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Abstract: Nerve guidance conduits (NGCs) can serve as physi-

cal scaffolds aligning and supporting regenerating cells while

preventing scar tissue formation that often interferes with the

regeneration process. Numerous studies have focused on

functionalizing NGCs with neurotrophic factors, for example,

to support nerve regeneration over longer gaps, but few

directly incorporate therapeutic agents. Herein, we fabricated

NGCs from a polyanhydride comprised of salicylic acid (SA), a

nonsteroidal anti-inflammatory drug, then performed in vitro

and in vivo assays. In vitro studies included cytotoxicity, anti-

inflammatory response, and NGC porosity measurements. To

prepare for implantation, type I collagen hydrogels were used

as NGC luminal fillers to further enhance the axonal regenera-

tion process. For the in vivo studies, SA-NGCs were implanted

in femoral nerves of mice for 16 weeks and evaluated for func-

tional recovery. The SA-based NGCs functioned as both a

drug delivery vehicle capable of reducing inflammation and

scar tissue formation because of SA release as well as a tissue

scaffold that promotes peripheral nerve regeneration and

functional recovery. VC 2016 Wiley Periodicals, Inc. J Biomed Mater

Res Part A: 104A: 975–982, 2016.
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INTRODUCTION

Annually, 700,000 patients suffer from peripheral nerve
injury (PNI) in western societies.1–3 Often these injuries are
a result of traumatic events and accompanied by injuries to
other tissues that require comprehensive treatment.2,4 Loss
of sensation, severe pain, and disabilities resulting from par-
alyzed muscles are common PNI symptoms.5 Although auto-
logous grafts are regarded as the gold standard for treating
PNI, they have drawbacks including limited availability of
donor nerves, possibility of neuroma formation, and sensory
function loss at the donor harvest site.6 These drawbacks of
autologous grafts have led to research into alternate graft
sources that are not derived from biological materials, but
from synthetic materials such as polymer-based nerve guid-
ance conduits (NGCs).

NGCs fabricated from synthetic polymers have many
advantages compared to NGCs fabricated from naturally
derived materials such as collagen and chitosan. Synthetic
polymer-based NGCs are free from immunogenic concerns
and batch-to-batch variability.7,8 Synthetic polymers offer
additional benefits over naturally derived materials in

fabrication, as they offer better control of chemical and
physical properties, such as degradation rate and poros-
ity.9,10 Commonly used synthetic polymers for NGCs include
poly(lactide acid) (PLA), poly(glycolic acid) (PGA), poly(lac-
tide-co-glycolide) (PLGA), polycaprolactone (PCL), poly (cap-
rolactone fumarate) (PCLF), and polyurethane (PU) based
on their excellent biocompatibility, biodegradable nature,
and potential for modification of chemical and physical
properties.6,8,9,11 Synthetic polymer-based NGCs typically
serve as physical scaffolds to support nerve tissue align-
ment and prevent scar tissue infiltration,7,12–14 yet require
additional components to provide more clinically relevant
biological cues to promote nerve regeneration over longer
injury gaps.15–18

Relative to most synthetic polymers, salicylic acid (SA)-
based poly(anhydride-esters) (SA-PAEs) are unique, as they
degrade into anti-inflammatory products, namely SA
(Scheme 1, top row).13,19–23 The SA-PAEs locally deliver SA
at the implantation site upon polymer degradation to miti-
gate inflammation and associated outcomes such as pain,
swelling and infection.13 As earlier studies by Griffin et al.
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have shown, the ability to locally deliver an anti-
inflammatory drug via the implanted device has great
potential to treat patients suffering from peripheral nerve
injury without relying on systemic anti-inflammatory deliv-
ery.13 Therefore, the SA-PAE-based NGCs serve the dual pur-
pose of aiding nerve regeneration via a physical scaffold as
well as reducing inflammation via localized SA release.

