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The present study employed nerve guidance conduits (NGCs) only, which were made of small intestine submucosa
(SIS) and poly(caprolactone-co-lactide) (PCLA) to promote nerve regeneration in a peripheral nerve injury (PNI)
model with nerve defects of 15 mm. The SIS- and PCLA-NGCs were easily prepared by rolling of a SIS sheet and a
bioplotter using PCLA, respectively. The prepared SIS- and PCLA-NGCs fulfilled the general requirement for use as
artificial peripheral NGCs such as easy fabrication, reproducibility for mass production, suturability, sterilizability,
wettability, and proper mechanical properties to resist collapsing when applied to in vivo implantation. The SIS- and
PCLA-NGCs appeared to be well integrated into the host sciatic nerve without causing dislocations and serious
inflammation. All NGCs stably maintained their NGC shape for 8 weeks without collapsing, which matched well
with the nerve regeneration rate. Staining of the NGCs in the longitudinal direction showed that the regenerated
nerves grew successfully from the SIS- and PCLA-NGCs through the sciatic nerve-injured gap and connected from
the proximal to distal direction along the NGC axis. SIS-NGCs exhibited a higher nerve regeneration rate than PCLA-
NGCs. Collectively, our results indicate that SIS- and PCLA-NGCs induced nerve regeneration in a PNI model, a
finding that has significant implications in the future with regard to the feasibility of clinical nerve regeneration with
SIS- and PCLA-NGCs prepared through an easy fabrication method using promising biomaterials.

Introduction

Peripheral nerve injury (PNI) is induced by various
causes such as mechanical accident, anoxia, hypogly-

cemia, and pathophysiological events.1 PNI leads to the loss
of neuronal functions and integrity as a result of damage to
neurons. Compared with central nervous injury, the pe-
ripheral nerve is often more permissive to nerve regenera-
tion.2 In case of relatively short and mild PNI, typically less
than 5 mm, the regeneration process of the injured nerve
starts immediately and nerves can spontaneously regenerate
from the injured nerve across and beyond the injury site,
whereas for severe PNI, regeneration process requires other
therapeutic treatment and takes several months.3–6

For PNI, nerve autografts have been considered as one of
the best methods for a long time.7 So far, small nerve defects
of around 10 mm could be repaired by implanting nerve
autografts at the proximal and distal ends of the injured
nerve. However, for larger defects, nerve autografts could

cause sometimes loss-of-function at the donor site, limited
availability of sufficient nerve sources, and discrepancies in
the dimension between donor and injured nerves.8 There-
fore, as an alternative to nerve autografts, artificial periph-
eral nerve guidance conduits (NGCs) have been made to
mimic nerve autografts.9–14

Many kinds of artificial peripheral NGCs have been de-
veloped by using different biomaterials.9–18 With the devel-
opment of various biomaterials and fabrication techniques
during the previous decades, NGCs have been greatly im-
proved to satisfy the requirement of easy fabrication, repro-
ducibility or availability for mass production, suturability,
sterilizability, along with proper mechanical properties to
resist collapsing when applied to in vivo implantation and
regeneration.9–14

In terms of NGC fabrication, biomaterial selection and
optimization are also important for an ultimately good nerve
regeneration outcome. By far, the most commonly used
NGC is the hollow tube form of nondegradable silicone.19
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Silicone NGC has resulted in nerve regeneration over dis-
tances up to 10 mm, but often leads to serious chronic tissue
inflammation. In addition, nerve regeneration of large nerve
defects more than 10 mm remains a significant clinical
challenge.

To circumvent these problems, the biomaterials used for
NGCs have been switched from silicone to various extracel-
lular matrices (ECM) or biodegradable polymers.20–23 Several
biodegradable NGCs using collagen, poly(caprolactone-co-
lactide) (PCLA), etc., have already been approved by the US
Food and Drug Administration (FDA) and Conformit Eur-
ope (CE) for clinical trial of PNI.24

Small intestine submucosa (SIS), derived from the sub-
mucosal layer of porcine intestine, is an ECM, which con-
sists of more than 90% of the total collagen content of types
I and III collagens and several biological factors. Various
SIS-based biomedical products have been developed and
commercialized due to its good biocompatibility and non-
immunogenic property.25–31 To our knowledge, however,
SIS-based NGCs have received little attention at the early
stages of in vivo research.32 Thus, SIS may be considered as
a candidate to easily give SIS-NGCs.

