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Sufficient functional restoration of damaged peripheral nerves is a big clinical challenge. In this study, a nerve
guide conduit (NGC) with selective permeability was prepared by rolling an asymmetrically porous poly-
caprolactone/Pluronic F127 membrane fabricated using a novel immersion precipitation method. Dual stimu-
lation (nerve growth factor [NGF] as a biological stimulus and low-intensity pulse ultrasound [US] as a physical
stimulus) was adapted to enhance nerve regeneration through an NGC. The animal study revealed that each
stimulation (NGF or US) has a positive effect to promote the peripheral nerve regeneration through the NGC,
however, the US-stimulated NGC group allowed more accelerated nerve regeneration compared with the NGF-
stimulated group. The NGC group that received dual stimulation (NGF and US) showed more effective nerve
regeneration behavior than the groups that received a single stimulation (NGF or US). The asymmetrically
porous NGC with dual NGF and US stimulation may be a promising strategy for the clinical treatment of
delayed and insufficient functional recovery of a peripheral nerve.

Introduction

Peripheral nerve damages resulting from transection
injuries, burns, and degenerative conditions lead to the

loss of sensory or motor functions as well as painful neu-
ropathy.1–3 Direct reconnection between damaged nerve
stumps and transplantation of autologous nerve graft have
been commonly adapted for nerve regeneration. However,
the limited application for only a slight or small defect (direct
reconnection), an additional surgical procedure to obtain a
donor nerve, and a permanent functional loss of the donor
nerve (autologous nerve graft) remain as significant chal-
lenges in the clinical field.4 Recently, the artificial nerve guide
conduit (NGC), which can provide a favorable microenvi-
ronment for nerve regeneration and properly guide the ax-
onal sprouting from the proximal stump to the distal stump
to reinnervate its original target,5–7 has been suggested as an
alternative strategy for treating damaged nerves. A variety of
biological tissues and natural or synthetic polymers have
been adapted as NGCs,8 however, the relatively slow mor-
phological and functional recovery and the limited regener-
ation distance of peripheral nerves through the NGC remain
as critical drawbacks for clinical use. Some stimulation sys-
tems, including biological stimuli (growth factors, Schwann

cells, etc.) and physical stimuli (laser, electricity, ultrasound
[US], etc.) have been suggested to effectively compensate for
these problems associated with NGCs,9–13 and they revealed
somewhat encouraging outcomes, suggesting that the use of
such stimuli can be a hopeful therapeutic technique to im-
prove nerve regeneration through NGCs.

In a previous study, we developed an asymmetrically
porous polycaprolactone (PCL)/Pluronic F127 membrane
(nanopores on one side and micropores on the other side)
with selective permeability (preventing fibrous scar tissue
infiltration, but allowing permeation of nutrients/oxygen)
and hydrophilicity (for effective nutrient permeation), which
is an essential requirement of an NGC for effective nerve
regeneration.14 The PCL/F127 NGCs with different surface
pore structures were fabricated by rolling the opposite side
of the asymmetrically porous membranes to investigate the
effect of surface pores (nanoporous inner surface vs. micro-
porous inner surface) on nerve regeneration through
NGCs.15 We demonstrated that an NGC with a nanoporous
inner surface allows much faster nerve regeneration com-
pared to the NGC with a microporous one as well as non-
porous silicone tube used clinically in an animal study using
a rat model (sciatic nerve defect in rats).15,16 Based on these
findings, we expected that if well-established stimuli for
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nerve regeneration were applied to the unique asymmetri-
cally porous NGC with the nanoporous inner surface, it may
be a promising strategy to accelerate peripheral nerve re-
generation. Therefore, in this study, the nerve growth factor
(NGF) as a source of biological stimulation to promote nerve
regeneration was immobilized onto the pore surfaces of a
PCL/F127 NGC17 by specific interactions between the
Pluronic F127 and heparin (hydrogen bonding), and the
following heparin and NGF (ionic interaction). We also ap-
plied low-intensity pulsed US as a simple and noninvasive
physical stimulus source at the NGF-immobilized NGC-
implanted site transcutaneously in rats to enhance nerve
regeneration. US is described as an acoustic pressure wave,
which can transfer mechanical energy into tissues and cause
beneficial biochemical events at the cellular level to possibly
promote tissue regeneration.14 The expected mechanism for
enhanced nerve regeneration using the dual NGF and US-
stimulated PCL/F127 NGC (NGF/US/NGC) system is
shown in Figure 1. The nerve regeneration behaviors within
the NGF/US/NGC were compared with the NGC without
stimulation, NGF-stimulated NGC (NGF/NGC), and US-
stimulated NGC (US/NGC) as well as normal nerve by
immunohistochemical/histological observations, retrograde
tracing, and electrophysiological evaluations.

