the hydrophilic 
property of the conduit surface and, thus, cell proliferation. 
Type I collagen is a natural macromolecule and the main 
interstitial protein in the human body (Weber et al., 1984). 
Its largest benefits include stimulation of wound healing 
and low immunoreaction (Weber et al., 1984). Duration of 
its absorption in human body can be controlled via differ-
ent levels of concentration (Figueres Juher and Bases Perez, 
2015). With regard to its current clinical applications, type I 
collagen is used in artificial skin fabrication, bone repair, and 
dental materials (Shevchenko et al., 2010). One study used 
type I collagen three-dimensional cell culture methods to 
differentiate platelet-derived growth factor and insulin from 
adipose-derived stem cells to treat arthritis and bone defects 
(Scioli et al., 2017). A literature pointed out that type I colla-
gen fabricated to microstructure scaffold can efficiently pro-
mote the regeneration of spinal tissue (Altinova et al., 2014). 
In addition, some studies proposed the combined use of PCL 
and type I collagen in bone tissue scaffolds (Subramanian et 
al., 2015) and used tracheal scaffolds with cord blood stem 
cells to promote tracheal epithelial cell proliferation (Jang et 
al., 2014).

This study aimed to investigate the effects of electrospun 
biologically absorbable PCL/type I collagen nerve conduits 
on the functional recovery of injured sciatic nerves in rats. 
  
Materials and Methods 
Fabrication of electrospun nanofiber conduits
5% PCL (average Mn = 80 kDa; Sigma-Aldrich, Milwaukee, 
WI, USA) and 2% type I collagen (SunMax Biotechnology 
Co., Ltd., Tainan County, Taiwan, China) were dissolved in 
a 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) solvent (Sig-
ma-Aldrich, St. Louis, MO, USA) with the PCL to type I 
collagen ratios of 1:3, 2:2, and 3:1 and then fabricated into 

electrospun nanofiber conduits. The electrospinning device 
(Matsusada Precision Inc., Shiga, Japan) comprised an in-
jector, a needle head, and an earth electrode. To fabricate 
electrospun nanofiber conduits, the uniformly mixed elec-
trospinning solution was first transferred into a glass syringe 
with a 21-gauge stainless steel needle head, which was then 
set up on a syringe pump that was set to an easy flow rate of 
2 mL/h and a voltage of 20 kV. From the needle head to the 
aluminum surface plate, the collection distance for the nano-
fibers was 20 cm. After the nanofibers were collected on a 
collection spool, a capillary tube was then used to spin them 
into a tubular shape to produce nanofiber conduits.

Field-emission scanning electron microscope imaging
To acquire highly magnified images, field-emission scan-
ning electron microscope (FEI Quanta 400, Houston, Texas, 
USA) was adopted to investigate the microstructure of elec-
trospun nanofiber conduits and nerve tissues. It was oper-
ated at a working distance of 3 mm, an acceleration voltage 
of 15 kV and a beam current of 1.6 × 10–6 A. The specimens 
were made conductive by depositing a 2 nm-thick layer of 
platinum using a Cressington Sputter Coater 108A operated 
at a working distance of 100 mm and a current of 20 mA. 
Photographs were captured for each section used in the final 
quantitative analysis (Shen et al., 2011). To measure the sizes 
of the nerve and nanofibers, 30–50% of the sciatic nerve sec-
tion area was randomly selected from each nerve specimen 
using Image-Pro Plus (Media Cybernetics, Rockville, MD, 
USA).

