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Recovery from peripheral nerve damage, especially for a transected nerve, is rarely complete, resulting in
impaired motor function, sensory loss, and chronic pain with inappropriate autonomic responses that seriously
impair quality of life. In consequence, strategies for enhancing peripheral nerve repair are of high clinical
importance. Tension is a key determinant of neuronal growth and function. In vitro and in vivo experiments have
shown that moderate levels of imposed tension (strain) can encourage axonal outgrowth; however, few strategies
of peripheral nerve repair emphasize the mechanical environment of the injured nerve. Toward the development
of more effective nerve regeneration strategies, we demonstrate the design, fabrication, and implementation of a
novel, modular nerve-lengthening device, which allows the imposition of moderate tensile loads in parallel with
existing scaffold-based tissue engineering strategies for nerve repair. This concept would enable nerve regeneration
in two superposed regimes of nerve extension—traditional extension through axonal outgrowth into a scaffold
and extension in intact regions of the proximal nerve, such as that occurring during growth or limb-lengthening.
Self-sizing silicone nerve cuffs were fabricated to grip nerve stumps without slippage, and nerves were deformed
by actuating a telescoping internal fixator. Poly(lactic co-glycolic) acid (PLGA) constructs mounted on the tele-
scoping rods were apposed to the nerve stumps to guide axonal outgrowth. Neuronal cells were exposed to PLGA
using direct contact and extract methods, and they exhibited no signs of cytotoxic effects in terms of cell mor-
phology and viability. We confirmed the feasibility of implanting and actuating our device within a sciatic nerve
gap and observed axonal outgrowth following device implantation. The successful fabrication and implementation
of our device provides a novel method for examining mechanical influences on nerve regeneration.

Introduction

Peripheral nerve injury may result from trauma, can-
cer, or congenital defects,1–3 with the severity of injury

categorized by the degree and reversibility of structural
changes to the nerve.4,5 Recovery from peripheral nerve
damage, especially for a transected nerve, is rarely complete,
resulting in impaired motor function, sensory loss, and
chronic pain with inappropriate autonomic responses that
may seriously impair quality of life. It is estimated that more
than 50,000 peripheral nerve repair procedures are annually
performed in the United States alone, imposing a financial
burden of 7 billion dollars per year.2 In consequence, strat-
egies for enhancing peripheral nerve repair are of high clin-
ical importance.

Short gaps ( < 10 mm) may be readily bridged by surgical
reconnection of stumps6 or through a variety of autologous
and nonautologous nerve guidance channels (NGCs).3,7–14

Autologous nerve grafts remain the gold standard for

repairing longer nerve gaps, but are in limited supply, ex-
hibit donor site morbidity, and may exhibit a size mismatch
compared to the transected nerve. Nonautologous grafts
can incorporate biological or synthetic components and
have been designed with increasing complexity. Biological
grafts include acellular nerve grafts or use skeletal mus-
cle,15,16 vein17–19, and tendon,20 while synthetic NGCs have
been fabricated with a variety of geometries, porosities, and
material properties.3,21 Grafts have also been designed to
incorporate chemical and biological cues to encourage
nerve regeneration, such as Schwann cells, stem cells, or
neurotrophic factors.22–25 Despite such developments, en-
gineered NGCs do not perform as well as autografts, par-
ticularly for large defect sizes, when degeneration is more
likely to outpace neuronal extension.26 Therefore, there is
still a need to develop a strategy for repairing large gaps
( > 10 mm).

Tensile loading is an influence on nerve growth and
function that has been underutilized in the context of nerve
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regeneration. Nerves bear tension under several physiologi-
cal scenarios. Peripheral nerves exist under tension, releasing
strains of up to 11% following transection,27–29 and may
deform additionally, in some cases upward of 20%, during
joint movement.30–32 During growth, axonal tension serves
as a survival and stabilization signal for axons. Conversely,
neurites under no tension retract.33 It has also been shown
that moderate tensile loads can accelerate neuronal growth,
both in vitro and in vivo.34–39

Toward the development of more effective nerve regen-
eration strategies, in this study, we detail the design, fabri-
cation, and preliminary implementation of a novel internal
fixator device. This modular device, by imposing mechanical
loads on regenerating nerves in parallel with existing tissue
engineering strategies for nerve repair, facilitates two re-
gimes of nerve extension—traditional extension through
axonal outgrowth into an engineered scaffold and novel
extension of intact regions of the proximal nerve (Fig. 1a).