Materials and Methods

Materials

PCL (Mw 80,000; Aldrich) as an NGC substrate material,
Pluronic F127 (Mw 12,500; BASF) as a hydrophilic additive,
and tetraglycol (glycofurol; Sigma) as a cosolvent for PCL
and Pluronic F127 were used to prepare asymmetrically
porous NGCs. NGF as a source of biological stimulation was
purchased from R&D Systems. All other chemicals were of
analytical grade and were used as received. Ultrapure grade
water ( > 18 mO) was purified using a Milli-Q purification
system (Millipore).

Fabrication of NGF-immobilized PCL/F127 NGC

PCL/F127 NGC with selective permeability (nanoporous
inner and microporous outer surfaces) was prepared by

rolling an asymmetrically porous PCL/Pluronic F127 mem-
brane fabricated using a novel immersion precipitation
method.15 In brief, the PCL pellet was dissolved in hot tet-
raglycol (90�C, 12 wt%) and Pluronic F127 powder (5 wt%,
PCL base) was added to the PCL solution. The hot polymer
solution was cast in a mold (50 · 50 · 0.4 mm) and directly
immersed in excess water for 1 h at room temperature. The
asymmetrically porous PCL/F127 membrane was obtained
after additional washing in excess water to remove residual
solvent followed by vacuum drying. The asymmetrically
porous membrane was rolled into a tube (NGC) using a
metal mandrel (diameter, 1.5 mm) with the nanoporous
surface of the membrane inside, and the overlapped edge of
the membrane was adhered tightly using a tissue adhesive,
N-butyl-2-cyanoacrylate (Histoacryl�; B. Braun) (Fig. 2). The
prepared NGC had an *12-mm length, *0.4-mm wall
thickness, and *1.5-mm inner diameter. The morphologies
of the PCL/F127 membrane and NGC were observed by
scanning electron microscopy (SEM, JSM-6335F; Jeol). The
average pore sizes of the surfaces were determined using
an image analysis program (i-solution; IMT) from the SEM
images.

NGF to promote peripheral nerve regeneration after a
peripheral nerve injury18,19 was incorporated onto the pore
surfaces of the PCL/F127 NGC by heparin immobilization.15

To examine the NGF release profile, the NGF-immobilized
NGCs were incubated in 1 mL phosphate-buffered saline
(PBS) supplemented with 1% bovine serum albumin (BSA) at
37�C for up to 35 days under mild shaking (*50 rpm). At
preset time intervals, all media were collected and replaced
with fresh ones. The amount of NGF released in the collected
medium was determined using an enzyme-linked immuno-
sorbent assay (ELISA) kit (Duoset�; R&D Systems).

Implantation of NGCs

Sprague-Dawley rats (weight, *250 g) were used to
evaluate the dual biological (NGF) and physical (US) stim-
ulation effect on peripheral nerve regeneration through the
asymmetrically porous PCL/F127 NGC. Seventy-two rats
were used for the analyses. The animals were divided into 4
groups (18 rats/group: NGC without stimulation [NGC],

FIG. 1. Schematic diagram showing the possible
mechanism for accelerated nerve regeneration by the
NGF/US/NGC system. NGC, nerve guide conduit;
NGF, nerve growth factor; US, ultrasound. Color
images available online at www.liebertpub.com/tea