Grouping for animal experimentation
Forty-eight adult male Sprague-Dawley rats (BioLASCO 
Taiwan Co., Ltd., China), weighing 250–300 g, were used 
in the experiments. These rats were randomly divided into 
four groups: Normal group (n = 12; animals without severed 
nerves and implants), silicone conduit group (n = 12; the cut 
nerve ends were bridged with a silicone conduit), PCL only 
group (n = 12; the cut nerve ends were bridged with PCL 
nerve conduits), and PCL + type I collagen group (n = 12; 
PCL + type I collagen by electrospinning method). Under 
anesthesia by administration of 4% isoflurane (Baxter, USA) 
in combination with oxygen using a small animal anesthesia 
machine (VMS, Matrix, NY, USA). The rats were shaved 
(from the left leg to the waist), disinfected, and scrubed us-
ing povidone iodine and 70% ethanol. Under sterile surgical 
conditions, an incision of about 2 cm in length was made on 
the left leg of a rat to expose the muscles underneath. Using a 
curved forcep, the muscles were separated and 10-mm-long 
sciatic nerve was removed. Next, the far-near suture pattern 
was applied and 10/0 sutures (Johnson-Johnson, New Bruns-
wick, NJ, USA) were used to join the nerve conduit. Briefly, 
the break point of the sciatic nerve was ligated by 12-mm-
long nerve conduits which were flanked by proximal and 
distal nerve stumps with a depth of 1 mm into the chamber, 
leaving a 10-mm gap between the stumps. Finally, the mus-
cle and epidermis were sutured using 3/0 sutures (nylon, 
UNIK, Taiwan, China). Disinfection of the surgical site was 
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performed using iodine. The experimental animals were kept 
at room temperature and exposed to 12 hours of fully auto-
matic fluorescent lighting (which was then switched off for 
12 hours) to simulate natural sunshine in the animal labora-
tory. Feed and clean drinking water were provided daily, and 
the litter in the rat cage was replaced every 3 days to keep it 
clean. All experimental procedures were approved by Institu-
tional Animal Care and Use Committee of Taichung Veteran 
General Hospital Taiwan, China (La-1031218) on October 
2, 2014, Taiwan, China and were performed in accordance 
with the guidelines of the Animal Welfare Protection Act of 
the Department of Agriculture, Executive Yuan in Taiwan, 
China.

Walking track analysis
A walking track test was conducted weekly over 8 weeks 
(Yang et al., 2011). After staining the hind limbs of a rat 
using a red inkpad, the rat was then placed in a cylindrical 
paper box (the bottom of the inside of the box was covered 
by white paper), where the walking tracked test was then 
conducted. Statistical methods were applied to compare the 
hind limbs of the experimental rats to those of normal rats 
and, thus, to indirectly measure the extent of sciatic nerve 
recovery by calculating sciatic functional index (SFI). SFI 
was ranged from 0 to –100 and an SFI of –100 indicated to-
tal impairment of the sciatic nerve (Yang et al., 2011). The 
print length (PL, distance between the mid toe and heel), 
toe spread (TS, distance between the first and fifth toes), and 
inter-median toe spread (IT, distance between the second 
and fourth toes) were measured using the Image Pro® Plus 
software (Media Cybernetics, Rockville, MD, USA), and SFI 
values were calculated using the following formula (Bain et 
al., 1989).

Print length function (PLF) = (experimental PL – normal 
PL)/normal PL

Toe spread function (TSF) = (experimental TS – normal 
TS)/normal TS (1st to 5th toes)

Inter-median toe spread function (ITF) = (experimental 
IT – normal IT)/normal IT (2nd to 4th toes)

SFI = −38.3 (PLF) + 109.5 (TSF) + 13.3 (ITF) – 8.8

Histological assessment of hematoxylin-eosin staining
At 8 weeks after surgery, the animals in each group were 
sacrificed by introducing 100% carbon dioxide (CO2) gas in 
the euthanasia chamber at a flow rate of 20–30% chamber 
volume per minute. The sciatic nerves on the rat right legs 
were removed to serve as the normal group, and on the rat 
left legs, the distal and proximal sciatic nerve sections in the 
middle segments of the electrospun nanofiber nerve conduits 
were removed. The nerves were fixed in 4% paraformalde-
hyde for 24 hours and subsequently washed using phos-
phate-buffered saline (PBS). The next step was hydration, 
which was performed by soaking the samples sequentially in 
100% and 95% ethanol solutions. The samples were soaked 
in each solution for 1 minute and washed under running 
water for 5 minutes. The excess water was removed from 
the samples, which were then immersed in a hematoxylin 

(Merck KGaA, Darmstadt, Germany) solution for 3 minutes 
to perform a nuclear staining. Following this, the samples 
were washed under running water for 5 minutes and then 
immersed in an eosin (Sigma, Canada) solution for 1 minute 
to perform a nuclear staining. This was followed by dehy-
dration, during which the samples were soaked sequentially 
in 95%, and 100% alcohol solutions. The hematoxylin-eosin 
(HE) stains were observed using an upright optical micro-
scope (Nikon Eclipse E600 Nikon Corp., Tokyo, Japan), and 
their tissue morphology was photographed and recorded 
(Shen et al., 2011). 

