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INTRODUCTION

Peripheral nerve damage is one consequence of injury to the extremities of soldiers by improvised explosive devices
(IEDs) [1, 2]. The degree of functional recovery from peripheral nerve damage is often poor, particularly for severed
nerves. The result can be impaired motor function, sensory loss, and chronic pain with inappropriate autonomic responses.
Consequently, strategies for enhancing nervous function are of high military relevance. A variety of chemical guidance
cues and synthetic scaffolds have been incorporated into strategies for neuronal regeneration and outgrowth, but have not
yet yielded adequate growth rates or been limited by insufficient source tissue[3]. The mechanical environment of a
neuron is a key determinant of its growth and function [4-9]. This aspect of neuronal outgrowth has been underutilized in nerve
regeneration strategies.

Towards the development of more effective nerve regeneration strategies, this proposal addresses the hypothesis that
moderate tensile loading of peripheral nerves can stabilize nerve degradation and also promote accelerated regeneration.
This hypothesis is motivated by observations that nerves are under tension physiologically, indicated by elastic recoil
following transection, and also by observations that moderate levels of tensile loading can accelerate neuronal growth,
both in vitro and in vivo [4-9]. Our project aims are to 1) To examine the impact of low levels of tensile loading on the
Wallerian degeneration of proximal and distal stumps of severed peripheral nerves and 2) To examine the impact of
moderate levels of tensile loading on promoting the outgrowth and functional connectivity of severed peripheral nerves.

In our most recent project period, we implanted two different biomedical devices, one a fixed length and one
extensible into a rat sciatic nerve defect. We describe in the body of this report our initial characterization of the in vivo
response.

BODY

Completed milestones and specific outcomes/comparisons for each milestone based on the original statement of work are
summarized below. We have also included the remaining milestones as originally listed, some commentary on unexpected
pitfalls, and based on these unexpected hurdles, recommended changes in the experimental plan to be requested.

Detailed results from our design, fabrication and implantation of our devices are below the completed milestones, and are
also summarized in the appended draft of a manuscript in its second revision, following promising reviews, for
submission to Tissue Engineering C.

Completed milestones per SOW revised following transfer from Maryland to UCSD (same as original, with modifications
for UCSD IACUC approval and ACURQO animal protocol approval)

Milestones and deliverables for Animal protocols:
0.1. Approval of animal protocol by UCSD IACUC (APPROVED — UCSD IACUC PROTOCOL S11274).

0.2. Approval of animal protocol by ACURO (APPROVED)

Milestones and deliverables for Aim 1 (fixed nerve length):

1.1. Successful fabrication and in situ testing of nerve stabilizing device.
a. Fabrication of collagen matrix guidance channel
b. Fabrication of PMMA fixator
c. Assembly of device within nerve gap created in rat cadaver, including coupling of guidance channel to nerve

stumps with spiral cuff

1.2. Successful in vivo implantation of nerve stabilizing device for short durations (48 hours).
a. Implantation of device into anesthetized animal
b. Removal of device and tissue harvest at 48 hour time point
c. Freezing and sectioning of tissue for analysis in Milestone 1.4

1.3. Successful in vivo implantation of nerve stabilizing device for longer durations (1-6 weeks).
a. Implantation of device into anesthetized animal
b. Removal of device and tissue harvest at 1, 3, and 6 week time points
c. Freezing and sectioning of tissue for analysis in Milestone 1.4

Milestones 1.2 and 1.3 are partially complete — we have demonstrated successful surgical implantation of the device into
animals for up to 6 weeks, and begun processing tissue for histological analysis in pilot studies. We continue to increase
sample sizes per the original experimental plan; however, as detailed in unanticipated pitfalls and troubleshooting, for
analysis and statistical comparison of various parameters. Consequently, only 1.2.c and 1.3.c will be included in the work
plan.

Page 4



Milestones and deliverables for Aim 2:
2.1.Successful fabrication and in situ testing of nerve lengthening devices with both actuation mechanisms.
a. Fabrication of collagen matrix guidance channel (same as for Aim 1)
b. Fabrication of PMMA fixators, including actuation assemblies
c. Assembly of device within nerve gap created in rat cadaver
d. Successful application of nerve stretch with at least one of the actuation devices in a rat cadaver

Remaining milestones per original SOW.

Remaining milestones and deliverables for Aim 1 (fixed nerve length):

1.2. Successful in vivo implantation of nerve stabilizing device for short durations (48 hours).
c. Freezing and sectioning of tissue for analysis in Milestone 1.4

1.3. Successful in vivo implantation of nerve stabilizing device for longer durations (1-6 weeks).
c. Freezing and sectioning of tissue for analysis in Milestone 1.4

1.4. Comparison of nerve outgrowth, cytoskeletal stability, organelle accumulation, and myelination between 10 mm
(no device), 10 mm (device), and 15 mm (device) groups at all four time points. The following measurements will
be compared using a 2-way ANOVA, considering gap length vs. time.

a. Comparison of nerve outgrowth across groups: distance of farthest neuron terminal beyond original stump
ending or, if applicable, distance over which degeneration has occurred.

b. Comparison of cytoskeletal stability: proportion of axonal length containing properly aligned neurofilament,
tubulin, or actin staining. Alternately, the density of cytoskeleton-containing spheroids (indicating instability)
along the nerve.

c. Comparison of organelle accumulation: density of mitochondrial or CGRP staining in stump ending.

d. Comparison of myelination: nerve fiber diameter and myelin diameter. Position along nerve length may be a
covariate (ANCOVA).