Materials and Methods

Animals

We used adult 14-week-old male Sprague-Dawley rats
(350–400 g), based on the use of this strain in a number of
nerve regeneration studies and its well-characterized sciatic
nerve architecture.40, 41 Animal use protocols were approved
by the UMCP and UCSD Institutional Animal Care and Use
Committees.

Device fabrication

The device is composed of three major components: self-
sizing silicone spiral nerve cuffs, poly(lactic co-glycolic) acid
(PLGA) NGCs, and a mechanical backbone to which the
cuffs and NGCs are attached. Dimensions for the device used
with rat sciatic nerves are provided in Figure 1b.

Spiral nerve cuffs. To impose tensile loading on the
transected nerve, self-sizing spiral nerve cuffs were created
to firmly grip the proximal and distal nerve stumps, without
exerting excessive compression. We modified a protocol for
the fabrication of spiral cuff electrodes42; however, no elec-
trode was embedded in our cuffs (Fig. 2a). Two Silastic�

silicone sheets (Dow Corning) of 0.005 inches in thickness
were bound together using a silicone adhesive (biomedical
grade Silastic� elastomer MDX4-4210; Dow Corning). The
first sheet was unstretched, and placed adjacent to one
stainless steel slab. The second sheet was stretched to a
specified strain (50%, 60%, 70%, or 100% strain; cf. Fig. 2d),
and attached to a second grooved slab via an additional layer
of silicone adhesive, to create a textured surface on the in-
terior surface of the cuff that would increase friction between
the cuff and nerve stump. The sandwiched silicone com-
posite was cured at 60�C for 2 h. After curing, the resultant
spiral sheet was cut to a length of 0.5 cm, to enable self-sizing
of approximately one and a quarter spirals around the sciatic
nerve of adult male Sprague-Dawley rats (350–400 g).

Nerve guidance channel. Nerve guides were prepared
using a modified phase inversion technique.43 PLGA (lactic
to glycolic acid mol ratio of 75:25, Mw = 66,000–107,000;
Sigma) was dissolved in tetraglycol (Sigma) at 60�C (10 wt%)
and then Pluronic� F-127 was added (3 wt%) to increase the
hydrophilicity. Alginate hydrogel rods were formed by first
dissolving alginate (Sigma) in water (4 wt%) and injecting the
solution into 2% CaCl2 with a syringe (14-gauge needle).
After saturation, the alginate hydrogel was immersed in the
PLGA/Pluronic F-127 solution. Due to phase separation
between polymer (PLGA/F127) and nonsolvent (water in
alginate hydrogel), PLGA precipitated onto the alginate rod
as water diffused out of the hydrogel. The construct was
thoroughly washed in water for 24 h to remove excess tet-
raglycol. After retrieval of the alginate rod; the resultant

FIG. 1. Device design. The nerve
stretching device is composed of
spiral nerve cuffs, poly(lactic co-
glycolic) acid (PLGA) nerve
guidance channel (NGC), and
stainless steel backbone (a) Two
regions of regeneration, A:
Enhanced axonal outgrowth into a
tissue engineered nerve guide/
scaffold; B: Lengthening of intact
regions of nerve stumps–cf. limb
lengthening. (b) Dimensions of the
device. Color images available
online at www.liebertpub.com/tec
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PLGA tubes were dried at room temperature and cut to the
desired length.

Mechanical backbone. A stainless steel rod of 1.57 mm
in diameter (Component Supply Co.) was used as the
backbone of the device. This material was selected due to its
strength and previous applications in implanted devices. The
end of the device to be affixed to the proximal stump con-
sisted of one spiral nerve cuff and a PLGA NGC fixed onto a
14-gauge thin wall stainless steel hypotube (Component
Supply Co.), designed to slide along the stainless steel rod.
The hypotube had a 28-gauge guidewire attached, enabling
us to stretch the proximal nerve stump. A second spiral
nerve cuff and PLGA NGC were fixed to the distal terminal
of the inner stainless steel rod. Medical grade n-butyl cya-
noacrylate adhesive was used to affix the cuffs, guidance
channel, and guidewire to the device backbone.