Immunohistochemical and osmium tetroxide staining
The sciatic nerve slices were serially blocked with for 10 min-
utes and 5% skim milk in PBS for 30 minutes. Subsequent-
ly, the nerves were incubated overnight at 4°C with rabbit 
anti-CD4 polyclonal antibody (conjugated with peridinin 
chlorophyll; 1:200, Bioss, MA, USA) and rabbit anti-S-100 
polyclonal antibody (1:200, GeneTex, CA, USA). Schwann 
cells wrap the around axons in the peripheral nervous sys-
tem (PNS) to form the sheath (Mata et al., 1990). S-100 rep-
resents Schwann cells, and therefore, a 3,3′-diaminobenzidine 
(DAB) brown color indicates Schwann cells. The helper 
(Bashur and Ramamurthi) cells appear on the proteins on 
the CD4 cell surface. Th cells and target cells stick to each 
other during antigen specializing process and there is more 
CD4 expression during an inflammatory response (Zenewicz 
et al., 2009). Subsequently, the sections were rinsed with PBS 
and incubated with a SuperPicture polymer detection kit 
(Invitrogen, Camarillo, CA, USA) for 10 minutes at room 
temperature and then were rinsed three times with PBS 
for 2 minutes. Finally, the sections were visualized by color 
development with DAB enhancer (3,3′-diaminobenzidine 
tetrahydrochloride, Fremont, CA, USA) and counterstained 
with hematoxylin. The immunostained sections were ex-
amined using the optical microscope (Nikon Eclipse E600 
Nikon Corp., Tokyo, Japan). The other regenerated sciatic 
nerve tissue samples were fixed in 1% osmium tetroxide 
(Sigma-Aldrich, St. Louis, MO, USA), dehydrated in a grad-
ed ethanol series, embedded in Spurs’ low viscosity resin, cut 
transversely into 4 μm thick sections, and stained with 0.1% 
toluidine blue after the operation. 

Transmission electron microscopy analysis
The sciatic nerve tissue samples were fixed in 3% ice-glu-
taraldehyde for 12 hours, washed in buffer, post-fixed in 1% 
osmium tetroxide, washed in distilled water, dehydrated in 
increasing concentrations of ethanol, and embedded in resin 
for 24 hours. 75 nm ultra-thin cross-sections were cut and 
stained using methanolic uranyl acetate and lead citrate. 
Representative areas were chosen for ultra-thin sectioning 
and examined on transmission electron microscopy (JEOL 
JEM-1230 Tokyo, Japan) at 5000× magnification under oper-
ation at 80 kV.

Statistical analysis 
The mean values and standard deviations relating to the 
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measurement data for each group are presented. One-way 
analysis of variance (ANOVA) was used to determine if 
there were differences between the groups. The differences 
between the experimental and control groups were then an-
alyzed using the independent samples t-test, with P < 0.05 
indicating a statistically significant difference in the results 
(Shen et al., 2011).

Results 
Structural difference between two types of nanofibers 
Figure 1A shows the nanofiber catheter. Figures 1B and C 
show the nanofibers in the PCL only and PCL + type I colla-
gen groups, respectively, illustrating their linearity at 5000× 
magnification. Figure 1D shows nanofiber thickness. The 
average diameter of nanofiber in the PCL + type I collagen 
group was significantly shorter than that in the PCL only 
group (P < 0.001). Interestingly, the nanofiber diameters in 
the PCL + type I collagen group also had less variation than 
those in the PCL only group (coefficient of variation: 12.64% 
vs. 25.05%). Field-emission scanning electron microscope 
imaging results showed that the electrospun nanofibers were 
straight. Greater uniformity of the nanofibers’ average diam-
eter indicated stronger structure of the nanofiber conduit. A 
smaller difference in average value also allows for adsorptive 
capacity on the surface area to increase. A previous study 
compared the effect of a PCL nanofiber (diameter = 251 ± 
32 nm) conduit and a microfiber (diameter = 981 ± 83 nm) 
conduit on the sciatic nerves of rats. Results showed that the 
compound muscle action potential (CMAP) of the nanofi-
ber conduit was higher than that of the microfiber conduit, 
resulting in a higher number of axons and myelin sheaths 
(Jiang et al., 2014). The nanofiber diameter in the PCL + type 
I collagen group exhibited better uniformity which can pro-
vide a stronger nanofiber structure and thereby enhance the 
adsorptive properties of the large surface area (Beachley and 
Wen, 2009). Thus, our results showed that nanofibers in the 
PCL + type I collagen group possessed structural advantages 
as a bio-scaffold. In this study, electrospinning technology 
was successfully utilized to produce nanofiber-grade artifi-
cial nerve conduits from polymeric materials, with the aver-
age diameters of the nanofibers being maintained at 200–300 
nm (Figure 1). Between the stack layers, web structures 
were formed, and conduits made from materials that possess 
these web structures will allow for nutrients inside and out-
side the conduit to be transferred across the conduit, which 
will facilitate the transfer of materials and prevent peripheral 
fibrous structures from entering the conduit and hindering 
nerve repair.
  