Recently, computer-aided bioplotter have been used to
produce sophisticated scaffolds with interconnected pore
structures in relatively short scaffold fabrication time. Thus,
the bioplotter can create a microstructured or porous surface
morphology on the NGC inner surface.33–35 In addition, the
bioplotter can use various biodegradable synthetic polymers
in the fabrication of NGCs, including PCLA biomaterials
approved by the US FDA and CE.24 To the best of our
knowledge, no previous study has examined PCLA-NGCs
fabricated by using a bioplotter.

Recently, some groups reported the potential possibility
of SIS and PCLA-NGCs to enhance nerve regeneration of
PNIs in nerve defects of 10 and 14 mm, respectively.32,36

The overall aim of the current study is to demonstrate that
NGCs prepared from SIS and PCLA without any cells and/
or growth factors are highly promising candidates to en-
hance nerve regeneration of PNIs for nerve defects of
15 mm with significant clinical challenge. The following
specific questions were addressed: (1) Can the prepared SIS-
and PCLA-NGCs fulfill the general requirement as artificial
peripheral NGCs? (2) Can SIS- and PCLA-NGCs be utilized
for peripheral nerve regeneration? (3) Can SIS- and PCLA-
NGCs result in nerve generation? Resolving these issues in
the enhancement of peripheral nerve regeneration will have
a significant impact on the feasibility of nerve regeneration
by only SIS- and PCLA-NGCs without any biological fac-
tors through an easy fabrication method using promising
biomaterials.

Experimental Section

Preparation of NGCs

Silicone-NGC. Silicone ( J.S Silitech) of an inner dia-
meter of 1.72 – 0.13 mm and wall thickness of 0.58 –
0.01 mm was obtained and cut to a length of 19 mm. For the
animal study, the prepared silicone-NGC was sterilized with
ethylene oxide (EO) gas.

Small intestine submucosa–nerve guidance conduit. The
preparation procedure for SIS-NGCs was as follows: Sec-

tions of porcine jejunum were harvested from market pigs
(Woomi Food Company, Finish pig, F1; Land race + York-
shire, around 100 kg, 6 months of age, within 4 h of sacri-
fice). To separate SIS of the porcine jejunum, fat was first
removed from the porcine jejunum, followed by carefully
washing with water. The porcine jejunum was cut to pieces
of *10 cm length and then washed with saline solution. SIS
was obtained by complete removal of the tunica serosa and
tunica muscularis using scraping with an edge of a Petri
dish.25–30,36 The obtained SIS was washed again with saline
solution. The SIS was prepared by cutting in the longitu-
dinal direction, followed by freeze drying using a freeze
dryer (Model FDU-540; EYELA) at - 80�C for 48 h to give
native SIS sheets.

The SIS sheet was put on a stainless steel rod of an outer
diameter of 1.6 mm as double layer to fabricate a SIS tube
and attached to the wound-up part of the rolled SIS sheet
using deionized water (DW). Then, the outer SIS-NGC was
slid out from the stainless steel rod. The SIS-NGCs had
an inner diameter of 1.68 – 0.09 mm, a wall thickness of
0.57 – 0.02 mm, and a length of 19 mm. For the animal
study, the prepared SIS-NGCs were sterilized by using
EO gas.