NERVE REGENERATION THROUGH NGC WITH BIOLOGICAL/PHYSICAL STIMULATION 2675



NGF-immobilized NGC [NGF/NGC], NGC with US stimu-
lation [US/NGC], and NGF-immobilized NGC with US
stimulation [NGF/US/NGC]). Each group was divided into
six subgroups for the different analyses (three rats/sub-
group): analyses for immunohistochemical evaluation (4
weeks); Toluidine blue staining, transmission electron mi-
croscopy (TEM), electrical physiological evaluation, and
(gastrocnemius muscle) histological evaluation (4, 12, and 24
weeks); and FluoroGold (FG) retrograde tracing (12 and 24
weeks) (refer to evaluation methods below). This animal

study was approved by the Animal Care Committee of the
Hannam University in Korea, and all procedures were per-
formed according to appropriate guidelines. Anesthesia was
induced with an intramuscular injection of tiletamine/zola-
zepam (10 mg/kg, Zoletil 50�; Virbac Laboratories) and 2%
xylazine hydrochloride (2 mg/kg, Rumpun�; Byely). The
sciatic nerve on the left side was exposed, and a 10-mm
segment of the nerve was removed from the mid-thigh level.
Twelve-millimeter length NGCs were bridged between the
proximal and distal stumps with two sutures (7-0

FIG. 2. Schematic diagram showing the
fabrication process of the NGC by rolling an
asymmetrically porous PCL/Pluronic F127
membrane. PCL, polycaprolactone.

FIG. 3. Transverse sections
of the regenerated nerve
through the asymmetrically
porous PCL/F127 NGCs
with different stimulations (4
weeks after implantation;
mid-portion of NGCs, · 4;
white arrow, neural tissues;
black arrow, NGC wall). Each
stimulation group showed a
positive effect for peripheral
nerve regeneration through
the NGC. The US-stimulated
group allowed more acceler-
ated nerve regeneration be-
havior than that in the NGC
groups without stimulation
and with NGF stimulation.
The group with dual stimu-
lation (NGF/US/NGC)
showed the most effective
nerve regeneration behavior
compared to that in the other
groups. Color images avail-
able online at www
.liebertpub.com/tea
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polydioxanone, Ethicon) at each junction. After implantation
of the NGC, the muscle incision was closed using a 5-0
chromic catgut suture (Ethicon), and the skin was closed
using a 5-0 nylon suture (Ethicon).

US treatment

The animals implanted with NGC and NGF/NGC re-
ceived US stimulation using a portable US equipment cur-
rently being used in clinical practice (Omnisound� 3000;
Physio Technology) with a small probe head (transducer
diameter, 1.6 cm; area, 2 cm2). Pulsed US (2 ms ON and 8 ms
OFF; 20%) with a frequency of 1 MHz and intensity of 0.4 W/
cm2 was directly applied around the incision site for 2 min
once per week for 24 weeks. In our preliminary study,
we compared the nerve regeneration behavior among the
different US treatments (2 min of daily treatment; 2 min
of daily treatment for 1 week and following 2 min every
week; and 2 min every week), and the optimum condition

(2 min every week) was adapted in this study for enhanced
nerve regeneration (data not shown). An aquasonic gel was
used as a coupling medium on the incision site before US
treatment. The first US irradiation was conducted at 24 h
after surgery. The animal study for the NGC or NGC/NGF
without the US treatment was also conducted for the pur-
pose of comparison.

Immunohistochemical evaluation

Animals were sacrificed at predetermined periods for
immunohistochemical analysis. The NGCs, including the
regenerated nerve inside, were carefully dissected. After
freezing immediately at - 80�C, they were cut into trans-
versal sections of 20mm thickness (at 4 weeks; midportion of
NGCs) to investigate nerve regeneration behavior from
proximal to distal stumps through the NGCs. The specimens
were mounted on positively charged slides (Fisher) and fixed
with 4% paraformaldehyde and 4% sucrose in PBS for

FIG. 4. Light micrographs of
semithin sections showing myelin-
ated axons at the mid-portion of the
NGC (12 and 24 weeks after im-
plantation; Toluidine blue staining;
· 1000; asterisk, axon; arrow, mye-
lin). Color images available online
at www.liebertpub.com/tea