In this study, porous NGCs were fabricated from blends
of SA-PAEs and poly(lactide anhydride) (PLAA) with addi-
tives (Scheme 1) using a dip-coating technique to generate
porous structures. Other researchers have shown that NGC
porosity can aid nerve regeneration by allowing the
exchange of waste materials and soluble factors that affect
cell viability.6,22 However, hollow (that is, unfilled) NGCs
have met with limited success in nerve regeneration, partic-
ularly over long gaps (>3 cm) where they are prone to
fibrous tissue infiltration, collapse, and even premature
resorption 24. To promote nerve regeneration over long
gaps, the lumens of the SA-PAE NGCs were filled with type I
collagen hydrogel. Type I collagen hydrogels are known to
provide a favorable environment for proliferating nerve
cells.9,24–26 Collagen hydrogels are also porous, restorable
and can be easily added into NGCs making them suitable to
be used as luminal fillers for NGCs.24 An in vivo mouse fem-
oral nerve model was chosen as it allows objective and sen-
sitive functional recovery assessment.24

MATERIALS AND METHODS

NGC fabrication
The SA-PAEs (Scheme 1) were prepared as previously
described.27 In brief, PAEs were obtained via melt condensa-
tion polymerization under vacuum until the viscosity of the
melt remained constant and/or solidified. The polymer had
a molecular weight of 14,000 Da and glass transition

temperature (Tg) of 408C. Poly(lactide anhydride) (PLAA)
(Scheme 1) was obtained from Bioabsorbable Therapeutics,
(Menlo Park, CA).

PLAA [70 wt %] and PAEs [10 wt %] were both dis-
solved in dichloromethane (Sigma-Aldrich, St. Louis, MO),
then triethyl citrate (Sigma-Aldrich, St. Louis, MO),; 10 wt %
(Scheme 1) was added to the polymer solution. Porosity
and pliability of NGCs were achieved by using fine glucose
powder [10 wt %] whereas TEC was utilized as a plasticizer.
The fine glucose powder was prepared from glucose crystal
(Sigma-Aldrich, St. Louis, MO), ground with mortar and pes-
tle, which was then passed through sieves of known pore
size (<45 lm). Teflon needles (Small Parts, Logansport, IN)
of 24 gauge (outer diameter 0.7 mm) were clamped to a
KSV Dip Coater (DC) [KSV Instruments Ltd., Espoo, Finland]
and lowered in/out of the slurry five times at a rate of
10 mm/min [5 s in solution and 40 s out of solution].28 Fol-
lowing five dips, the polymer-coated needles were dried in
a fume hood for 48 h and then in a vacuum desiccator for
24 h. Dried polymer conduits were soaked in distilled water
for 3 h to dissolve the porogen, glucose. The SA-NGCs were
then dried in a vacuum desiccator for 24 h. The SA-NGCs
fabricated using this dip-coating technique typically weighed
�2.5 mg (n5 48).

Morphology and porosity of NGCs
The SA-NGC surface morphology and microstructure was
characterized using an AMRAY 1830 I scanning electron
microscope (SEM). Samples were mounted on aluminum
studs and sputter-coated with gold-palladium using a SCD
004 Sputter Coater (Bal-Tec, Liechtenstein). To measure the
porosity, thin cross-sections (1–5 lm) of NGCs were pre-
pared using a razor blade and mounted on aluminum studs
using double-sided adhesive carbon discs. Samples were

SCHEME 1. Chemical structures of: salicylic acid-based poly (anhydride-ester) (SA-PAE) and its degradation products, salicylic acid (SA) and

adipic acid: poly(lactide anhydride) (PLAA) for blending and triethyl citrate (TEC) as a plasticizer.
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imaged with a Zeiss EVOLS15 SEM (Carl Zeiss, Peabody, MA
[Coviden, North Haven, CT]) with backscatter electrons
under a voltage of 20–25 kV. Cross-sectional porosity of the
conduits were analyzed using ImageJ software.29 A correla-
tion between image analysis of material porosity and actual
porosity values was observed, thus image threshold units
were utilized to determine and differentiate the pixels of
pores from non-pore pixels.30 Using Otsu’s thresholding,
binary images were created to calculate pixel areas while
minimizing the subjective aspect of thresholding grayscale
images. Otsu’s method optimizes the threshold for bi-level
thresholding, maximizing the variance between light and
dark, thereby minimizing the variance pixels associated with
pores and non-pores.31,32