Poly(caprolactone-co-lactide)–nerve guidance conduit. For
the synthesis of PCLA, all glasses were dried by heating in a
vacuum and were handled under a dry nitrogen stream. The
typical polymerization process to produce PCLA with a CL/
LA ratio of 50/50 (MCL-500) is as follows: MPEG (Mn =
750 g/mol, 0.012 g, 0.016 mmol) as initiator and toluene
(80 mL) were introduced into a flask. Water was removed
from the MPEG solution by azeotropic distillation before
the toluene was distilled off to give a final volume of 30 mL.
CL (3.53 g, 30 mmol) and LA (4.46 g, 30 mmol) were added
to the MPEG solution at room temperature under a nitrogen
atmosphere, followed by the addition of 0.19 mL of a 0.1 M
solution of Sn(Oct)2 in dried toluene. After stirring at 130�C
for 24 h, the reaction mixture was poured into a mixture of
n-hexane and ethyl ether (v/v = 4/1) to precipitate PCLA,
which was separated from the supernatant by decantation,
redissolved in CH2Cl2, and then filtered. The resulting so-
lution was concentrated by rotary evaporation and dried in a
vacuum to yield a colorless polymer at 96%. The molecular
weight of the PCL and PLLA segments in the diblock co-
polymers were determined as MPEG (750 g/mol)-PCL/
PLLA (235,000/265,000 g/mol) from 1H NMR spectra by
comparing the intensity of the terminal methoxy proton
signal of MPEG at d = 3.38 ppm, the methylene proton sig-
nal of PCL at d = 2.31 ppm, and the methylene proton sig-
nals of PLLA at d = 5.15 ppm.

The bioplotter was designed and manufactured by Protek.
The bioplotting system consisted of a heating jacket and a
stainless steel cylinder with a micronozzle (internal diameter
200mm) to move in the direction of the x–y–z stage by using
an air dispenser. The bioplotting system was controlled
by a computer software (Tube Scaffold Path Generation
SW; Korea Institute of Machinery and Materials), which
regulated the pressure, feeding speed, and polymer melt-
ing temperature to fabricate the predesigned NGC. PCLA
was added to the stainless steel cylinder at 180�C using
the heating jacket. When PCLA was melted, a constant
air pressure of 50 kPa was applied to the dispenser and a
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bioplotted PCLA-NGC was plotted layer-by-layer on a
stainless steel duct (1.7 mm outer diameter). The PCLA-
NGC pattern was designed with an orthogonal orientation in
the layer-to-layer direction with pores of 100 mm in the
vertical cross-section. The PCLA was deposited into a series
of parallel lines along the Y direction in the first layer,
while paralleling to the X direction in the second layer;
followed by a procedure of the same deposition in the
third layer and fourth layer. The fabricated PCLA-NGCs
had an inner diameter of 1.71 – 0.01 mm, a wall thickness
of 0.59 – 0.02 mm, and a length of 19 mm. For the animal
study, the prepared PCLA-NGCs were sterilized by using
EO gas.

NGC characterization

For the experiment of wetting of NGCs, the Trypan Blue
solution (0.5%) was dropped on each NGC which filled with
agar gel in the lumen at room temperature. The images were
observed at a cross section of the NGCs for the permeation
on each NGC. The compressive modulus of NGC (30 mm
long) was tested using an Instron mechanical tester (H5K-T
UTM; Tinius Olsen). The load was applied parallel to the
perpendicular axis of the NGC. The value of the compres-
sive modulus was determined with a 50% compression of
the NGC.

Surgical procedures for NGC implantation

All animals were treated in accordance with the Institu-
tional Animal Experiment Committee at the Ajou University
School of Medicine. Sprague Dawley female rats (320–
350 g, 10 weeks old) were housed in sterilized cages with
sterile food and water and filtered air and handled in a
laminar flow hood using aseptic techniques. Rats were an-

esthetized using Zoletil� and Rompun� (1:1 ratio, 1.5 mL/
kg). As shown in Figure 1, the skin and muscle were opened
on the mid-thigh of the left side, and microsurgical scissors
were used to remove a 15-mm segment of the sciatic nerve.
Each NGC of 19 mm length was interposed between the
proximal and distal stumps immediately following surgery
and then sewed with sutures at 2 mm of each junction. Rats
were divided into three experimental groups: Silicone-, SIS-,
and PCLA-NGC-implanted groups. All animals survived
after this surgical procedure. After implantation of NGCs,
the musculature and the skin were sutured. The rats were
then allowed to recover in a clean cage on a 37�C heating
pad. Antibiotics (gentamicin, 100 mg/kg, i.m.) were given
daily for 7 days postinjury.

Surgical procedures for NGC removal
and histological evaluation

On weeks 2, 4, 8, and 16 after implantation, rats were
sacrificed and individually dissected on the mid-thigh of the
left side. The NGC implants with the regenerated nerve
inside were carefully removed at the dissected site. The
removed NGC implants were observed with the naked eye.