NERVE REGENERATION THROUGH NGC WITH BIOLOGICAL/PHYSICAL STIMULATION 2677



45 min. Then, the specimens for anti-neurofilament staining
were permeabilized with 0.5% Nonidet P-40 (Fluka) in PBS
for 40 min at room temperature, and blocked with 2.5% horse
serum and 2.5% BSA in PBS containing 10% Triton X-100
(PBST) for 12 h at 4�C. To visualize regenerated nerve fibers,
the sections were subjected to immunofluorescence staining
with primary antibodies against neurofilament-200 (NF-
200, mouse monoclonal, 1:200; Sigma) and S100b (rabbit
polyclonal, 1:400; Dako), respectively. Detection was ac-
complished by fluorescein-labeled goat anti-mouse IgG (for
NF-200, 1:400; Invitrogen) or rhodamine-labeled goat anti-
rabbit IgG (for S100b, 1:400; Invitrogen) secondary anti-
bodies in 2.5% horse serum and 2.5% BSA in PBST for 1.5 h in
a dark room. For cell nuclei detection, sections mounted on

slides were stained with 2.5 mg/mL of Hoechst 33258 (bis-
benzimide; Invitrogen) for 10 min before a final washing in
0.1% PBST. The stained sections were cover slipped with the
aqueous mounting medium (Blomeda) and observed under a
fluorescent microscope (Model BX51; Olympus).

Histological evaluation

Toluidine blue staining was conducted for the histological
analysis, at 4, 12, and 24 weeks postimplantation. The re-
generated nerve-containing NGCs were fixed with 2.5%
glutaraldehyde in 0.1 M PBS for 2 h and postfixed in 1% os-
mium tetraoxide for 1.5 h. The specimens were dehydrated in
a graded ethanol series, and embedded in Epon 812 resin

FIG. 5. Transmission elec-
tron microscopy images of
ultrathin sections showing
myelinated axons at the mid-
portion of the NGCs (12 and
24 weeks after implantation;
· 3000; asterisk, axon; arrow,
myelin). The myelinated ax-
ons and myelin sheath were
continuously grown in all
NGCs with time. The NGF/
US/NGC group showed the
larger axon diameter and a
thicker myelin sheath than
that in the NGC, NGF/NGC,
and US/NGC groups, indi-
cating better nerve regenera-
tion.
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(Polysciences). The midportions of the specimens were cut
into thin cross sections with a 1-mm thickness using an ul-
tramicrotome (MT-XL; RMC), stained with Toluidine blue,
and observed under a light microscope. The diameter of
myelinated axons, thickness of the myelin sheath, and total
area of neural tissue in the regenerated nerves were evalu-
ated using an image analysis program (i-solution) from the
representative light microscope images of each animal
( · 1000 magnification). The specimens were also cut into
ultrathin sections of 50–60 nm thickness to observe more
detailed axon and myelin sheath regeneration through the
NGCs. The sections were stained with lead citrate and uranyl
acetate and then examined by TEM (Model H-7650; Hitachi).

The gastrocnemius muscles of NGC-implanted (left) and
contralateral normal (right) sides were harvested and their
wet weights were measured to evaluate the muscular atro-
phy caused by sciatic nerve denervation. Specimens were cut
from the mid-belly of the gastrocnemius muscle and fixed
with 4% formaldehyde in PBS. The specimens were embed-
ded in paraffin wax and cut into 5-mm transverse sections.
These sections were subjected to Masson’s trichrome staining
and observed under a light microscope. The diameter of
muscle fibers and the percentage of collagen fiber area in the
muscle sections were estimated using an image analysis
program from the representative light microscope images of
each animal ( · 200 magnification).

FG retrograde tracing

Retrograde tracing with FG was performed to examine the
reinnervation between proximal and distal stumps at 12 and

24 weeks of NGC postimplantation. Thus, 10mL of 5% FG in
saline (Invitrogen) was injected into the sciatic nerve trunk
positioned 10 mm from the distal end of the NGC. Animals
were sacrificed 1 week after FG injection. Dorsal root gan-
glions (DRGs) at the lumbar five and six level of the spinal
cord were dissected after exposing the spinal cord carefully.
The specimens were frozen immediately at - 80�C and were
cut into transverse 20-mm-thick sections to investigate FG
fluorescence of DRGs. The sections were mounted on posi-
tively charged slides and examined under a fluorescent mi-
croscope.