Remaining milestones and deliverables for Aim 2 (actuation devices):

2.2. Successful in vivo implantation of nerve lengthening device for longer durations (1-6 weeks)
a. Implantation of devices into anesthetized animals

b. Removal of device and tissue harvest at 1, 3, and 6 week time points

c¢. Freezing and sectioning of tissue for analysis in Milestone 2.4

2.3. Statistical comparison of nerve outgrowth, cytoskeletal stability, organelle accumulation, myelination, and

toe spreading (function) between 10 mm (no device), 10 mm (device), and 15 mm (device) groups for both

actuation mechanisms at all three time points. The following measurements will be compared using a 2-way

ANOVA, considering gap length vs. time, for each actuation mechanism.

a. Comparison of nerve outgrowth across groups: distance of farthest neuron terminal beyond original stump
ending or, if applicable, distance over which degeneration has occurred.

b. Comparison of cytoskeletal stability: proportion of axonal length containing properly aligned neurofilament,
tubulin, or actin staining. Alternately, the density of cytoskeleton-containing spheroids.

¢. Comparison of organelle accumulation: density of mitochondrial/CGRP staining in stump ending

d. Comparison of myelination: nerve fiber diameter and myelin diameter. Position along nerve length may be a
covariate (ANCOVA)

e. Comparison of functional recovery: measured gap between 1* and 5™ toes during walking track analysis.

Pitfalls and deviations from original strategy

As indicated in project period 1:

We have made two minor deviations in the design of the fixator device, both regarding material choice. Instead of
PMMA, the backbone and telescoping mechanisms of the devices have been fabricated out of stainless steel, which is also
FDA approved for implantation. The advantages of this material are the ready availability of prefabricated stainless steel
rods and tubes of narrow diameter. In addition, due to the unpredictability of collagen expansion following hydration, we
have fabricated tissue engineered guidance channels from PLGA, which is also an FDA-approved biocompatible scaffold
used previously in a nerve regeneration model [10, 11].

Project period 2:
The PI has relocated his laboratory to UCSD, within the department of Orthopaedic Surgery. Collaborations with relevant
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investigators at the University of Maryland and at the FDA remain intact, and the key postdoc working on the project, Dr.
Ting-Hsien Chuang, also moved to UCSD. As a result of this change of institution, animal studies were placed on hold
until the approval of the animal protocol at UCSD (and subsequent approval by ACURO). A no-cost extension was
requested and granted through April 2013.

Observations from the large number in vivo implantations since the initial project period were quite informative.
Feasibility was demonstrated for long-term implantations for both static and dynamics devices. Not surprisingly for a
novel technology, though, several minor design changes were required to improve the performance of the device.

First, devices translated more than expected, despite the tight constraints of the nerve bed. This resulted in an inability to
ascertain the exact distribution of strain in the proximal and distal stump. Consequently, simple anchors (1 mm in length)
into the underlying muscle were fabricated out of stainless steel. These successfully tethered the device to the muscle bed,
prevented translation, and confirmed the accurate application of desired stain onto the nerve stumps.

Second, a simple non-ratchet lengthening device was tested, and a ratchet-based lengthening device was designed. After
in situ testing, it was apparent that we could achieve the benefits of both devices by simply extending the guidewire
housing slightly extracorporeally, to provide a fixed frame of reference against which the guidewire may be actuated. The
simpler device is adequate to test our hypotheses, and a request will be made to modify the SOW accordingly .

Modified devices are being used across all implantation groups, and do not appear to require an SOW modification, given
the current language of the SOW.

Third, 15mm gaps have been determined to be unfeasible for device implantation within the rat. This length was chosen
based on literature reports of passive nerve scaffolds being implanted in such gaps, but in the typical large adult rat,
including those >400g, this length requires either the severing of individual distal branches of the sciatic nerve or more
invasive dissection further proximally. In either case, sufficient nerve does not exist for cuff deployment and proper
device orientation. A request will be made to replace it in the static group, with the new proposed 1.4.

New Proposed 1.4: Comparison of nerve outgrowth, cytoskeletal stability, organelle accumulation, and
myelination between 10 mm (no device), 10 mm (device, 10% strain; physiological), and 10 mm (device, 20%
strain; superphysiological) groups at all four time points. The following measurements will be compared using a
2-way ANOVA, considering intervention vs. time.

In the dynamic group, the group will be eliminated outright.

New proposed 2.3: Statistical comparison of nerve outgrowth, cytoskeletal stability, organelle accumulation,
myelination, and toe spreading (function) between 10 mm (no device), 10 mm (device) at all time points. The
following measurements will be compared using a 2-way ANOVA, considering intervention and time.