Device characterization

Spiral nerve cuffs. To find the correlation between pre-
loaded strain in the silicone sheet and degree of spiral curl,
the inner diameters of nerve cuffs of 50%, 60%, 70%, and
100% strains were measured and compared. Inner diameter
was defined as the distance from the inner most tip of the
curved cuff to the surface 180� from this starting point. We
examined the capability of cuffs to grip nerves without
slippage in rat cadavers (n = 6) and in vivo (n = 8). We ex-

posed rat sciatic nerves and then deployed self-sizing spiral
nerve cuffs (fabricated under 100% strain, Fig. 2d.) by un-
winding them and letting them roll onto the nerves. The
inner edge was gently pulled with forceps to ensure that
there was no gap between cuff and nerve. In cadavers, we
actuated the device the entire possible 6 mm (Fig. 1b).
In vivo, we stretched nerves 20% beyond physiological
strain (*2 mm), and examined cuff positioning between 1
day and 3 weeks later.

We also assessed the possibility of nerve compression by
the cuffs. During device implantations in situ and in vivo,
the interface of the nerve and cuff was examined at 5 ·
–20 · magnification, to confirm that the nerve did not
narrow upon entry to the cuff, indicated by a change in the
diameter or trajectory of the nerve at the nerve–cuff inter-
face. These effects were quantified ex vivo. We wrapped
cuffs around nerves soaked in trypan blue (n = 4), which
provided contrast between nerve and cuff. Digital images
(three images/nerve, from three different angles/nerve)
were captured to compare nerve geometry at the nerve–cuff
interface and away from the cuff. We first compared the
angular trajectory of the nerve 0 mm (nerve-cuff border) to
0.25 mm from the cuff with the trajectory of the nerve in the
adjacent nerve segment 0.25–0.5 mm from the cuff. In ad-
dition, the nerve diameter at the cuff–nerve interface (0 mm)
was compared to the diameter 0.5 mm away from the cuff.
Control trajectories and diameters were measured > 3 mm
from the cuff; angular trajectories in adjacent 0.25 mm

FIG. 2. Fabrication and
characterization of spiral nerve cuff.
(a) Two layers of silicone sheets
(with one being stretched) are glued
together; (c) the microgroove
pattern on the slab is transferred to
the cuff; (b) the resultant curled
nerve cuff after curing; (d) inner
diameter decreases with increasing
% strain of prestretched silicone
sheet; (e) sample ex vivo testing of
trypan blue-labeled nerve in cuff
revealed no appreciable
compression or tethering. Color
images available online at
www.liebertpub.com/tec
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segments and diameters flanking these segments were
compared. A difference in the ratio of trajectories in adja-
cent regions, coupled with a difference in diameter, would
suggest compression or tethering.

PLGA cytotoxicity. Both direct contact and test on extract
methods of in vitro cytotoxicity testing were performed on
the SH-SY5Y neuronal (neuroblastoma) cell line (ATCC #
CRL-2266). The impact of leachable factors from PLGA on
cell viability was performed as suggested in the ISO 10993-5
standard. Cell culture medium (90% MEM/F12, 10% fetal
bovine serum) was incubated in PLGA-coated Petri dishes at
37�C for 24 h and then was used to feed SH-SY5Y cells. To
test the effects of PLGA on cell growth, after 96 h of culture
SH-SY5Y cells were collected by trypsinization of adherent
cells. The numbers of total cells were estimated by cell
counting using hemocytometer and statistically compared by
Student’s t-test (type I error a = 0.05). Cell viability was tested
using Live/Deadª fluorescence assay. Morphology of cells
fed with PLGA-incubated medium was observed under an
inverted light microscope. For the direct contact study, vi-
sualization of morphology of cells grown on PLGA using
traditional transmitted light microscopy was difficult due
to the opaque nature of the thick PLGA layer. Therefore,
SH-SY5Y cells were first seeded onto discs coated with PLGA
or PLGA followed by laminin in a Petri dish filled with
culture medium. Discs were then inverted onto coverslips
for imaging. For identifying the contours of the neuronal
cells, they were stained with Alexa Fluor� 488 conjugated
wheat germ agglutinin, which binds to sialic acid and
N-acetylglucosaminyl sugar residues that reside on the cell
membrane.44 Subsequent imaging was performed on an in-
verted widefield fluorescence microscope (Nikon TE-2000U)
using filters appropriate for FITC visualization and a Leica
SP5 confocal imaging system and a 63 · objective at a reso-
lution of 0.4805mm/pix. For the latter, an argon laser enabled
excitation at 488 nm and emission was captured between 500
and 550 nm.