Biocompatibility of nanofiber conduits
Figure 2A displays the state of the nanofiber nerve conduits 
in the bodies of animals after being sacrificed at 8 weeks. 
The nanofiber conduits in the PCL + type I collagen group 
showed high biocompatibility with nervous tissues after 
8 weeks. In the PCL + type I collagen group, there was no 
significant inflammatory response or swelling suppuration 
in peripheral tissue, and nanofiber nerve conduits did not 

collapse or disintegrate. After removal of the nerve tissue, 
nanofiber conduits in the PCL + type I collagen group were 
detached to expose internal nervous tissue, which well-re-
generated and had similar diameter to that of normal ner-
vous tissue. Nanofiber conduits in the PCL + type I collagen 
group did not dissolve within the animals at 8 weeks after 
surgery and can support the complete growth of the nev-
er tissue. At 8 weeks after surgery, the nanofiber conduits 
showed slight depression yet there was no evident inflamma-
tory response. After the materials were removed, regenerated 
tissues connecting the two transactional sides of the nerve 
in the middle were also apparent. However, compared to the 
normal nerve tissues at the bottom, the regenerated tissues 
had finer diameters and, therefore, the effects of the regener-
ation been limited. At 8 weeks after surgery, the silicone con-
duit group showed obvious white regenerated nerve tissue in 
the silicone conduit. The conduit is full of light yellow tissue 
fluid with no inflammatory response. After removal of the 
conduit, nerve regeneration in the middle of the nerve was 
also visible. However, when compared with normal nerve 
tissue, the regenerated tissue in the middle of the silicone 
conduits was thinner in diameter. This may have been due to 
the lack of any absorbable neurotrophic factor in the conduit 
that caused the cessation of growth after 4–6 weeks. 

Figure 2B compares the middles of regenerated nerves 
in each group using Image-Pro Plus computer-generated 
imagery software to measure their diameters. The middle 
diameter of the regenerated nerves in the PCL + type I 
collagen group was close to that in the normal group and 
their growing diameters were similar (P > 0.05), whereas 
the diameters of the middle regenerated nerves were similar 
between the silicone conduit and the PCL groups (P < 0.05). 
From these findings it was determined that after removal of 
mouse sciatic nerves, implantation of silicone conduit and/
or PCL nanofiber conduit can facilitate nerve regeneration; 
however, the effects are limited as the estimated cessation 
of growth of the regenerated nerves occurred at 4–6 weeks. 
The truncated nerves in the PCL + type I collagen group 
were able to regenerate and the diameters of the regenerated 
nerves approached normal nerves.

Histological morphology and quantitative estimation for 
nerve fiber 
Figure 3 shows the nerve specimens stained with osmic acid 
and hematoxylin-eosin from each group. At 100× magnifi-
cation, osmic acid staining results showed that the normal 
and PCL + type I collagen groups had the largest nervous 
tissue areas, while the silicone conduit and PCL only groups 
had smaller areas. At 400× magnification, we observed that 
the normal group had clear black circles of myelin sheath 
of uniform size, while myelin sheaths in the PCL + type I 
collagen group were still growing with a few newborn blood 
vessels. In the silicone conduit group, there are more myelin 
sheaths in the middle, the area of regenerated nerve tissues 
was smaller, and the tissue morphology was more complete. 
In the PCL group, there was little sheath, but there were 
some newborn vessels with loose tissue structures and more 



1621

Yen CM, Shen CC, Yang YC, Liu BS, Lee HT, Sheu ML, Tsai MH, Cheng WY (2019) Novel electrospun poly(ε-caprolactone)/type I collagen 
nanofiber conduits for repair of peripheral nerve injury. Neural Regen Res 14(9):1617-1625. doi:10.4103/1673-5374.255997

of nerve extension) was complete. In the PCL + type I colla-
gen group, the undulating fibrous texture of the regenerating 
tissues promoted regeneration and repair (Figure 3).