Fourth, the biggest unanticipated hurdle was the surprisingly high rate of autotagy (self-mutilation) among injured rats at
time points >2 weeks. We did not observe this problem at earlier time points, for unknown reasons. However, up to 40%
of animals demonstrated some form of toe or hindlimb chewing, rendering these animals un-analyzable. While this
outcome is not unheard of for nerve (or spinal cord) injury, it was nonetheless unanticipated given the large number of
short-time point surgeries completed. Consultation with the veterinary staff and a deeper examination of autotagy
literature led to our recent modification of pre-op and post-op dosages for buprenorphine and metacam, extending the
latter to the experimental endpoint rather than cutting it off at 1.5 weeks, as originally recommended by the veterinary
staff. This phenomenon is often equated to a phantom limb phenomenon in humans; therefore, it may not be a response to
pain, in animals. Therefore, in addition, bitter apple delivered within a New Skin liquid bandage will also be applied
topically, as a deterrent. This constituted a minor amendment within our IACUC, and a similar request will be made to
ACURO. The downside of the observed autotagy was the inability to use many of these animals for analysis; these
experiments are being repeated under new dosing guidelines.

These changes do not affect the general testing of our proposed hypotheses; a separate study, outside of the scope of this
proposal, will examine the implementation of our device in longer deficits, within a more amenable rabbit sciatic nerve
model. Practically speaking, the elimination of one actuation mechanism in vivo and the elimination of the 15mm
actuation group allows us to stay on budget and time-frame, in light of the unanticipated device redesign and probems
with autotagy.
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Detailed results.

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 nerve guidance channels are attached (Fig. 1).

proximal proximal
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Fig. 1 Device design The nerve stretching device is composed of spiral nerve
cuffs, PLGA nerve guidance channel and stainless steel backbone (a) before
stretching; (b) being stretched; (c) 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

Spiral nerve cuffs

The fabrication of spiral nerve cuffs is shown in Fig 2a; two silicone sheets, one stretched to a specific strain, were glued
together and clamped between two metal slabs. After curing, the compound sheet curled into spiral shape (Fig. 2b). In
addition, the microgroove pattern was successfully transferred to the compound silicone sheet (Fig. 2¢). The curled sheet
was cut into small segments of 3 mm to serve as nerve cuffs. Measurements of the inner diameter of the spiral nerve cuffs
showed a decreasing trend of inner diameter with increasing percent strain in the silicone sheet. In the test of efficacy of
nerve gripping, cuffs of 70% and 100% pre-loaded strain (average inner diameter of 1.35mm and 0.85mm, respectively)
successfully held the nerve without slippage, though self-sizing was more reliable in the 100% strain cuff. The inner
surface of spiral nerve cuff was in close contact with the nerve stump but caused minimal nerve compression, based on
observation at high magnification through a dissecting microscope. The 100% strain cuff was used in the following
studies based on its reliable self-sizing to the nerve.
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Fig. 2 Fabrication 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 pre-stretched silicone sheet

PLGA nerve guidance channel
Due to phase separation, white solid state PLGA precipitated gradually 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). As expected based on previous studies, cross-sectional SEM images showed that the
PLGA tubes had a porous structure (Fig. 3c). (42)

" &
ﬁ_/) 10.mig

=
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d ®

~ 7/ ——
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ICM 1

Fig. 3 Fabrication of PLGA nerve guidance channel (a) Tubular PLGA layer is
formed due to phase separation when water diffuses out the alginate rod (b)
PLGA tube is cut into short segments to serve as nerve guidance channel (c)
Cross section SEM picture of PLGA tube

PLGA cytotoxicity

For the test on extracts cytotoxicity method, SH-SYS5Y cell fed with medium pre-incubated with PLGA showed similar
morphology (Fig. 4a) to that of control (Fig. 4b). Live/Dead® cell viability assay also showed that only very few dead
cells were present (Fig. 4c; Fig. 4d as control). From both results, no signs of cytotoxicity were observed. For cell
proliferation on PLGA, the experimental group displayed no significant difference compared to the control group (Fig.
4e). For direct observation of morphology of cell grown on PLGA, wheat germ agglutinin (WGA) staining was
performed. From the fluorescent microscopy images, we observed SH-SYSY cells spread and extended outward (Fig 5a).
In light of neuronal preferences for a protein-coated substrate, we also seeded cells on PLGA coated with laminin.

Neurites appeared more robust and cells appeared more dense on laminin-coated PLGA (Fig. 5b). Thus, overall, PLGA
induced no significant effects on viability or morphology.
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» : . .