For the histological analysis, the removed NGCs were
immediately fixed with 10% formalin for 72 h, dehydrated
and embedded in paraffin. The embedded specimens were
sectioned (4mm) along the longitudinal or cross-sectional
axis of the implant. Before any staining procedures, paraffin
sections were cleared with xylene, and rehydrated through a
gradual decrease of ethanol (100%, 95%, 70%, and 60%
each), and washed with DW. The sections were then stained
with Hematoxylin and Eosin (H&E) or Toluidine blue
(Sigma) for 10 min and then washed with DW. After hy-
dration with 95% and 100% alcohol for 5 min each, the

FIG. 1. Optical images of (a)
sciatic nerve on the left side, (b)
removal surgery of the sciatic
nerve, (c) the removed sciatic
nerve, and (d) implantation of the
NGC. NGC, nerve guidance con-
duit. Color images available online
at www.liebertpub.com/tea
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sections were cover slipped with water-soluble mount me-
dium (Muto pure chemicals). Toluidine blue-stained images
in NGCs indicated myelinated axons.

For the immunohistological analysis, the sectioned spec-
imens were dehydrated in a graded ethanol series, followed
by incubation in citrate buffer solution at 120–130�C for
10 min. The slides were washed with phosphate buffered
saline (PBS) and PBS-T (0.05% Tween 20 in PBS), blocked
with 5% bovine serum albumin (Bovogen) and 5% horse
serum (Gibco) in PBS for 90 min at 37�C. The sections were
incubated for 16 h at 4�C with a neurofilament (NF) anti-
body (Cat. ab24706; Abcam) in primary antibody diluent
(1:1000; DAKO) and S100A1 antibody for Schwann cells
(produced in rabbit, Cat. SAB4502708; Sigma-Aldrich) in
antibody diluent (1:1000; DAKO), washed with PBS and
PBS-T, and then incubated with the secondary antibody
(goat anti-mouse Alexa Fluor�594, Cat. A11005, Invitro-
gen; donkey anti-rabbit Alexa Fluor594, Cat. A21207, In-
vitrogen) (1:1000) for 3 h at room temperature in the dark
(NF antibody [anti-200 kDa + 160 kDa] in this work can be
expressed at all three major NF subunits: NF-L, NF-M, and
NF-H). The slides were washed again with DW, counter-
stained with DAPI (Cat. D9542; Sigma-Aldrich), and then
mounted with fluorescent mounting solution (DAKO). Im-
munofluorescent images were visualized using the Axio
Imager A1 (Carl Zeiss Microimaging GmbH) and analyzed
with the Axiovision Rel. 4.8 software (Carl Zeiss Micro-
imaging GmbH).

NF-positive cells, S100-positive cells, and DAPI-stained
cells indicated axons, Schwann cells, and live cells on
NGCs, respectively. NF-positive cells (red), S100-positive
cells (red), and DAPI-stained cells (blue) were counted in
cross-sectioned images of all NGCs at 2, 4, 8, and 16 weeks.
For comparison, NF-positive cells, S100-positive cells, and
DAPI-stained cells were individually counted in cross-
sectioned images of sciatic nerve removed from normal rats
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea). The percentage of indi-
vidually counted NF- or S100-positive cells was determined
by dividing each mean of the counted NF- or S100-positive

cells on the injured sciatic nerve with each NGC by each
mean of the counted NF- or S100-positive cells on normal
sciatic nerve.

Statistical analysis

Counting of NF- or S100-positive cells was carried out in
four rats of independent experiments for each of the four
NGC rats. All data are presented as mean and standard
deviation. The results were analyzed with one-way analysis
of variance with Bonferroni’s multiple comparisons, using
the SPSS program (version 12.0; SPSS, Inc.).

Results

Preparation and characterizations of NGCs

The images of all NGCs are shown in Figure 2. SIS- and
PCLA-NGCs were easily prepared by rolling of a SIS sheet
and bioplotter, indicating easy fabrication. The inner dia-
meters and wall thickness of all NGCs showed almost uni-
form size at every time, indicating reproducibility. There was
no change in the original shape of the SIS- and PCLA-NGCs
before and after EO sterilization, indicating sterilizability.