S-100 and CD4 immunoreacitivities
Figure 4 shows the paraffin wax slices of immune tissues for 
each group chemically stained with S100 protein and CD4. 
The results showed that the normal group also had normal 
S-100 immunoreactivity. The PCL + type I collagen showed 
more S-100 staining than the other groups, which maybe 
because Schwann cells were repairing the lesions. The sili-
cone conduit group was not stained by S-100 antibody and 
the tissues showed more vacuoles. The PCL only group also 
showed no S-100 staining. The normal and PCL + type I col-
lagen groups were barely stained with CD4, whereas the sil-
icone conduit and PCL only groups were stained with more 
CD4, indicating that these two groups had inflammatory 
responses. 

Sciatic nerve function
Figure 5 shows SFI over an 8-week observation period, 
during which the functional recovery status of the rat hind 
limbs was recorded. When the sciatic nerves were broken, 
the nerve function was completely lost, and thus the average 
SFI value was –100. The SFI value in the PCL + type I col-
lagen group after injury increased from –81.45 to –77.17 at 
week 4 and to –58.77 at week 8. The SFI value in the silicone 
conduit group after injury increased from –89.36 to –78.63 
at week 6 and to –64.14 at week 8. The SFI value after inju-
ry was slightly lower in the silicone conduit group than in 
the PCL+ type I collagen group. In the PCL group, the SFI 
value increased from –91.12 to –75.01 at week 8. With re-
gard to the functional assessment of the rat hind limbs, this 
study utilized a walking track test to analyze the differences 
between the groups. There was no significant difference in 
walking track test results between groups during the first 
week, but by the eighth week, the SFI value in the PCL + 
type I collagen group increased from –81.45 ± 8.73 to –58.77 
± 13.9. These findings suggest that PCL + type I collagen is 
the best solution among these three nerve conduits.  

Transmission electron microscope analysis (Figure 6) of 
the regenerating sciatic nerve sections was performed after 
8 weeks of treatment and showed that the myelin sheath 
of each axon was stained black after exposure to osmium 
tetroxide. In the normal group, the expression of many nor-
mal sciatic myelin sheaths was observed. A higher number 
of myelin sheaths were found in the PCL + type I collagen 
group than in the silicone conduit and PCL only groups. 
Higher levels of magnification allowed for observing the 
thickness of an entire myelin sheath. It was observed that the 
myelin sheaths of normal nerves had a dense, layered struc-
ture. In the PCL + type I collagen group, myelin sheaths were 
found to be thinner than those in the normal group, but also 
densely stacked. The thickness of myelin sheaths in the sil-
icone conduit group was similar to that in the PCL + type I 
collagen group. However, there were a small number of bro-
ken axons in the silicone conduit group. Among all groups, 

the PCL group had the thinnest myelin sheaths, which were 
also observed to contain some broken axons. 

Discussion
In this study, electrospinning technology was utilized to 
produce nanofiber-grade artificial nerve conduits from poly-
meric materials. The conduits were then inserted into the 
sciatic nerve amputation sites of rats, which were then ob-
served for 8 weeks to assess the recovery of their neurologi-
cal functions. Comparison of nanofiber diameters between 
the PCL only and PCL + type I collagen was first carried out. 
These results showed that the application of electrospinning 
nanotechnology had helped to improve nerve repair (Jiang 
et al., 2014). The use of spinal scaffolds made from collagen 
nanofibers (diameter = 208.2 ± 90.4 nm) promotes repair of 
acute spinal cord injury in rats. This showed that nanofibers 
can be used as scaffolds to repair damaged sections of the 
spinal cord (Liu et al., 2012). In this manner, a good tis-
sue-engineered scaffold is created. 