Fig. 4 PLGA cytotoxicity test, indirect contact method (a), (b) culture
medium was pre-incubated with PLGA at 37°C for 3 days to test if any
leachable substance from PLGA would have cytotoxic effects on the cells. No
signs of PLGA cytotoxicity was observed in terms of cell morphology (b).
Live/Dead® cell viability assay showedvVery few dead cells were found in
either (c)control or (d)PLGA group (cells fed with PLGA-incubated culture
media)

(a)
Wi do-this; sample size will be increased to n=3

Millions

B Non-adherent

m Adherent

O R NWSBUVON®O

PLGA1 PLGA2 Control

Fig. 5 PLGA cytotoxicity test, direct contact method (a)1x10° SY5Y cells were
seeded in each PLGA coated or control petri dishes and culture for 5 days.
PLGA group was no different form control in terms of cell proliferation. (b)
visualization of cell morphology by wheat germ agglutinin fluorescent staining

In situ implantation

The assembled device is shown ex vivo in Fig. 6a (before stretching nerve) and Fig. 6b (after stretching nerve).
Deployment of the device was first performed in a rat cadaver. The device was implanted appositional to the transected
nerve with the nerve stumps wrapped into the spiral cuffs (Fig. 6¢). By pulling the guidewire attached to the hypotube
sliding over the rod, the nerve stump of proximal end was successfully stretched and placed under tension (Fig. 6d).
Following positioning, to prevent translation, the device was fixed to the underlying muscle with medical grade super glue
or stainless steel anchors.
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Fig. 6 Outlook of the device and implantation in rat cadaver. (a), (c) fully
extended device (b), (d)device after stretching Note that implanted device
can stretch the nerve stumps without slippage

In vivo implantation

We then tested whether the device enabled nerve regeneration. The device was successfully deployed across a sciatic
nerve defect in anesthetized rat (n=5), demonstrating feasibility and repeatability of device implantation in vivo. In all
animals, the animal tolerated the device for up to two weeks without obvious signs of infection. Slight fibrosis was
observed (Fig 7b), but the device backbone was excised cleanly (Fig 7c), and both nerve stumps remained within the
confinement of the cuffs without slippage. The proximal stump extended 6 mm beyond the cuff (into the scaffold; Fig 7e).
These results contrasted sharply with the response in non-device controls (n=3), which revealed a variable regenerative
response, including misalignment, a bulging proximal stump, and considerable fatty infiltration and fibrosis distally (two
examples in Fig 7e-f). Immunohistological assessment confirmed successful outgrowth of neurons into the guidance
channel as well as neuronal maturity, based on positive staining of phosphorylated neurofilaments (SMI31) and aligned
Schwann cells (S100 antibody) (Fig 8a-b). Such alignment and staining was similar to that in contralateral controls (Fig
8c-d). Based on these promising results, studies are currently underway to use this device to test hypotheses regarding the
role of mechanical loading in nerve regeneration.

(@ {

Proximal stump

~
S ~

Distal stump
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q

(@ B R
“I"“““““ . D?stal stump

Figure 7. (a) sciatic nerve defect; (b) fibrotic encapsulation of the device; (c) cleanly excised device; (d)
successfully regenerating proximal nerve stump; (e) poorly aligned regeneration in absence of device.
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Figure 8: (a)-(d) successfully regenerating proximal nerve and (e)-(f) contralateral control reveal well-aligned
phosphorylated neurofilaments (a,c,e) and Schwann cells (b,d,f).

KEY RESEARCH ACCOMPLISHMENTS
- Design and fabrication of two novel biomedical devices for lengthening peripheral nerves in vivo, as a strategy
for accelerating nerve regeneration.
- Successful implantation of devices in a rat sciatic nerve injury model for up to six weeks.
- Successful observation of neural regeneration at as early as 2 weeks.

REPORTABLE OUTCOMES

- Conference abstract: Wilson, R., Fisher, J.P., Shah, S.B. (2010) “Peripheral Nerve Regeneration Using a
Tension-inducing Scaffold.” BMES 2010 Annual Meeting, Austin, Texas.

- Conference abstract: Chuang, T.-H., Wilson, R., Fisher, J.P., Shah, S.B. (2011) “A Novel Internal Fixator Device
for Peripheral Nerve Regeneration.” BMES 2011 Annual Meeting, Hartford, Connecticut.

- Manuscript in revision: Chuang, T.-H., Wilson, R., Fisher, J.P., Shah, S.B. (2011) “A novel biomedical device for
tensile loading of peripheral nerves to promote regeneration.” (Manuscript in revision, submitted to Tissue
Engineering Part C (Methods). )

- Invention disclosure in preparation: Chuang, T.-H., Wilson, R., Fisher, J.P., Shah, S.B. (2011) “A biomedical
device for securing and stretching peripheral nerves.” (will be submitted to University of Maryland, College Park
OTC and UCSD Tech Transfer office concurrent with manuscript acceptance.)

CONCLUSION

Most strategies for transected peripheral nerve repair focus on bridging the gap in a tension-free setting. The role of a
biomechanical stimulus has not been broadly explored. We present a novel biomedical device that is able to impose
tensile loading to severed nerve stumps towards the acceleration of peripheral nerve regeneration. The primary innovation
of our multi-disciplinary proposal lies in the integration of tensile loading (stretch) and tissue engineering strategies for
peripheral nerve regeneration. By imposing tensile loads in parallel with existing tissue engineering strategies for nerve
repair (e.g., a nerve guidance channel), we anticipate significantly accelerated nerve regeneration. Progress to date has
demonstrated the feasibility of such a strategy and early promising regenerative outcomes, providing us confidence for
executing and interpreting in vivo studies in the next project period.
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APPENDICES

Appended is a draft of the manuscript to be submitted. It provides additional details on methodology and key results in

support of milestones achieved. Figures are numbered identical to those provided in the text above, and therefore are not
included again.
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Abstract

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. 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) encourage axonal outgrowth; however, few strategies of peripheral nerve repair
emphasize the mechanical environment of the injured nerve.