In vitro SA release
Hydrolytic degradation was performed by placing segments
of NGC (�7 mm in length) in 20 mL Wheaton PET plastic
scintillation vials (Fisher, Fair Lawn, NJ) containing 10 mL
of phosphate buffered saline (PBS, pH5 7.4; (Sigma-Aldrich,
St. Louis, MO), and incubating at 378 C with agitation at
60 rpm for 42 days (Series 25 Controlled Environment
Incubator Shaker, New Brunswick Scientific Co., Edison, NJ).
Degradation media (1 mL) was removed and replaced by
1 mL PBS every 24 h for the first 7 days, then once more
every 7 days until the experiment was finished. The spent
media was analyzed by UV (k 5 303 nm) with a Lamda XLS
UV/vis spectrophotometer (Perkin Elmer, Waltham, MA) to
determine the SA release as previously described.33 A cali-
bration curve was made from SA solutions of known con-
centration from the average UV data (n5 3 for each time
point).

In vitro cytocompatability
Cell compatibility of the SA-NGC polymer blend was
performed by culturing NCTC clone 929 (strain L) mouse
areolar fibroblast cells (ATCC, Manassas, VA) in media con-
taining the dissolved polymer as previously described.7 The
polymer was dissolved in dimethyl sulfoxide (10 mg/mL;
DMSO, Sigma, St. Louis, MO) as a stock solution and serially
diluted with cell culture media to two concentration
(0.01 mg/mL and 0.10 mg/mL).7 At a concentration of
2,000 cells per well, cells were seed into a 96-well plate
(Fisher, Fair Lawn, NJ) and cultured in a solution containing
the polymer, Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich, St. Louis, MO), 10% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA), 1% L-glutamate
(Sigma) and 1% penicillin/streptomycin (Sigma). The media
containing dissolved polymer was compared to controls:
DMSO-containing media; and media alone.

Cellular morphology was studied at 48, 72 and 96 h
post-seeding, using 10 X original magnifications (Olympus,
IX81, Center Valley, PA). Cell proliferation was determined
using a CellTiter 96VR AQueous One Solution Cell Prolifera-
tion Assay (Promega, Madison, WI) and the absorbance at
k 5 490 nm was recorded with a microplate reader (Model
680; Bio-Rad, Hercules, CA). Cell numbers were calculated
based upon a standard curve established at 24 h of cell

seeding. Statistical analysis was performed with Minitab
software (Minitab; State College, PA) version 15.0 for Win-
dows. ANOVA followed by pairwise comparison with Dun-
nett’s test (overall family error rate of 0.05) was executed
with the controls being the DMSO media and the media
alone.7

In vitro inflammatory response
To assess the anti-inflammatory properties of released SA,
the human acute monocytic leukemia cell line (THP-1) was
differentiated into macrophage-like cells by adding phorbol
12-myristate 13-acetate (PMA; Promega) into RPMI-1640
medium (Invitrogen, Carlsbad, CA) containing 1% penicillin/
streptomycin and 5% fetal bovine serum (Atlanta Biologi-
cals). Cells were seeded at 35,000 cells/well (96-well plate)
with 150 lL medium/well. Acute inflammation was induced
by the addition of lipopolysaccharide (LPS; 100 ng/ml;
Sigma, St. Louis, MO) with conditioned RPMI media contain-
ing either dissolved polymer or SA. The 1.0 mM and
0.01 mM concentrations were chosen, as the relevant thera-
peutic SA doses used for in vitro assays.34,35 The 400 mM
and 40 mM polymer concentrations were chosen based on
calculations of SAA percentage and release in SAPAE-based
NGCs. Polymer-conditioned media was prepared by incubat-
ing a known mass of polymer in 10 mL of RPMI media at
378C for 72 h. The mass loss of the original polymer was
used to determine the SA concentration in the media. After
24 h of culture, the supernatant was collected and stored at
2858C. Inflammation levels were quantified by measuring
tumor necrosis factor alpha (TNF-a) expression, an inflam-
matory cytokine known to be released by THP-1 cells in
response to gram-negative LPS exposure.36 TNF-a levels
were measured using a human TNF-a enzyme-linked immu-
nosorbent assay (ELISA) kit (BioLegend, San Diego, CA).