A previous study also found that this synthetic conduit 
could promote the repair of motor nerves and provide an 
ideal growth environment for nerve regeneration (Lee et al., 
2012). These two materials were cultivated in vitro using 3D 
printing and chondrocytes, and may be used as scaffolds for 
the external ear (Walser et al., 2016). Another study indicat-
ed that the two materials could be combined and applied to 
tracheal reconstruction (Jang et al., 2014). Tissue engineer-
ing technology was utilized to create a good regenerative mi-
croenvironment in which truncated nerves can be repaired 
and regenerate, and the application of electrospinning tech-
nology strengthened the structure of a nerve conduit. This 
improved the conduit’s mechanical properties and enabled 
control over the timing of the conduit decomposition in 
the body, with the purpose of improving tissue-engineered 
artificial nerve conduits and their functionality (Bashur and 
Ramamurthi, 2014). In still another study, nerve conduits 
made from certain materials were inserted into the body, 
and even though no signs of rejection were found over a 
period of 1 month or so, mild inflammation and fibroblastic 
proliferation were observed (Wang et al., 2015). An advan-
tage of electrospinning is that it does not require any heating 
or chemical reaction during the synthesis of the nerve con-
duit. Therefore, for material reactions that exhibit unstable 
thermal or chemical properties and cannot be handled using 
other methods, electrospinning can be utilized to produce 
the required microfiber or nanofiber (Panseri et al., 2008). 
These results showed that the electrospun nanofiber conduits 
were able to induce the regeneration of truncated nerves, 
and that the web structures in these conduits were conducive 
to nerve cell proliferation. In future designs, such conduits 
can be designed to secrete various neurotrophic factors to 
further promote axon growth. The above results confirmed 
that the combined use of these two materials can be applied 
in tissue engineering (Lee et al., 2012).

In this study, osmic acid and HE staining were utilized 
to verify the state of axon regeneration and repair, and to 
observe the changes to cell types and tissues (Carriel et al., 
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Figure 1 Structural identification of electrospun nanofibers. 
(A–C) The gross appearance (A) and transmission electron microsco-
py morphology of the nanofiber in the PCL only group (B) and PCL 
+ type I collagen group (C) (scale bars: 5 μm). (D) Histograms using 
Image-Pro Plus computer-generated imagery software to analyze fiber 
thickness (n = 12 for each group). Data are expressed as the mean ± SD. 
*P < 0.001 (independent samples t-test).

Figure 2 Macrographs of the nanofiber conduits at 8 weeks after 
implantation and regenerative nerve diameter. 
(A) The nanofiber conduits in the bodies of animals after being sac-
rificed at 8 weeks after surgery. The yellow arrows indicate nanofiber 
conduit at 8 weeks in vivo. (B) Nerve mid-section diameters in each 
group measured by Image-Pro Plus computer-generated imagery soft-
ware. Data are expressed as the mean ± SD (n = 12 for each group). n.s. 
indicates non-significant. *P < 0.05 (one-way analysis of variance).     

Figure 3 Histological morphology of the sciatic nerve stained in 
osmic acid and HE at 8 weeks after surgery. 
All sections from each group were examined using the optical micro-
scope. Upon osmic acid staining, the myelin sheaths of regenerated 
nerve were visualized (left and middle panels). In the right panels, HE 
images illustrate the corresponding cell types existing in each type of 
nerve conduit. The red arrowheads in middle panel indicate extended 
blood vessels while red arrowheads in the right panel indicate red blood 
cells. HE: Hematoxylin-eosin. 
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normal group showed that the undulating fibrous texture of 
its sciatic nerve fibers (which function to increase the range 
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Figure 4 Immunohistochemical staining for S-100 and CD4 in the 
sciatic nerve repaired by nerve conduits in each group at 8 weeks 
after surgery. 
All sections from each group were examined using the optical micro-
scope. The existence of Schwann cells was validated using primary 
antibody against S-100 protein (marker for Schwann cells; arrowheads 
in left panels). The accumulations of CD4+ cells (marker for T cells) can 
be also visualized to represent the severity of T-cell response (arrows in 
right panels). S-100-immunoreactive cells exhibit the brown 3,3′-diam-
inobenzidine color (i.e., Schwann cells). Scale bars: 50 μm.