Towards the development of more effective nerve regeneration strategies, we hypothesize that moderate tensile
loading of peripheral nerves may stabilize nerve degeneration and promote regeneration. Here we present a
novel design of a tension-inducing device with the aim of achieving more effective peripheral nerve repair. By
imposing mechanical loads in parallel with existing tissue engineering strategies for nerve repair, we anticipate
significantly accelerated nerve regeneration in two regimes of nerve extension — traditional extension through
axonal outgrowth into a scaffold as well as novel extension in intact regions of the proximal nerve.

Spiral silicone nerve cuffs were fabricated to grip nerve stumps without slippage and tension was successfully
induced during the actuation of device. In addition, tubular poly(lactic co-glycolic) acid (PLGA) constructs
were placed appositionally to guide nerve extension.

PLGA nerve guidance channel cytotoxicity was tested on neuron-like SH-SY5Y cells using direct contact and
extract methods and no signs of cytotoxic effects were seen in terms of cell morphology and proliferation. We
confirmed the feasibility of implanting our device across a sciatic nerve gap and lengthening the proximal nerve
stump in a rat cadaver. Nerve outgrowth into the guidance scaffold was observed following device extraction at
a two-week time point, and regeneration of mature neurons was indicated by positive staining for
phosphorylated neurofilaments and myelin. The successful fabrication and implementation of our device
provides a novel method for examining mechanical influences on nerve regeneration.
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Introduction

Peripheral nerve injury may result from trauma, cancer, 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 the quality of
life. It is estimated that more than 50,000 peripheral nerve repair procedures are performed annually in the
United States alone, imposing a financial burden of 7 billion dollars per year (2). In consequence, strategies for
enhancing peripheral nerve repair are of high clinical importance.

Short gaps (<10mm) may be readily bridged by surgical reconnection of stumps(6) or through a variety of grafts
or nerve guidance channels(NGCs)(3, 7-10). Such nerve grafts can be autologous (11, 12) or non-autologous
(13, 14). The use of non-nerve biological tissues such as skeletal muscle (15, 16), veins (17-19) and tendon (20)
has also been reported. NGCs of natural or synthetic biomaterials have been designed with increasing
complexity, including several that incorporate chemical and biological cues to encourage nerve regeneration.
For instance, Schwann or stem cells have been incorporated into grafts along with neurotrophic factors that
promote neurite extension into the artificial conduit (21-24). Improved fabrication technology has also enabled
the construction of nerve guidance channels with a variety of geometries, porosities, and material properties (3,
25). Despite such developments, engineered NGCs do not perform as well as autologous nerve grafts, which are
currently the gold standard of nerve graft transplantation. However, the availability of autologus grafts is often
limited; moreover, donor site morbidity, which develops with the tissue harvest and size mismatch between
defect nerve and graft dimension, may pose additional problems. In addition, even autologous grafts are not
effective for bridging gaps longer than 10mm, because degeneration outpaces the maximal neuronal extension
rate( ~lmm/day) (26). Therefore, there is a need to develop a strategy for repairing large gaps (>10mm).
Tension is an influence on nerve growth and function that has been underexamined in the context of nerve
regeneration. Nerves bear tension under several physiological scenarios. Peripheral nerves exist under tension,
releasing strains of up to 11% following transection (27-29), and may deform additionally, in some cases
upwards of 20%, during joint movement (30-32). During growth, axonal tension, induced either by growth cone
attachment to the substrate or to other neurites, serves as a survival and stabilization signal for axons.
Conversely, neurites not under tension retract (33). It has also been shown that moderate tensile loads can
accelerate neuronal growth, both in vitro and in vivo (34-39).

Given this background, towards the development of more effective nerve regeneration strategies, we
hypothesize that moderate tensile loading of peripheral nerves may stabilize nerve degeneration and promote
regeneration. By imposing mechanical loads in parallel with existing tissue engineering strategies for nerve
repair, we anticipate significantly accelerated nerve regeneration. In particular, we expect two regimes of nerve
extension — traditional extension through axonal outgrowth into a scaffold as well as novel extension in intact
regions of the proximal nerve (Fig 1). Based on this rationale, with the aim of achieving more effective
peripheral nerve repair, we present the novel design, fabrication, and preliminary implementation of a modular
tension-inducing internal fixator device that integrates engineered guidance scaffolds.

Materials and Methods

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 nerve guidance channels are
attached (Fig. 1).