All NGCs showed flexible properties as shown in the
second column of Figure 2. The silicone-NGC exhibited
uniform but smooth close surface morphology and, thus,
could not exchange nutrients between the inside and outside
of the silicone-NGC. Meanwhile, the SIS-NGC exhibited
rough and interconnected fiber surface structures (Supple-
mentary Fig. S2), which may allow exchange of nutrients
between the inside and outside of the SIS-NGC. PCLA-NGCs
fabricated by using a bioplotter exhibited pores among each
layer strand through the layer-by-layer strand (Supplemen-
tary Fig. S3). Nutrients can effectively permeate through the
pores between the inside and outside of PCLA-NGCs.

Wetting of NGCs using a Trypan Blue solution was
performed to examine the permeation of nutrients from the
outside to the inside of NGCs as shown in the right side of
Figure 2. SIS- and PCLA-NGCs showed rapid permeation of
the Trypan Blue solution (3–4 min) through the NGC wall as

FIG. 2. Left: Upper, side, and surface view images and right: wetting images at 0 and 4 min of (a) silicone NGC, (b) SIS-
NGC, and (c) PCLA-NGC. The arrows indicate the permeated Trypan Blue solution. PCLA, poly(caprolactone-co-lactide);
SIS, small intestine submucosa. Color images available online at www.liebertpub.com/tea
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shown in cross-section images, indicating their hydrophilic
character. Meanwhile, the Trypan Blue solution did not per-
meate at all through the silicone-NGC.

The compressive modulus of the NGCs was measured to
compare maintenance of the structure and resistance to col-
lapse for five specimens. At a 50% compressive ratio, the
compressive modulus of the silicone-NGC was measured to be
1.6 – 0.2 N, which is similar to that of PLGA-NGC of
1.9 – 0.1 N. The compressive modulus of the SIS-NGC was
measured to be 0.4 – 0.1 N. The tensile modulus of the SIS- had
the highest value (156 MPa), while the silicone-NGC had the
lowest (3 MPa). The PCLA-NGC exhibited an elastic modulus
in-between these two values (17 MPa). Fast nutrient perme-
ation and unique mechanical properties of SIS- and PCLA-
NGCs are expected to be very helpful for nerve regeneration.

Functional movement

NGC implantation surgery was well tolerated in all NGC
models. After surgery, all animals remained in good health
condition and did not show any inflammatory signs or ad-
verse tissue reactions on the mid-thigh of the left side.

All animals seldom moved their left hind legs immedi-
ately after surgery. At 2 weeks after implantation surgery,
animals of the SIS- and PCLA-NGC groups showed normal
movement of the operated left leg and supported their body
weight on their hind leg, whereas animals of the silicone-
NGC group exhibited slightly awkward movement on the
left leg even at 4 weeks after surgery, but showed normal
movement thereafter (Supplementary Fig. S4).

NGC after animal surgery

Nerve regeneration was visually analyzed at 2, 4, 8, and
16 weeks postimplant (Fig. 3). Animals of the silicone-NGC
group exhibited serious inflammation and formation of a
fibrotic capsule inside the NGC, in addition to no apparent
neuroma formation during all experimental periods.

SIS- and PCLA-NGCs appeared well integrated into the
host sciatic nerve without causing dislocations. In the SIS-
NGC group, NGCs were filled with abundant regenerated
nerves and surrounded by a thin layer of fibrous tissue on the
outside. There was no serious inflammation. Nerve filling
occurred from the proximal to the distal end, indicating the
presence of nerve regeneration at the injured gap. The
junction areas between the SIS-NGC and normal sciatic
nerve became already blurry at 2 weeks after surgery due to
nerve regeneration into the SIS-NGC. The number of re-
generated nerves in SIS-NGCs increased as the implantation
time increased. A thin layer of SIS debris was confirmed on
the surface of implanted SIS-NGCs at 4 weeks after sur-
gery, but the SIS-NGCs were almost completely degraded at
8 weeks.

PCLA-NGCs exhibited a small quantity of regenerated
nerves around the junction areas at 2 weeks after surgery. At
4 weeks, abundant nerves were regenerated inside the NGC.
The regenerated nerves grew into the PCLA-NGCs as the
implantation time increased from 2 to 16 weeks. Animals in
the PCLA-NGC group also exhibited no serious inflamma-
tion. The nondegraded PCLA confirmed on surface of im-
planted PCLA-NGC at 8 weeks.