Device implantation

Implantations were initially performed in cadavers, and
then in vivo. For initial in situ studies, 14-week-old adult male
Sprague-Dawley rats were sacrificed by CO2 euthanization.
For in vivo studies, 14-week-old adult male Sprague-Dawley
rats were anesthetized using 5% isoflurane inhalation anes-
thesia, followed by injection of analgesic (0.05 mg/kg bu-
prenorphine) and antibiotics (5 mg/kg Baytril�). Anesthesia
was maintained by 2% isoflurane inhalation all through the
surgery. The surgical site was shaved and sterilized, and the
sciatic nerve was exposed and severed as above. The device
was implanted; the incision to the muscle was closed by 4-0
Vicryl� suture and the incision to the skin with 3-0 Prolene�

monofilament suture. The rat was kept for up to 3 weeks
with full access to food and water.

The sciatic nerve was exposed by separating branches of
the hamstring muscles. A 10 mm segment of sciatic nerve
proximal to the trifurcation was removed, and then the de-
vice was implanted. The backbone was oriented along the
original axis of the nerve within the nerve bed. Proximal and
distal nerve stumps were wrapped with the spiral nerve
cuffs. Forceps were used to carefully grasp the epineurial

sheath, and bring the tip of the nerve stump toward the open
ends of the PLGA NGC. No more than 0.25 mm of the nerve
was placed within the channel, to ensure guidance within
the channel. The guidewire was then pulled to stretch the
proximal stump of the sciatic nerve proximal stump to the
desired length. Once the device was positioned appropri-
ately, it was prevented from translating by fixing it to the
underlying muscle bed with stainless steel anchors (28
gauge). A group of rats also underwent the same surgical
protocol without device implantation. Contralateral nerves
were harvested as controls.

Characterization of response to device

Following sacrifice, a gross assessment of device tolerance
and immunohistochemistry were performed. The length of
regenerating proximal nerve stump that extended beyond
the cuff was measured and then rapidly frozen down in
chilled isopentane for histology preparation. The regenerat-
ing nerve was embedded in Optimal Cutting Temperature
(Sakura Fintek USA, Inc.) and cut into 10-mm sections for
immunostaining. Primary antibodies including mouse anti-
rat SMI-31 monoclonal antibody (Covance) diluted at 1:200
and rabbit anti-rat S-100 polyclonal antibody (Sigma-
Aldrich) diluted at 1:200 along with secondary antibodies
goat anti-mouse Alexa-Flour 488 conjugated and goat anti-
rabbit Alexa-Flour 594 conjugated diluted at 1:200 (Invitro-
gen) were used and then visualized with confocol micros-
copy as above (Leica SP5), using filters appropriate for Texas
Red visualization.