Spiral nerve cuffs:
In order 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 electrodes (40); however, no electrode was embedded in our cuffs. In brief, two
Silastic® silicone sheets (Dow Corning) of 0.005 inches in thickness, with the first silicone sheet being
stretched to a specified strain while the second sheet remained unstretched, were bound together using a silicone
adhesive (biomedical grade Silastic® elastomer MDX4-4210, Dow Corning). The compound silicone sheet was
clamped between two stainless steel slabs and cured at 60°C for 2 hours. In order to increase friction between
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the cuff and nerve stump, a layer of silicone adhesive was applied onto a grooved slab before clamping the two
silicone sheets in between. After curing, the microgroove pattern was thus transferred to the compound silicone
sheet, thereby creating a rough interior surface. The resultant spiral sheet was cut to a length of 0.5 cm and a
width corresponding to approximately one and a quarter spirals around a typical rat sciatic nerve, to serve as
nerve cuffs.

Nerve Guidance channel:
Preparation of the nerve guides involved a modified phase inversion technique (41). PLGA (lactic to glycolic
acid mol ratio of 75:25, My, =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% CaCl, with a
syringe (needle gauge 14). After saturation, the alginate hydrogel was immersed in the PLGA / Pluronic® F-
127 solution. Due to phase separation between polymer (PLGA/F127) and non-solvent (water in alginate
hydrogel), PLGA precipitated onto the alginate rod as water diffused out of the hydrogel. The construct was
washed thoroughly in water for 24 hours to remove excess tetraglycol. After retrieval of the alginate rod; the
resultant PLGA hollow tubes were dried at room temperature and cut into the desired length to serve as nerve
guidance channels.
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 consisted of one spiral nerve cuff and a PLGA nerve guidance
channel 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 guidewire attached, enabling us to stretch the proximal nerve
stump. A second spiral nerve cuff and PLGA nerve guidance channel were fixed to the distal terminal of the
inner stainless steel rod. Medical grade n-butyl cyanoacrylate adhesive was used to glue the cuffs, guidance
channel and guidewire to the mechanical backbone of the device.
Characterization of 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 curvature to the point which was 180° of turn from the
starting point. Evaluation of no-slip gripping of nerve was performed in situ.
PLGA cytotoxicity
Both direct contact and test on extract methods of in vitro cytotoxicity test were performed on SH-SYSY cells
(ATCC # CRL-2266) derived from human neuroblastoma. The test on extracts method was performed as
suggested in the ISO 10993-5 standard, to test the impact of leachable factors from PLGA on cell viability. Cell
culture medium (90% MEM/F12, 10% fetal bovine serum) was incubated in PLGA-coated petri dishes at 37°C
for 24 hours and then was used to feed SH-SYSY cells. Cellular proliferation was compared by cell counting
followed by t-test. Cell viability was tested using Live/Dead® fluorescence assay. Morphology of cells fed with
PLGA-incubated medium was observed under an inverted light microscope. For the direct contact study,
visualization 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-SYSY 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 which reside on the cell membrane. Subsequent imaging was performed on an inverted widefield
fluorescence microscope (Nikon TE-2000U) using filters appropriate for FITC visualization. To examine PLGA
cytotoxicity using the extract method, SH-SYSY cell number was quantified by first trypsinizing adherent cells
and then counting the proportion that excluded trypan blue.
Device implantation in situ:
Animal use protocols were approved by the University of Maryland, College Park Institutional Animal Care &
Use Committee. For in situ studies, adult Sprague Dawley rats weighing about 0.5kg were sacrificed by CO,
euthanization. The sciatic nerve was exposed by separating branches of the hamstring muscles. A small segment
of sciatic nerve of about 10mm was removed, and then the device was implanted appositional to the nerve
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stumps, and oriented along the original axis of the nerve within the nerve bed. Proximal and distal nerve stumps
were wrapped with the spiral nerve cuffs. The guidewire was pulled to stretch the proximal stump of the sciatic
nerve proximal stump to the desired length. Once the device was positioned appropriately, it was prevented
from translating by fixing it to the underlying muscle bed with < 1ul medical adhesive or steel anchors.

Device implantation in vivo and immunohistochemistry:

In vivo studies were approved by UMCP and UCSD TACUC. Adult Sprague Dawley rats weighing between
425-500g were anesthetized using 5% isoflurane, and then injected with analgesic (0.05 mg/kg buprenorphine)
and antibiotics (5 mg/kg Baytril®). Anesthesia was maintained by 2% isoflurane throughout 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 two weeks with full access to food and water, and then was
sacrificed to examine response to device implantation. For comparison, we also examined the response to a 10
mm sciatic nerve gap without device implantation . The length of the regenerating proximal nerve stump
beyond the cuff (i.e., into the channel) was measured. The regenerating nerves were then rapidly frozen in
liquid nitrogen-chilled isopentane for histology preparation. Because the PLGA scaffold adhered poorly to the
glass slide during transfer, frequently lifting tissue off of the slide as well, it was removed prior to freezing.
However, the position of the scaffold along the nerve was marked, and used as a frame of reference to assess
regeneration. The regenerating nerve was embedded in Optimal Cutting Temperature (Sakura Fintek USA Inc.;
Torrance, CA) and cut into 10um sections for immunostaining. Primary antibodies used were mouse anti-rat
SMI-31 (axon: phosphorylated neurofilament) monoclonal antibody (SMI-31, Covance; Princeton, NJ) diluted
at 1:200 and rabbit anti-rat S-100 (myelin) polyclonal antibody (Sigma-Aldrich; St. Louis, MO) diluted at
1:200. Secondary antibodies used were Alexa-Flour 488 conjugated goat anti-mouse and Alexa-Flour 594
conjugated goat anti-rabbit diluted at 1:200 (Invitrogen; Carlsbad, CA). The immunostained tissue slices were
preserved with a drop of VectaShield mounting media (Vector Laboratories; Burlingame, CA) and then
coverslipped.