SIS- and PCLA-NGCs maintained their NGC shape for
8 weeks without collapse, which is an important factor in
nerve regeneration. Both SIS- and PCLA-NGCs exhibited
remarkable formation of regenerated tissue in proximal
junction areas and then gradually grew in the distal direction
along the NGC axis.

Histological evaluation of nerve regeneration

Nerve regeneration was evaluated by sectioning in the
longitudinal direction through the NGCs and H&E (Fig. 4),
Toluidine blue (Fig. 5), NF (Fig. 6), and S100 (Fig. 7)
staining to identify nerve regeneration. H&E, Toluidine
blue, NF, and S100 staining of normal sciatic nerves

FIG. 3. Images of the removed
NGCs at 2–16 weeks after in vivo
implantation. Color images avail-
able online at www.liebertpub
.com/tea
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presented morphologies of regular nerve alignment and
sparse oval Schwann cell nuclei among the nerves.

As demonstrated by the results shown in Figure 4, nerve
regeneration in H&E staining images of animals of the
silicone-NGC group was not observed between proximal
and distal areas, and even at junction areas, even at 16 weeks
after surgery (Supplementary Fig. S5).

Meanwhile, regenerated nerves were observed in H&E
staining images of animals of the SIS-NGC group at 2
weeks postimplantation. SIS-NGCs exhibited growth of re-
generated nerves through the injury. The nerves of animals
in the SIS-NGC group gradually grew at around the lesion
only in the SIS- and PCLA-NGC-implanted groups. Partial
regeneration of the nerves was confirmed in the central part
of the SIS-NGC at 4 weeks postimplantation and at the
distal areas at 8 weeks postimplantation.

H&E staining images of animals in the PCLA-NGC-
implanted group exhibited regenerated nerves through the
empty center space inside of the PCLA-NGCs, which in-
dicates that PCLA-NGC could provide correct guidance for
nerve growth. Regenerated nerves were confirmed in H&E
staining images of the central part of the PCLA-NGCs at 8
weeks postimplantation and were more evident at the later
time points. PCLA-NGCs maintained their NGC structure
for up to 8 weeks, because PCLA did not degrade during
this time; the main structure was almost completely de-
graded at 16 weeks postimplantation.

In Toluidine blue-stained sections (Fig. 5), the injury le-
sions in the SIS- and PCLA-NGC groups showed clear
myelinated axons in the center section (arrows). This finding
indicates that nerve regeneration occurred after implantation
of SIS- and PCLA-NGCs.

NF and S100 staining can provide the evidence for the
presence of axons and Schwann cells (Figs. 6 and 7). In
animals of the silicone-NGC group, there were no NF- and
S100-positive cells (Supplementary Fig. S6). However, NF
and S100 staining of longitudinal sections through the injury
site provided clear evidence that axonal and Schwann cell
regeneration had occurred at around the lesion only in the
SIS- and PCLA-NGC-implanted groups. The bottom images
of Figures 6 and 7 show enlarged images of NF (red), S100
(red), and DAPI (blue) immunofluorescent staining of SIS-
and PCLA-NGC-implanted animals (Supplementary Figs
S7–S10).

NF- and S100-positive cells were counted in the total
stained tissue area to determine the extent of nerve regener-
ation and compared with normal sciatic nerves (Fig. 8). The
number of NF-positive cells in the SIS-NGC group increased
to 2%, 5%, 14%, and 28% at 2, 4, 8, and 16 weeks post-
implantation, respectively, indicating in vivo axon formation
at the implantation site (*p < 0.001). The percentage of NF-

FIG. 4. Hematoxylin and
eosin staining of NGCs at
2–16 weeks after in vivo
implantation. Color images
available online at www
.liebertpub.com/tea

FIG. 5. Toluidine blue staining of NGCs at 2–16 weeks
after in vivo implantation (Magnification: 400 · and scale
bars: 50 mm, yellow arrow: axon). Color images available
online at www.liebertpub.com/tea
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positive cells in the PCLA-NGC group was below 4% even at
8 weeks and 17% at 16 weeks (*p < 0.001). The percentage of
S100-positive cells showed a dramatic increase of 54% at 16
weeks in the SIS-NGC group and increased from 1% to 23%
between 2 and 16 weeks in the PCLA-NGC group
(*p < 0.001). There was a statistical observation for an in-
crease in NF- and S100-positive cells with increasing time
after surgery (*p < 0.001, **p < 0.01). The SIS- and PCLA-
NGC-implanted animals showed a significant increase in
NF- and S100-positive cells compared with silicone-NGC-
implanted animals at all experimental time points after PNI.