Electrophysiological evaluation

An electrophysiological evaluation was performed before
animal sacrifice at 12 and 24 weeks postimplantation. Un-
der anesthesia, the left sciatic nerve interposed by the NGC
was carefully re-exposed and dissected from surrounding
tissues. A recording needle electrode was placed in the
anterior tibialis muscle and the sciatic nerve was stimulated
by two stainless wire electrodes connected to a DC electrical
stimulator (SI-10; Narco Bio-System). The nerve stimulation
parameters used were 2 Hz pulses, 1 V strength, and 0.2 ms
duration. A ground electrode was also placed in the sur-
rounding muscle tissues to remove conduction of stimula-
tion through muscle tissues. Nerve conduction velocity was
obtained from the compound muscle action potentials re-
corded by an AxoScope system (Axon Instruments). The
nerve conduction velocity was determined by measuring
the difference in latency between known distances through
the nerve.

FIG. 6. Comparison of (A)
the diameter of the myelin-
ated axon, (B) thickness of
myelin sheath, and (C) area
occupied by neural tissue in
the NGC at the mid-portion
at 4, 12, and 24 weeks after
implantation (n = 3; *p < 0.05).
Neural tissues, including
myelinated axons and myelin
sheath grew continuously in
all NGCs with time. The
NGF/US/NGC group
showed significantly larger
neural tissue areas than those
in the other groups.
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Statistical analysis

The data obtained from each NGC group were averaged
and expressed as the mean – standard deviation. The Stu-
dent’s t-test was used to determine differences between each
NGC group. Differences were considered statistically sig-
nificant at p < 0.05.

Results

Characterization of NGF-immobilized PCL/F127 NGC

Figure 2 shows the gross appearance and detailed surface
morphology of the PCL/F127 NGC with a nanoporous inner
surface, which was prepared by rolling an asymmetrically
porous PCL/Pluronic F127 membrane. The asymmetrically
porous membrane was produced by placing the PCL/F127
mixture solution (in tetraglycol) in contact with water (non-
solvent for PCL) during the membrane fabrication process.15

The top surface (water contact side) of the membrane had
nano-size pores (*100 nm), whereas the opposite surface
(mold contact side) had micro-size pores (*200 mm), and
both sides were connected by an asymmetric column-shape
pore structure. The NGC can effectively prevent the infil-
tration of fibrous tissue (bigger than several micron sizes),

but allow the permeation of nutrients (smaller than several
nanometers) and retain neutrophic factors such as extracel-
lular matrix molecules and Schwann cells, thus, providing an
optimal environment for nerve regeneration.

NGF immobilization on the NGC and its release profile
were quantitatively assessed by ELISA.15 The loading
amount of NGF on the PCL/F127 NGC was estimated to be
324 – 65 ng. NGF was continuously released from the NGC
up to *80% of the initial loading (*260 ng) over 35 days.

Nerve regeneration evaluation

The sciatic nerve defect model in SD rats was used to
evaluate the effect of dual biological (NGF) and physical (US)
stimulation on peripheral nerve regeneration through the
asymmetrically porous PCL/F127 NGC. All rats remained in
good health condition and did not show any wound com-
plications during the experiment. At explantation, any in-
flammatory signs or adverse tissue reactions were not seen.

At 4 weeks postimplantation, the nerve regeneration be-
havior through the NGCs without and with different stimu-
lation (single or dual stimulations of NGF and US) was
observed using a fluorescent microscopy after immunofluo-
rescence staining (NF-200 for axon fiber, S100b for myelin, and

FIG. 7. Light micrographs of gas-
trocnemius muscles of NGC-im-
planted and contralateral normal
sides (Masson’s trichrome staining;
· 100). The muscles recovered
gradually from the atrophy with
time (increased diameter of muscle
fiber and decreased collagen fiber
area). The NGF/US/NGC group
showed faster recovery from the
muscle atrophy than that in the
other groups, indicating better
nerve regeneration. Color images
available online at www
.liebertpub.com/tea
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Hoechst for cell nuclei) using transversal sections at the mid-
portion of the NGCs (Fig. 3). Each type of stimulation showed
a positive effect on peripheral nerve regeneration through the
NGC (thicker neural tissues than the NGC without stimula-
tion), as expected. The US-stimulated group allowed more ac-
celerated nerve regeneration behavior than the NGF-stimulated
group. The group with dual NGF and US stimulation (NGF/
US/NGC) showed the most effective nerve regeneration
behavior compared to that in the other groups in our system.
The fluorescent signals of the NGC (outer circles) are un-
derstood by autofluorescence of polymeric biomaterials.20