Results

Spiral nerve cuffs

Spiral nerve cuffs were successfully fabricated, and the
microgroove pattern was successfully transferred to the in-
ner surface of the cuff (Fig. 2b, c). Measurements of the inner
diameter of the spiral nerve cuffs showed a decreasing trend
of inner diameter with increasing strain in the stretched sil-
icone sheet (Fig. 2d). Pilot testing of the efficacy of nerve
gripping indicated that cuffs of 70% and 100% preloaded
strain (average inner diameter of 1.35 and 0.85 mm, respec-
tively) successfully held the nerve without slippage. We
elected to use the 100% cuff for further characterization, as
self-sizing was more consistent. For 14 out of 14 tests (100%)
in cadavers and in vivo, there was no indication that nerves
detached from the cuffs, or slid within the cuff, based on
comparison of cuff position to reference marks at the proxi-
mal cuff–nerve boundary. The inner surface of spiral nerve
cuff was in close contact with the nerve stump but caused
minimal nerve compression. In all in situ and in vivo exper-
iments (n = 14), the trajectory and diameter of the nerve
outside of the cuff was compared to its trajectory entering the
cuff, and no indication of compression or tethering was ob-
served in 100% (14/14) of these qualitative assessments. This
was tested more formally ex vivo, by quantifying the geom-
etry and trajectories of nerves entering the cuffs. Nerves were
dyed with trypan blue, to enhance contrast with the optically
clear cuff. Consistent with qualitative observations of a
continuous nerve trajectory into the cuff (e.g., Fig. 2e), based
on the ratio of trajectories and diameters in adjacent regions
at and away from the cuff (control), no deviation in trajectory
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(control: 1.00 – 0.002 vs. cuff: 1.00 – 0.006, p = 0.41, n = 8 in-
terfaces) or diameter (control: 0.99 – 0.01 vs. cuff: 0.98 – 0.01,
p = 0.67, n = 8 interfaces) was observed at the interface of cuff
entry.

PLGA nerve guidance channel

Due to phase separation, white solid state PLGA gradu-
ally precipitated onto the water-eluding alginate hydrogel.
After retrieval of the alginate rod, a hollow PLGA tube was
produced (Fig. 3a). The PLGA tube was then cut into small
segments to serve as NGCs (Fig. 3b). Cross-sectional scanning
electron microscopy images showed that the PLGA tubes
had a porous structure (Fig. 3c) as reported previously.45

PLGA cytotoxicity

SH-SY5Y cell fed with medium preincubated with PLGA
showed similar morphology (Fig. 4b) to that of control (Fig.
4a). Live/Dead� cell viability assay also showed that only
very few dead cells were present (Fig. 4d; 4c as control).
Quantification revealed no significant difference in viability
between treated and control cells (94% – 3.71% vs.
98% – 0.27% (mean – standard error of the mean), respectively;
p = 0.30; Student’s t-test, n = 3). Thus, both morphologically
and biochemically, no signs of cytotoxicity were observed. For
the effects of PLGA on cell division and growth, the experi-
mental group displayed no significant difference compared
with the control group (Fig. 4e). For direct observation of
morphology of cells grown on PLGA, cell membranes were
labeled with fluorescent wheat germ agglutinin. Confocal
imaging revealed that SH-SY5Y cells adhered to a laminin-
coated PLGA substrate, spread, and extended outward (Fig.
4f). Outgrowth and cell density on a laminin-coated surface
was superior to that on PLGA alone (data not shown).

In situ implantation—feasibility of no-slip actuation

The assembled device is shown ex vivo under nonactuated
and actuated configurations (Fig. 5a, b). Deployment of the
device was first performed in a rat cadaver, to demonstrate

the feasibility of actuation. The device was implanted within
a nerve defect, with the nerve stumps wrapped by spiral
cuffs (Fig. 5c). By pulling the guidewire attached to the hy-
potube sliding over the rod, the nerve stump of proximal end
was successfully stretched and placed under tension (Fig.
5d). This configuration corresponds to the maximum possi-
ble one-time deformation (6 mm) of the nerve, which is
limited by guidance channel dimensions. Though unlikely to
be physiologically relevant, this cadaver experiment dem-
onstrates no-slip gripping of nerve at substantial deforma-
tion, and thus opposing tension.

In vivo implantation—feasibility of promoting
regeneration

The device was successfully deployed across a sciatic
nerve defect in anesthetized rats (Fig. 6a), and tensioned to
physiological (*10%; n = 4) or super-physiological defor-
mation (*20%; n = 4), demonstrating feasibility of device
implantation and actuation in vivo. While a comparative,
quantitative assessment of regeneration is underway, but
outside of the scope of this study, several observations con-
firmed the feasibility of using our device to probe regener-
ation. All animals tolerated the device for up to 3 weeks
without obvious signs of infection. Upon reopening the in-
cision, as expected, fibrotic encapsulation of the device was
observed (Fig. 6b). Nevertheless, the device was cleanly ex-
cised, with minimal connective tissue bound to either the
stainless steel backbone (Fig. 6c) or the attached cuff/nerve
complex (Fig. 6d). Moreover, both nerve stumps remained
confined within the cuffs without apparent slippage, and the
proximal stump extended about 6 mm beyond the cuff into
the guidance channel (Fig 6d; guidance channel removed to
visualize nerve). Nerve confinement and alignment by the
device was in sharp contrast to injured nerves allowed to
recover for 1 week in the absence of a guidance channel,
which were misaligned and blocked from regeneration by
fibrosis (Fig. 6e, f).