Discussion

Nerve autografts have by far offered the best results in
nerve regeneration.7 However, as illustrated above, nerve au-
tografts have well-known drawbacks such as donor site loss-of-
function, structural differences between donor and recipient
grafts, etc.8 As such, artificial NGCs have been developed over
the years. Several groups have reported that artificial NGCs
can show comparable or even superior nerve regeneration abil-
ities as compared with nerve autografts.9–14,37,38 In designing
the next generation of NGCs, much consideration has to be

FIG. 6. NF staining (a–d: en-
larged staining images) of SIS- and
PCLA-NGCs at 2–16 weeks after
in vivo implantation (Magnifica-
tion: 200 · and scale bars:
100 mm). NF, neurofilament.
Color images available online at
www.liebertpub.com/tea

FIG. 7. S100 staining (a–d: en-
larged staining images) of SIS- and
PCLA-NGCs at 2–16 weeks after
in vivo implantation (Magnifica-
tion: 200 · and scale bars:
100 mm). Color images available
online at www.liebertpub.com/tea
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placed in the selection of an appropriate biomaterial. In
addition, little previous study has examined NGCs fabri-
cated by using a simple and versatile fabrication technique.
In this study, we selected SIS and PCLA, which gained
clinical acceptance as biomaterials for NGC fabrication, in
comparison to silicone.

Even though the biological material, which was harvested
from another species, affects the host tissue response to
material following implantation, it seems apparent that SIS-
based biomedical products (SurgiSISs, Cook Biotech, Inc.;
Restores, DePuy Orthopaedics, Inc.) are safe for implanta-
tion and have received regulatory approval for use in human
patients.24 SIS-NGCs were easily prepared by rolling of an
SIS sheet. The preparation process provided reproducible
SIS-NGCs with uniform inner sizes. The prepared SIS-
NGCs exhibited flexibility and mechanical properties to
resist collapsing. SIS-NGCs maintained their original form
after EO sterilization.

As another NGC candidate, PCLA-NGCs were easily
prepared by using a bioplotter as simple and versatile fab-

rication technique. The feasibility of PCLA with various
proportions of the PLLA and PCL was examined in specific
fabrication using a bioplotter. In our result, PLLA/PCL ratio
of 50/50 achieved the goal as a biomaterial for fabrication of
NGCs with rapid and easy reproducibility using the bio-
plotter.39 The prepared PCLA-NGCs exhibited reproduc-
ibility of the inner dimensions and feasibility of easy mass
production. In addition, the prepared PCLA-NGCs also
exhibited flexibility, mechanical properties to resist col-
lapsing, and sterilizability using EO gas. SIS- and PCLA-
NGCs possessed better hydrophilicity.

Furthermore, SIS- and PCLA-NGCs exhibited sutur-
ability at the proximal and distal ends of the sciatic nerve
and were well maintained at the host sciatic nerve without
causing dislocations between the proximal and distal ends
for the experimental periods. Thus, SIS- and PCLA-NGC
prepared in this work greatly satisfied the requirements of
easy fabrication, reproducibility for mass production, su-
turability, and sterilizability along with proper mechanical
properties for in vivo implantation.