THP-1 viability was determined using MTS. After 24 h of
culture and complete media collection for TNF-a ELISA, 100
mL of fresh RPMI medium was placed in each well with 20
mL MTS reagent which was further incubated for 4 h. The
absorbance was then recorded with a microplate reader at
k 5490 nm and cell numbers were calculated based upon a
standard curve created 24 h after original seeding. TNF-a
levels were normalized with THP-1 cell counts. RPMI media
with LPS and PLGA with LPS were used as positive controls
and RPMI media without LPS was used as a negative
control.

NGCs preparation and surgical procedure
NGCs were prepared as previously described.24 In brief,
polyethylene (PE) tubes (0.6 mm ID/1 mm OD) were used
as a control group that is biocompatible, non-biodegradable,
and non-bioactive. Both PE tubes and SA-NGCs were UV
sterilized for 900 s using Spectrolinker 1500XL (Westbury,
NY). Sterile PBS or type I collagen hydrogel was used as
luminal fillers. Type I collagen hydrogels (2.0 mg/mL) were
prepared as previously described.37,38 Both PE tubes and
SA-NGCs were incubated with type I collagen hydrogel fill-
ers at 378C to ensure hydrogel self-assembly.
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All animal surgeries were complied with the university
standard protocols for animal handling and care. Surgical
procedures were performed as previously described.24 In
brief, ten week-old C57/B6 female mice (Taconic Farm, Hud-
son, NY) were anaesthetized using mixture of ketamine
(80 mg/kg) and xylazine (12 mg/mg) through intraperito-
neal injections. Betadine scrub and alcohol were used to
clean the surgical area prior to shaving, followed by the
exposure of left femoral nerve. A 3 mm distance proximal to
the bifurcation of the nerve was transected to create a
5 mm gap between the proximal and the distal stump.
Either PE tubes or SA-NGCs were inserted and fixed with
single epineural 10–0 nylon stitches (Ethicon, Somerville,
NJ). Wound clips (Fine Science Tools, Foster City, CA) were
used to close the incision on the skin, then removed from
mice one week post-surgery.

Functional recovery assessment
Injury to the femoral nerve causes a mouse to lose control
of its quadriceps muscles and as a result, knee joint exten-
sion during the gait movement is limited. Using the proce-
dure developed by Irintchev et al. functional recovery of the
femoral nerve can be quantified.39 In brief, mice (n56–10)
were trained to walk across a wooden beam (1 m) toward
their home cage before the surgeries, and their gait move-
ment filmed from the rear using a high speed camera
(A602fc, Basler, Ahrensburg, Germany). The gait movements
were filmed prior to injury, and at 1, 2, 4, 8, 12 and 15
weeks after nerve transection surgery was performed (See
Supporting Information).

The video recordings were analyzed using single frame
motion analysis software called SimiMotion (SIMI Reality
Motion Systems, Unterschleissheim, Germany) to determine
foot base angle (FBA). FBA is measured at the point when
the sole of the left hind leg is making the contact to the
beam and the contralateral leg is lifted at its highest posi-
tion.24 The angle is between the wooden beam and a
line bisecting the left hind leg at its midpoint as shown in
Figure 2. Measurement of functional recovery at various
time points can be obtained using stance recovery index
(RI), and calculated using the following equation:

RI5 Xreinn2Xdenð Þ= Xpre2Xden
� �� �

3100

whereas Xreinn, Xden and Xpre are values obtained during the
period of reinnervation (reinn), the state of denervation (7
days after injury) (den), and prior to nerve injury (pre),
respectively.40