Immunolabeling indicated the presence of axons in the
regenerated region of the stump, indicated by positive

FIG. 3. Fabrication of PLGA
NGC. (a) Alginate rod was
immersed in PLGA/Pluronic
F-127 solution for 10 min.
Tubular PLGA layer is formed
due to phase separation when
water diffuses out the alginate
rod; coated alginate rod was
thoroughly washed in water
before alginate rod is removed
(b) PLGA tube is cut into short
segments to serve as NGC. (c)
Cross section scanning
electron microscopy picture of
PLGA tube.
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staining of phosphorylated neurofilaments (SMI31 antibody)
(Fig. 7b, c) and Schwann cell marker (S100 antibody) (Fig. 7e,
f). The parallel alignment of axons and Schwann cells was
similar to that of contralateral controls (Fig. 7d, g). Collec-
tively, these preliminary in vivo data indicated the feasibility
of device usage in vivo, and provide confidence in the de-
ployment of such devices to test hypotheses regarding the
role of tensile loading in nerve regeneration.

Discussion

Toward the implementation of a novel strategy for accel-
erating peripheral nerve regeneration, we have successfully

designed, fabricated, and implanted across a rat sciatic nerve
gap a modular device that enables simultaneous lengthening
of the proximal nerve stump and axonal outgrowth into an
engineered scaffold. The novelty of our approach lies in the
application of tensile loading (stretch) as a strategy to
accelerate peripheral nerve regeneration, and the seamless
integration of this strategy with existing tissue engineering
strategies for nerve repair.

A role for tension in nerve repair

Although several recent studies implicate tension as a key
regulator of neuronal survival, the role of tension in

FIG. 4. PLGA cytotoxicity. (a–d) Cells were fed with PLGA-incubated culture medium to test whether leachable substances
from a PLGA scaffold would have cytotoxic effects on the cells. (a, b) No signs of PLGA cytotoxicity was observed in terms of
cell morphology; (c, d) Live/Dead� cell viability assay indicated very few dead cells; (e) No statistical difference was found
between control and PLGA group, p = 0.05. (f) Visualization of morphology of cells grown on PLGA by fluorescent wheat
germ agglutinin staining of cell membranes. SH-SY5Y cells attached, spread, and proliferated on PLGA. Color images
available online at www.liebertpub.com/tec
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peripheral nerve repair is debatable. In clinical practice,
tension-free repair remains the preferred treatment.46,47 This
is motivated by suggestions that excessive tension results in
scar tissue formation and adhesion48,49 or impairs blood
supply50,51; studies showed blood flow reduced *50% when
nerves are stretched to 10%.52,53 On the other hand, Sun-
derland et al. showed that modest levels of tension were well
tolerated in rat sciatic nerve regeneration model,54 and ro-
bust nerve regeneration was observed at 4 weeks in all ex-
cept the 9 mm-repair group. Moreover, Smith et al.
demonstrated the capacity of integrated axons to undergo
substantial growth via continuous mechanical tension; in-
deed a stretch-induced axonal growth of 1 cm in length by 10
days of stretch was achieved.55 The most compelling evi-
dence for a role of tension in nerve regeneration may be

found in animal and human models of limb lengthening,
where nerves tolerate substantial deformations during the
lengthening process.34,56–65

Therefore, the more appropriate debate should be on de-
fining an appropriate threshold beyond which tension is
detrimental. Our device design is motivated by the hypoth-
esis that maintaining physiological strain during the
lengthening process will accelerate nerve regeneration.

Novel device features and characterization

Our device consisted of three key design features: silicone
spiral nerve cuffs to hold the nerve, a telescoping stainless
steel backbone to enable nerve deformation, and PLGA
NGCs to promote axonal outgrowth.