Recently, some groups have investigated the in vivo pe-
ripheral nerve regeneration at 10-mm sciatic nerve defect
gap using SIS and at 14-mm gap using PCLA with nerve
growth factor.32,40 Thus, for in vivo peripheral nerve re-
generation, we explored the efficacy of SIS- and PCLA-
NGCs in bridging a 15-mm sciatic nerve defect gap without
any cells and/or nerve growth factors. NGC implantation
surgery was well tolerated in all PNI models. Animals in the
SIS- and PCLA-NGC groups did not show any inflammation
caused by the biomaterials. Animals in the SIS- and PCLA-
NGC groups showed normal movement of the operated left
legs at 2 weeks; however, the silicone-NGC-implanted PNI
animals showed slightly awkward movement at 4 weeks
after surgery. Several previous studies have shown that
silicone-NGC exhibited slight walking locomotion due to
self-recovery of sciatic function.22,41–44

The flexibility and mechanical properties of the NGC is
an important factor for nerve regeneration to manipulate and
resist stretching forces during implant surgery and to retain
their shape during the nerve regeneration process.24–31

Therefore, it is essential to explore the mechanical charac-
teristics of nerve conduits. Our mechanical testing data and
animal experiment results showed that the prepared SIS- and
PCLA-NGCs had good flexibility and possessed sufficient
toughness to resist compression or collapse upon implanta-
tion during peripheral nerve regeneration. In the animal
implantation experiments, the prepared SIS- and PCLA-
NGCs also effectively prevented fibrous tissue infiltration
and did not induce damage such as necrosis and inflam-
mation in the surrounding tissue, whereas silicone-NGCs
induced severe inflammation.

The degradation rate has also been emphasized as an
important factor when considering the design of artificial
NGCs because nondegradable silicone would compress re-
generated nerves in the long term.11 SIS-NGCs maintained
their original guidance structure for the experimental peri-
ods of 8 weeks, which matched well with the nerve regen-
eration rate. The degradation rate of PCLA-NGCs was also
ideally tailored to match the nerve regeneration rate from
2 to 16 weeks. Silicone-NGCs are less desirable because
of the nondegradability noted over the observation time of
16 weeks.

FIG. 8. Numbers of (a) NF- and (b) S100-positive cells
on/in NGCs as a function of time after implantation
(*p < 0.001, **p < 0.01). The percentage of counted NF- or
S100-positive cells was determined by dividing each mean
of the counted NF- or S100-positive cells on the injured
sciatic nerve with each NGC by each mean of the counted
NF- or S100-positive cells on normal sciatic nerve.
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We speculate that SIS- and PCLA-NGCs can facilitate
axonal outgrowth, which contributes to the necessary
sprouting following nerve injury because SIS- and PCLA-
NGCs provide sufficient space for spatial guidance of axon
and Schwann cell growth. In the present images of H&E
staining, all regenerated nerves from the SIS- and PCLA-
NGC groups successfully grew through the sciatic nerve-
injured gap between the proximal and the distal on the NGC
axis. The injured nerves were partially connected at 8 weeks
for SIS-NGCs and 16 weeks for PCLA-NGCs.

Nerve regeneration was evaluated by counting NF- and
S100-positive cells because they can provide the evidence
for the presence of axons and Schwann cells.45,46 The sta-
tistical results indicated that SIS- and PCLA-NGCs resulted
in significantly higher numbers of axons and Schwann cells
compared with silicone-NGCs at 6 and 12 weeks. In addi-
tion, significantly more NF- and S100-positive cells were
observed in the SIS-NGC group than in the PCLA-NGC
group. The percentage of S100-positive cells of the SIS-
NGC group was about 55% of that of normal sciatic nerves.
NF- and S100-positive cells were counted in the total
stained injured area and the results were compared with
those of normal sciatic nerves. Because, in this experiment,
we used only NGCs without any cells and/or nerve growth
factors, the present findings indicate that SIS- and PCLA-
NGCs are promising NGCs for peripheral nerve regenera-
tion at 15-mm sciatic nerve defect gap in the future.

Conclusion

In the present study, the suitability of SIS- and PCLA-
NGCs as NGC was examined. The prepared SIS- and PCLA-
NGCs fulfilled the general requirement for use as artificial
peripheral NGCs such as easy fabrication, reproducibility,
suturability, sterilizability, and proper mechanical properties.
The in vivo evaluation indicated that clinically acceptable
SIS- and PCLA-NGCs only, without any biological factors,
provide sufficient driving force for guidance of axons and
Schwann cells over time. Moreover, the present study shows
that the PNI model employing large nerve defects is a valu-
able tool for testing therapeutic strategies without the con-
founding effect of any biological factors.
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