Figure 5 Sciatic nerve function of rats over 8 weeks after nanofiber 
nerve conduit repair.
Functional recovery status of the rat hind limbs was assessed using 
sciatic function index. Representative line graph showing the average 
sciatic function index recorded from every week over 8 weeks of study 
period. When the sciatic nerves were broken, the nerve function was 
completely lost; thus, the average sciatic function index was –100. 
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Figure 6 Ultrastructure of regenerated tissue in each group at 8 
weeks after surgery. 
Representative transmission electron microscope images showing ver-
tical views of nerve fiber structure under two different magnifications. 
The distribution of sheathed nerve fibers can be visualized under 5000× 
original magnification (left panels). When increasing the magnification 
to 20,000×, clear views of layered myelin sheaths of each nerve fiber 
can be watched (right panels). The red arrowheads indicate axons with 
broke myelin sheaths. 

2014). The above experimental results proved that the nano-
fiber nerve conduits in the PCL + type I collagen group had 
retained the required biocompatibility and good mechani-
cal properties that are needed to promote peripheral nerve 
regeneration. Past studies have pointed out that good bio-
medical materials can reduce the duration of inflammation, 
exhibit low immunity, and be broken down and absorbed 
by the body for use in wound healing (Gonzalez-Perez et al., 
2017). This study found that the Schwann cells in the normal 
and PCL + type I collagen groups enveloped the axons in 
the peripheral nervous system to form myelin sheaths. CD4+ 
T helper cells were also observed. During antigen-specific 
responses, these T helper cells can bind themselves closely 
to target cells. The experimental results revealed that more 
CD4+ cells were stained in the silicone and PCL only groups, 
indicating that these two materials induced a stronger in-
flammatory response in the tissues.
SFI results proved the ability of nanofiber conduits made 
of PCL and type I collagen can enhance nerve regeneration 
and recover neural functionality to a certain degree. More-
over, osmic acid staining and immunohistostaining were 
conducted after removing the nanofiber conduits from the 
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sciatic nerves to evaluate myelination and inflammation in 
the rats. The results indicated no severe inflammation in the 
hind limbs of rats in which nerve conduits made of PCL and 
type I collagen were implanted and that Schwann cells were 
present in the injured area to promote regeneration. Within 
8 weeks, the applied conduits promoted nerve regeneration 
and had the tendency in the recovery of hind limb function. 
The integration of nerve growth factors or neural stem cells 
can be considered in future research. The proposed meth-
od maybe clinically applied in patients with nerve injuries. 
Results from this study showed that rat hindlimb toes were 
gradually spreading, indicating that their hindlimb functions 
had recovered significantly. To date, few studies on nanofiber 
nerve conduits have utilized transmission electron micro-
scope to analyze recoveries from sciatic nerve injuries. The 
use of transmission electron microscope in this study made 
it possible to clearly observe that the myelin sheath of each 
axon was stained black after exposure to osmium tetroxide. 
The growth rate of axons determines the state of peripheral 
nerve regeneration. In the PCL + type I collagen group, a 
natural microenvironment for neurons and simulated nerve 
regeneration was created and axon growth was accelerated. 
The experimental data showed that the nanofiber conduits 
provided a structured scaffold and a source of nutrition. The 
tissue-engineered conduits were capable of innervating, such 
that tissue defect sites were able to gain functional muscle 
tissues. The nanofiber nerve conduits from the PCL + type 
I group may assist the repair of sciatic nerves. In the future, 
they can also be used with a variety of stem cells and neuro-
trophic factors to restore structures and functions. 

Conclusions
The experimental results, mid-section nerve tissue regener-
ation test, and functional recovery assessment for animals 
were utilized in this study to prove that the biologically ab-
sorbable and electrospun nanofiber nerve conduits were ca-
pable of stimulating and inducing the functional recovery of 
injured sciatic nerves in rats. However, the most appropriate 
method for promoting the effective recovery of neural func-
tions is still the implementation of postoperative electrostim-
ulation and physical therapy (Doyle and Roberts, 2006; En-
glish et al., 2007). So far, a nanofiber conduit is still not used 
as an alternative implant for supporting neuron regeneration 
in surgical treatment. Despite the results of the present study 
do not show significant improvement of functional and be-
havioral recovery in nanofiber conduit-implanted rats, this 

biomaterial is able to support the integrity and regeneration 
of neurons without inducing inflammation. Therefore, nano-
fiber conduits may have potential to be used as an accessory 
tool in the treatment of central nervous system traumatic 
injury. 
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