FIG. 5. Demonstration of
slip-free nerve deformation.
(a, b) Device fully extended
and maximally actuated, ex
vivo. (c, d) Fully extended
device and actuated device in
a rat sciatic nerve defect. Note
that implanted device can
stretch the nerve stumps
6 mm without slippage. Color
images available online at
www.liebertpub.com/tec

FIG. 6. Response to 2-week
implantation of device. (a) A
nerve gap was created by
removal of 10 mm segment
from the rat sciatic nerve. (b)
Following 2 weeks of
implantation, minor fibrosis
was observed at the
implantation site. (c) The
stainless steel backbone was
cleanly extracted at 2 weeks.
(d) The proximal stump was
still securely held by the
nerve cuff (red arrow), and
the regenerating tip extended
beyond the cuff *6 mm (blue
arrow). (e, f) In the absence of
device implantation the two
stumps remained
disconnected and misaligned.
A bulge was observed at the
proximal stump and the
degenerating distal stump
appeared fused with
surrounding fatty/connective
tissue. Color images available
online at www.liebertpub
.com/tec
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Self-sizing spiral cuffs, modeled after spiral cuff electrodes,42

were fabricated to a desired inner diameter (Fig. 2d). They were
also patterned with microgrooves on the inner surface to in-
crease friction between the cuff and underlying nerve. Self-
sizing cuffs successfully held nerves during deformation
without excessive compression (Fig. 2e). In contrast to sutures,
which would concentrate stresses in their vicinity during
stretch, cuffs also promoted the distribution of loads over a
larger surface area. Mounting the cuffs on telescoping rods
enabled actuation through a simple guidewire, in-
tracorporeally. While there is room for innovation in control-
ling the degree of actuation, the fact that the guidewire is the
only piece of the device protruding from the body is attractive,
and a significant advantage over an external fixator design.

Though any scaffold may be integrated into our device, we
initially selected tubular PLGA/Pluronic F-127 conduits as
NGCs. This material was selected based on its hydrophilicity,
our ability to carefully control its geometry, even in hydrous
conditions, and its promise as a guidance channel.43 We
confirmed that the resultant PLGA nerve guidance had a
porous structure (Fig. 3c), which is likely to be permeable to

nutrients. We extended the previous fabrication and charac-
terization of PLGA NGCs by performing direct and indirect
contact cytotoxicity tests. Though PLGA is a well-established
biomaterial, our use of neuronal cells extends previous studies
on fibroblasts,66–68 and is directly relevant to our intended
application for neuronal regeneration. For both direct contact
and extracts testing, no signs of cytotoxicity were found in
terms of cell proliferation and cell viability. With respect to
morphology, SH-SY5Y cells on PLGA exhibited adherent cell
bodies with projections extending outward, similar to neuro-
nal cells cultured in tissue culture Petri dishes. A substantial
improvement in neuronal adherence and neurite morphology
was observed when neurons were plated on PLGA coated
with laminin. Consequently, this minor, but beneficial change
should be incorporated into implanted PLGA NGCs.

Device implantation and surgical implementation

We confirmed the feasibility of implanting our device
across a sciatic nerve gap and lengthening the proximal nerve
stump without slippage up to 6 mm (*60%) in a rat cadaver

FIG. 7. Evidence of
regenerative neural
outgrowth. (a) The
regenerating nerve extended
*6 mm beyond the cuff, and
was stained with anti-SMI-31
(a–c) and anti-S100 (e, f)
antibodies, which labeled
phosphorylated
neurofilaments and Schwann
cells, respectively. (d, g) The
contralateral sciatic nerve
was stained with the same
two markers and served as a
control. Color images
available online at
www.liebertpub.com/tec
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(Fig. 5c, d). This excessive strain would likely be detrimental
physiologically, but did confirm the ability to maintain a su-
ture-free grip on a nerve despite considerable opposing tensile
loads. Preliminary results in vivo were also promising. Nerves
were successfully subject to a one-time stretch of *10%
(physiological strain) and *20% (super physiological strain),
and revealed that rats did not show signs of infection, and
survived at least 3 weeks before sacrifice. Within this time
frame, the proximal nerve stump extended about 6 mm be-
yond the cuff (Fig. 6d); we further identified regenerating
axons as a part of this elongating tissue, based on positive,
well aligned labeling of a marker for mature axons, phos-
phorylated neurofilaments (Fig. 7). Such regenerative growth
was in contrast to nerve outgrowth in the absence of
intervention, which appeared misaligned, and plagued by
interactions with surrounding fatty and connective tissue
(Fig 6e, f). These observations indicate the necessity of both
NGC and an aligning backbone, to increase the probability of
successfully reconnecting nerve stumps.