Further histological evaluations on nerve regeneration
behaviors were performed among the NGCs without and
with different stimulations (single or dual stimulations of
NGF and US) at 4, 12, and 24 weeks postimplantation. The
regenerated nerve in the NGCs was observed at the middle
section under a light microscope after Toluidine blue staining
(Fig. 4) and by TEM to provide a more detailed view of the
myelinated axons in the NGCs (Fig. 5). The NGC group
stimulated with both NGF and US showed a larger axon
diameter and a thicker myelin sheath than those in the other
groups, indicating better nerve regeneration. Figure 6 com-
pares the diameter of myelinated axons, thickness of the
myelin sheath, and area occupied by neural tissue in the
NGCs with those of normal rat nerves. It was observed that
neural tissues, including myelinated axons and myelin
sheath were continuously grown in all NGCs with time. The
NGF/US/NGC group showed a significantly larger neural
tissue area than that in the other groups. The area occupied
by neural tissue in NGF/US/NGC after 24 weeks implan-

tation was *87% (747.1 – 25.9 mm2/1000 mm2) relative to the
normal nerve (855.9 – 11.9 mm2/1000mm2). The NGC, NGF/
NGC, and US/NGC groups showed less neural tissue area
compared with NGF/US/NGC; *49% (418.4 – 31.3 mm2/
1000mm2), *63% (539.9 – 20.5 mm2/1000mm2), and *78%
(668.8 – 12.2 mm2/1000mm2), respectively, relative to the
normal nerve values.

To evaluate the extent of reinnervation of target muscle,
the wet weight, diameter of muscle fibers, and collagen fiber
area in the gastrocnemius muscle were compared among the
NGCs without and with the different stimulation treatments
(single or dual stimulations of NGF and US). All NGC
groups showed reduced wet weight of muscle, diminished
muscle fibers, and increased collagen fibers when compared
to those in the normal group, suggesting that muscle atrophy
was caused by the severe nerve defect (Figs. 7 and 8).
However, the muscles recovered gradually from atrophy
with time (an increased wet weight of muscle and diameter
of muscle fiber, but a decreased collagen fiber area), re-
gardless of stimulation, suggesting that the NGCs may
provide a good environment for nerve regeneration and thus
allow appropriate muscle reinnervation. The NGF/US/NGC
group showed significantly faster recovery from muscle at-
rophy compared with the other groups with time (a greater
wet weight of muscle, a thicker diameter of muscle fiber, and
a smaller collagen fiber area), indicating better nerve regen-
eration.

To determine whether the reconnection between proximal
and distal stumps was induced through the NGCs or not, FG
retrograde tracing was performed. FG-labeled neuron cell

FIG. 8. Comparison of (A)
wet weight of gastrocnemius
muscle, (B) diameter of the
muscle fibers, and (C) per-
centage of collagen fiber area
at 12 and 24 weeks after NGC
implantation (n = 3; *p < 0.05).
The NGF/US/NGC group
showed faster recovery from
muscle atrophy compared
with the other groups.

NERVE REGENERATION THROUGH NGC WITH BIOLOGICAL/PHYSICAL STIMULATION 2681



bodies (gold color) were observed in the DRGs of all NGCs.
As shown in Figure 9, the number of cells increased gradu-
ally with time, indicating that the reconnection between de-
fect nerves occurred continuously. The NGF/US/NGC
group contained more FG-labeled neuron cells compared to
those in the other groups, indicating that greater nerve fibers
connecting the defect stumps were present. The nerve re-
connection rates through NGCs were as follows:

NGF/US/NGC > US/NGC > NGF/NGC > NGC.
An electrophysiological analysis was performed to deter-

mine whether functional reinnervation occurred through the
NGCs. The nerve conduction velocities of the NGCs treated
with different simulations after 12 and 24 weeks of implan-
tation were compared with that of the normal nerve shown
in Figure 10. The nerve conduction velocities of all the NGC
groups increased continuously with time. In particular, the
NGF/US/NGC group showed significantly faster nerve
conduction velocity than that in the NGC group, which re-
ceived no or single stimulation, indicating greater functional
reinnervation of the damaged nerve. The nerve conduction
velocity of the NGF/US/NGC (29.6 – 1.8 m/s) after 24 weeks
of implantation was about 69% of the normal nerve

(42.1 – 3.3 m/s). The difference in the nerve conduction ve-
locity between the NGC groups that received a single stim-
ulation (NGF/NGC and US/NGC) after 24 weeks of
implantation was not significant.

Discussion

It is well established that a distal nerve stump after injury,
such as a cut through the nerve fiber, separates from its cell
body and starts to degenerate in a series of steps called
Wallerian degeneration.17 Nerve regeneration is initiated
from the proximal stump to distal stump through prolifer-
ating Schwann cells in the basal lamina, such as the
Büngner’s band.19,21 Although autologous nerve grafts have
been used to bridge the nerve defects and have been a gold
standard in the clinical field for nerve regeneration over the
last 50 years, it’s inevitable limitations, including the low
success rate on treated patients ( < 50%), the need for a sec-
ond surgical procedure to extract the donor nerve, a per-
manent loss of the donor nerve function, a limited supply of
available grafts, and a mismatch in the axonal size/distri-
bution/alignment between the defective nerves (usually

FIG. 9. Fluorescent micrographs
following FG retrograde tracing in
the DRGs of the NGC-implanted
groups at 1 week after FG injection
(FG injection was conducted at 12
and 24 weeks of postimplantation;
· 100). The number of FG-labeled
neuron cell bodies (gold color) in-
creased gradually with time, indi-
cating that the reconnection
between defective nerves was oc-
curring continuously. The NGF/
US/NGC group showed more FG-
labeled neuron cells compared to
the other groups, indicating that the
greater nerve fibers connecting the
defect stumps were present. FG,
FluoroGold; DRG, dorsal root gan-
glion. Color images available online
at www.liebertpub.com/tea
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pure motor [tibial] or motor/sensor mixed nerves [sciatic])
and graft nerve (commonly sensory nerves), still remain.22–25

Thus, an artificial NGC has been commonly accepted as an
alternative technique that can correctly guide the growth of
nerve fibers and provide an appropriate environment for
nerve regeneration.6,7 A variety of tissues and natural/syn-
thetic polymers have been utilized as NGCs; however, NGCs
also have intrinsic drawbacks to apply for clinical use, in-
cluding relatively slow morphological and functional re-
covery and limited nerve regeneration through NGC,
because they cannot stimulate Schwann cell migration and
provide an appropriate substrate to support neurite out-
growth.1,26,27

In this study, NGF (as a biological stimulus) was incor-
porated onto the pore surfaces of an asymmetrically porous
PCL/F127 NGC with a nanoporous inner surface (Fig. 2)
through heparin immobilization, and the low-intensity
pulsed US (as a simple and noninvasive physical stimulus)
was additionally applied at the NGF-immobilized NGC-
implanted site transcutaneously in rats to investigate the
feasibility of a dual stimulation system for accelerated nerve
regeneration through the NGC and to evaluate its potential
use as a clinically useful therapeutic system. The NGF is a
well recognized growth factor that promotes peripheral
nerve regeneration and prevents nerve cell loss after pe-
ripheral nerve damage.28,29