Imaging

Immunofluorescence was imaged by confocal microscopy using an inverted microscope scanning system (Leica
TCS SP5 LSM) with a 10X NA 0.4 objective. Excitation wavelengths were 488 nm and 594nm; the
corresponding emission wavelengths were 500-580 nm and 605-700 nm, respectively.

Results

Spiral nerve cuffs

The fabrication of spiral nerve cuffs is shown in Fig 2a; two silicone sheets, one stretched to a specific strain,
were glued together and clamped between two metal slabs. After curing, the compound sheet curled into spiral
shape (Fig. 2b). In addition, the microgroove pattern was successfully transferred to the compound silicone
sheet (Fig. 2c). The curled sheet was cut into small segments of 3 mm to serve as nerve cuffs. Measurements of
the inner diameter of the spiral nerve cuffs showed a decreasing trend of inner diameter with increasing percent
strain in the silicone sheet. In the test of efficacy of nerve gripping, cuffs of 70% and 100% pre-loaded strain
(average inner diameter of 1.35mm and 0.85mm, respectively) successfully held the nerve without slippage,
though self-sizing was more reliable in the 100% strain cuff. The inner surface of spiral nerve cuff was in close
contact with the nerve stump but caused minimal nerve compression, based on observation at high
magnification through a dissecting microscope. The 100% strain cuff was used in the following studies based
on its reliable self-sizing to the nerve.

PLGA nerve guidance channel

Due to phase separation, white solid state PLGA precipitated gradually 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). As expected based on previous studies, cross-sectional
SEM images showed that the PLGA tubes had a porous structure (Fig. 3c). (42)

PLGA cytotoxicity

For the test on extracts cytotoxicity method, SH-SYS5Y cell fed with medium pre-incubated with PLGA showed

similar morphology (Fig. 4a) to that of control (Fig. 4b). Live/Dead® cell viability assay also showed that only
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very few dead cells were present (Fig. 4c; Fig. 4d as control). From both results, no signs of cytotoxicity were
observed. For cell proliferation on PLGA, the experimental group displayed no significant difference compared
to the control group (Fig. 4e). For direct observation of morphology of cell grown on PLGA, wheat germ
agglutinin (WGA) staining was performed. From the fluorescent microscopy images, we observed SH-SYS5Y
cells spread and extended outward (Fig 5a). In light of neuronal preferences for a protein-coated substrate, we
also seeded cells on PLGA coated with laminin. Neurites appeared more robust and cells appeared more dense
on laminin-coated PLGA (Fig. 5b). Thus, overall, PLGA induced no significant effects on viability or
morphology.

In situ implantation

The assembled device is shown ex vivo in Fig. 6a (before stretching nerve) and Fig. 6b (after stretching nerve).
Deployment of the device was first performed in a rat cadaver. The device was implanted appositional to the
transected nerve with the nerve stumps wrapped into the spiral cuffs (Fig. 6¢). By pulling the guidewire
attached to the hypotube sliding over the rod, the nerve stump of proximal end was successfully stretched and
placed under tension (Fig. 6d). Following positioning, to prevent translation, the device was fixed to the
underlying muscle with medical grade super glue or stainless steel anchors.

In vivo implantation

We then tested whether the device enabled nerve regeneration. The device was successfully deployed across a
sciatic nerve defect in anesthetized rat (n=5), demonstrating feasibility and repeatability of device implantation
in vivo. In all animals, the animal tolerated the device for up to two weeks without obvious signs of infection.
Slight fibrosis was observed (Fig 7b), but the device backbone was excised cleanly (Fig 7c), and both nerve
stumps remained within the confinement of the cuffs without slippage. The proximal stump extended 6 mm
beyond the cuff (into the scaffold; Fig 7¢). These results contrasted sharply with the response in non-device
controls (n=3), which revealed a variable regenerative response, including misalignment, a bulging proximal
stump, and considerable fatty infiltration and fibrosis distally (two examples in Fig 7e-f). Immunohistological
assessment confirmed successful outgrowth of neurons into the guidance channel as well as neuronal maturity,
based on positive staining of phosphorylated neurofilaments (SMI31) and aligned Schwann cells (S100
antibody) (Fig 8a-b). Such alignment and staining was similar to that in contralateral controls (Fig 8c-d). Based
on these promising results, studies are currently underway to use this device to test hypotheses regarding the
role of mechanical loading in nerve regeneration.