In practice, because the proximal and distal guidance
channels will collide following sufficient lengthening (6 mm
total, for our described prototype), an ideal scenario will be to
have the channels meet shortly before axons exit the proximal
channel. Based on literature values, dimensions of the proto-
type device assume lengthening over 5–6 days, at conserva-
tive lengthening rates of 1 mm/day and axonal outgrowth
rates of 0.3 mm/day. However, these rates will eventually be
optimized based on empirically determined thresholds for
lengthening and axonal outgrowth rates into the scaffold.

Finally, we would be remiss if we did not point out some
potential pitfalls of implanting our device in vivo. Most an-
ticipated issues are likely to arise due to inflammatory and
fibrotic processes. These include jamming of the telescoping
mechanism of the hypotube and the inner rod owing to fi-
brous tissue infiltration, cell infiltration into the nerve gap,
and scar formation. We speculate that due to actuation fre-
quently, and primarily at early time points, the jamming of
the telescoping mechanism is unlikely and fibrosis will be no
more of an issue with our device than any other implanted
scaffolds or devices, including an external nerve lengthening
device.69–71 We will test the utility of medical grade ex-
panded polytetrafluoroethylene sleeves as a protective
sheath surrounding the device. Another potential drawback
is possible infection at the site where guidewire extends from
the animal’s body. Such a scenario would be treated with
antibiotics; however, it should be noted that many peripheral
nerve devices, including spiral cuff electrodes,42 have been
successfully implanted with leads exiting the body. There-
fore, we speculate that this risk is minimal. Finally, to suc-
cessfully stretch the proximal nerve stump with the device,
the mechanical backbone must be secured to a reference
position. In our initial study, we have secured the device to
the underlying muscle using simple stainless steel anchors.
This is less invasive and appears adequate, based on pre-
liminary short-term survival surgeries; however, should
complications arise, anchorage to the femur provides a more
invasive, but previously validated option.69–71

Comparison to other strategies for nerve regeneration

Our lengthening device is intended to be used in parallel
with other guidance strategies, including autologous grafts,

synthetic grafts, acellular guidance matrices, and seeded
matrices. Consequently, a direct comparison between a
passive scaffold and the same scaffold incorporated within
our device would be most appropriate. For the device in-
troduced in this study, the appropriate comparisons would
be an uncoated passive PLGA scaffold33 and a passive
PLGA scaffold coated with laminin. Differential responses
between our device and these scaffolds would reflect
effects of mechanical extension of intact regions of the
proximal nerve superposed on outgrowth into the scaffold
(Fig. 1).

To our knowledge, only one other group has directly
evaluated tensile loading as a regenerative strategy. The
Ochiai group proposed an intriguing series of articles 69–71

that implemented a direct lengthening device to lengthen
proximal and distal nerve stumps. Regeneration rates were
equal or greater than those observed with an autologous
graft, lending strong support to the hypothesis that me-
chanical loading can be beneficial to outgrowth. However,
three key issues detract from the translational viability of this
technology. First, based on their proposed design, nerves are
readily lengthened, but the device configuration is not
amenable to reattachment without additional surgery (i.e.,
there is nowhere for outgrowing axons to go). Second, be-
cause this design requires a complex external fixator moun-
ted within the adjacent femur, more invasive surgery is
required. Finally, nerve ends are secured with suture for
tensioning; such attachment is likely to impose compression
or uneven strain distributions owing to the discrete sites of
attachment, again diminishing the likelihood of successful
axonal outgrowth. Through the use of an internal fixator and
self-sizing cuffs, we believe that our design has accounted for
the most pressing of these issues. Though yet at an early
stage of development, the successful fabrication and im-
plementation of our device provides considerable enthusi-
asm for this device and the broader strategy of mechanical
influences on nerve regeneration.
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