The NGF immobilized on the NGC (*324 ng) released
gradually from the NGC up to *80% of the initial loading
for 35 days15 to promote continuous nerve regeneration
(cumulative amount of NGF, *260 ng after 35 days). NGF
loading amounts in NGCs applied for peripheral nerve re-
generation appeared to be diverse in the literatures; Wang
et al.30 incorporated NGF into aligned core shell nanofiber
NGCs (similar size NGC used in this study) with the loading
amount of NGF, *200 ng/NGC and showed the continuous
release of NGF from the NGC, up to *65% of the initial
loading for 30 days with a sharp initial burst during the first
3 days, while Dodla et al.31 reported the cumulative amount
of NGF released over 18 days, *60 ng/NGC (double-size
length of NGC used in this study) without a sharp initial
burst. Low-intensity pulsed US has been widely utilized for
therapeutic purposes in various soft tissue systems,32,33

however, its effects on damaged peripheral nerve are still
unclear. It has been hypothesized that US, which is mainly
compression-type acoustic waves, may generate a deforming
environment in the path as the low-intensity US passes
through soft tissue, inducing a certain level of stress to the
affected area and thus producing some stimulatory effects at
the cellular level.34

The animal study showed that NGF or US stimulation has
a positive effect to promote the peripheral nerve regenera-
tion through the NGC; however, the US-stimulated group
allowed more accelerated nerve regeneration than the NGF-
stimulated group. The group with both NGF and US stim-
ulation had the most effective nerve regeneration behavior
compared to that in the other groups in our system. The
stimulatory effect of NGF on nerve regeneration is under-
stood by its inherent biological function, which can lead to
neuronal survival and axonal growth, and thus allow func-
tional reinnervation of injured peripheral nerves.35 A more
detailed mechanism of neutrophic factors, including NGF for
nerve repair, is described well by Bell.36 Some investigators
have demonstrated that a NGF solution-containing silicone
chamber shows more mature peripheral nerve regeneration
(more myelinated axons, greater thickness of myelin sheaths,
etc.) and an earlier recovery of sensory function compared to
a control solution-containing chamber.37,38 We expected that
the sustained release of NGF (up to 35 days) from the NGC
in our system would maximize its biological effectiveness for
nerve regeneration, allowing for prolonged bioactivity of the
growth factor.39 Although the mechanism of the therapeutic
effect of US is still unclear, it is believed that low-intensity US
stimulates Schwann cells, which aid in myelinating axons,
directionally guiding neurons, and playing a predominant
role in peripheral nerve regeneration.40,41 Madison et al.42

demonstrated that Schwann cells are the richest source of
neurotrophic factors for peripheral nerve regeneration. It
was also revealed that low-intensity US activates Schwann
cells to produce neurotrophic proteins.43 Continuous and
long-term secretion of neurotrophic factors from US-stimu-
lated Schwann cells may be the reason why the US/NGC
group allowed more promoted nerve regeneration than the
NGF/NGC group (NGF was released from the NGC up to 5
weeks of postimplantation in our system) (Figs. 3–10). The
NGF/US/NGC group, which received dual stimulation
showed increased nerve regeneration behavior compared to
that in the single stimulation groups (NGF/NGC and US/
NGC), expecting the synergistic or at least additive effect on

FIG. 10. Comparison of the nerve conduction velocity at 12 and
24 weeks after NGC implantation (n = 3; *p < 0.05). The nerve
conduction velocities of all NGC groups increased gradually
with time. In particular, the NGF/US/NGC group showed sig-
nificantly faster nerve conduction velocity than that in the other
groups. The difference in nerve conduction velocity between the
NGC groups that received single stimulation (NGFNGC and
US/NGC) after 24 weeks of implantation was not significant.
Color images available online at www.liebertpub.com/tea
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both biological and physical stimulations. This phenomenon
may be explained by the sustained release of NGF from the
NGC, which can prolong bioactivity of the growth factor16

(although the NGF is released during the relatively short
period compared to that of nerve regeneration) and the
continuous production of neurotrophic factors from
Schwann cells activated by US. Alrashdan et al.44 also re-
ported that low-intensity electricity (physical) stimulation or
recombinant adenoviral vector-mediated brain-derived neu-
rotrophic factor (biological) stimulation improved peripheral
nerve regeneration when a single stimulation was applied;
however, their combined stimulation did not show any fur-
ther positive effect compared to the single stimulation. Based
on our findings, we suggest that the NGF/US/NGC system
could be a simple and effective therapeutic technique for
peripheral nerve regeneration, and thus may be a very
helpful strategy to apply for long-gap nerves to accelerate the
reinnervation rate and provide sufficient functional recovery
of peripheral nerves, which are pivotal criteria for clinical
applications.
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