Discussion

Towards accelerated 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 of tension in nerve repair
Although several recent studies implicate tension as a key regulator of neuronal survival, the role of tension in
peripheral nerve repair is debatable. In clinical practice, tension-free repair remains the gold standard (43, 44).
The rationale behinds this is that tension has been attributed to hampering nerve regeneration, possibly by
promoting scar tissue formation and adhesion (45, 46) or by impairing blood supply (47, 48); studies showed
blood flow reduced approximately 50% when nerves are stretched to 10% (49, 50). However, Sunderland et al.
showed that modest levels of tension were well tolerated in rat sciatic nerve regeneration model(51), and robust
nerve regeneration were observed at 4 weeks in all except the 9mm-repair group. Moreover, Smith and
colleagues demonstrated the capacity of integrated axons to undergo substantial growth via continuous
mechanical tension; indeed a stretch-induced axonal growth of 1 cm in length by 10 days of stretch was
achieved (52). The most compelling evidence 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, 53-62).
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Therefore, the more appropriate debate should be on defining an appropriate threshold beyond which tension is
detrimental. We hypothesize that by maintaining physiological strain during the lengthening process, nerve
regeneration will be accelerated.

Device features and characterization

Our device, which includes silicone spiral nerve cuffs and PLGA nerve guidance channels attached to a
stainless steel backbone, is capable of stretching nerve without slippage, thus inducing moderate strain to the
nerve stumps. This is made possible by the design of spiral cuffs patterned with microgrooves on the inner
surface, which successfully held the nerve during deformation. Upon self-sizing, the cuffs had an average inner
diameter similar to that of rat sciatic nerve, with minimal apparent nerve compression. This is consistent with
the original implementation of similar cuffs used as implantable electrodes (40).

Though any scaffold may be integrated into our device, we initially selected tubular PLGA/Pluronic F127
conduits as nerve guidance channels. This material was selected based on its hydrophilicity, our ability to
carefully control its geometry, even in hydrous conditions, as well as its promise as a guidance channel (41).
We confirmed that the resultant PLGA nerve guidance had a porous structure (Figure 3), which is likely to be
permeable to nutrients. We extended the previous fabrication and characterization of PLGA nerve guidance
channels by performing direct and indirect contact cytotoxicity tests. Though PLGA is a well-established
biomaterial, our use of neuronal cells in toxicity testing extends previous studies on fibroblasts, and is directly
relevant to our intended application for neuronal regeneration. For both direct contact and test on extracts
methods, no signs of cytotoxicity effects were found in terms of cell proliferation and cell viability. With
respect to morphology, SH-SYSY cells on PLGA exhibited adherent cell bodies with projections extending
outward, similar to neuronal cells cultured in tissue culture 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 important change in surface coating should be incorporated into implanted PLGA
nerve guidance channels.

Device implantation and surgical implementation

We confirmed the feasibility of implanting our device across a sciatic nerve gap and lengthening the proximal
nerve stump in a rat cadaver. We demonstrated that the spiral nerve cuffs were able to hold severed nerve
stumps without slippage, and that the proximal end of the sciatic nerve stump could be placed under tension by
maneuvering the guidewire. Meanwhile, the tips of the nerve stumps were apposed to the tubular PLGA
conduit, to guide axonal outgrowth.

Preliminary results in vivo were promising; they revealed that rats did not show signs of infection, and
survived the two weeks before sacrifice. Moreover, the proximal nerve stump extended about 6 mm beyond the
cuff within two weeks. This result contrasted with misalignment and shorter stumps observed in the absence of
device implantation. We further identified mature axons and myelin within the elongating tissue, based on the
positive staining of phosphorylated neurofilaments and S100. Thus, while it is premature to speculate on the
relative utility of this device compared to other regenerative strategies, our in vivo results demonstrate the
feasibility of device implantation and its usage to test nerve regeneration.

A comment is necessary regarding the implementation of our device in such studies. In practice, because
the proximal and distal guidance channels will collide following sufficient lengthening, an ideal scenario will be
to have the channels meet shortly before axons exit the proximal channel. Based on literature values,
dimensions of the prototype device assume conservative lengthening rates of 1mm/day and axonal outgrowth
rates of 0.3mm/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 anticipated 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 fibrous tissue infiltration,
cell infiltration into the nerve gap, and scar formation. We speculate that due to frequent actuation, 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. However, we will test the utility of medical grade expanded polytetrafluoroethylene
(ePTFE) 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 (40), have been
successfully implanted with leads exiting the body. Therefore, we speculate that this risk is minimal. Finally, in
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order to successfully stretch the proximal nerve stump with the device, the mechanical backbone must be
secured to a reference position. In our initial studies, we have secured the device to the underlying muscle using
a small volume of tissue adhesive or thin stainless steel anchors. Such anchorage may result in a focal loss of
muscle function. This does not appear to be the case based on preliminary short-term survival surgeries;
however, should complications arise, anchorage to the femur provides another more invasive, but reasonable,
option.

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 introduced in this study, the appropriate comparisons would be an uncoated passive PLGA
scaffold [33] 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 papers (63-65) 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 mechanical 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 (i.e., there is nowhere for outgrowing axons to go). Second, because this design requires a
complex external fixator mounted 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 at an early stage of development, the successful fabrication and implementation of our device provides
considerable enthusiasm for this device and the broader strategy of mechanical influences on nerve
regeneration.
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