Histology
After heavy anesthesia, animals were sacrificed by perfusion
through the left ventricle with 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO), and the implanted NGCs
were removed. Samples for histological analysis were pre-
pared as previously described.24 In brief, samples were
fixed in 4% paraformaldehyde followed by immersion in
20% sucrose-saline solution. A 2 mm segment from the
middle of the regenerated nerve was sectioned and fixed
with 1% osmium tetroxide solution in 0.1 M sodium caco-
dylate buffer then embedded in an epoxy resin (Electron
Microscopy Sciences, Hatfield, PA) and sectioned into 1 lm-
thick cross-sections using Cryotome (Thermo Scientific, Wal-
tham, MA). The samples were then counter-stained with 1%
toluidine blue in 1% borax in distilled water (Electron
Microscopy Sciences, Hatfield, PA), for better contrast, and
imaged using 100X oil immersion objective in bright field.
The captured images were then used to count the myelin-
ated axons using ImageJ (NIH, Bethesda, MD). Degree of
regeneration was calculated by dividing the area of regener-
ated nerve tissue by the total tissue area. The ratio of the
axon-to-fiber diameter was used to calculate the g-ratio to
evaluate the quality of the regenerated myelin.24 The num-
ber of regenerated axons was also counted. Statistical analy-
sis for the histological analysis was performed using R
(http://www.r-project.org/). One-way analysis of variance
(ANOVA) analysis was performed to determine the statisti-
cal significance of various data sets where p< 0.05 was con-
sidered significant.

RESULTS

NGC porosity and inner luminal surface
Figure 1 depicts the SEM images of porous SA-NGCs. Using
Ostu’s threshold, SEM images revealed that SA-NGCs have

FIGURE 1. SEM images of the SA- NGCs: overall view at left [69X] and magnified view at right, showing the wall porosity and relatively smooth

interior surface [406X]. Scale bar is 100 lm in both images.
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porosities that are 426 6% (n512) of the cross-sectional
area. This aspect is relevant as porosity affects nutrient and
waste transport in/out of the of the NGCs. Based on prelimi-
nary in vivo studies, SA-NGC pore size ranged from 4 � 7
lm after 13 weeks of implantation in rats, which has been
shown to aid axonal regeneration effectively.41 Figure 1
shows a smooth inner luminal surface of SA-NGCs, resulting
from the fabrication process in which a Teflon needle was
extracted from the dried SA-NGCs.

In vitro non-cytotoxicity
Increased fibroblasts number was observed for all experi-
mental conditions over 96 h at each time point (Fig. 2).
Figure 2 shows cytocompatibility data for a concentration of
0.10 mg/mL (Data for 0.01 mg/mL provided as supplemen-
tal information). No significant difference between the con-
trols and the SA-NGCs were observed. Cultured cells display
extended filopodia at all directions in all media conditions,
further supporting the cytocompatiblity of SA-NGCs. Cyto-
compatability of the SA-NGCs was determined using a cell
viability assay.

In vitro salicylic acid release
The actual dose of SA released at the implantation site
was determined indirectly from the average mass of the

SA-NGCs and the known composition. The typical wt % of
SA in the SA-PAE is 74 � 75 wt % and thus, each SA-NGCs
should release �0.186 0.01 mg of SA. Figure 3 shows that
SA is released from the SA-NGCs in a controlled and sus-
tained manner for 42 days with no evidence of an initial
burst release.

In vitro anti-inflammatory response
Cumulative TNF-a expression of the various conditions over
24 h was examined. As indicated by pairwise comparison
with Dunnett’s test, a significant difference in the TNF-a
exists between the media LPS control, SAA [40 mM], SA
[1 mM], and SA [0.01 mM] after 24 h of culture (overall
family error rate5 0.05) (Fig. 4). The higher concentration
of SAA [400 mM] had TNF-a expression statistically equiva-
lent to the media LPS, indicating a dose dependence/satura-
tion phenomenon with SA released from the polymer.

In vivo functional recovery assessment
Following injury to the femoral nerve, knee extension of the
left hind leg was compromised throughout gait cycle. This
motion is heavily dependent on the quadriceps with mini-
mal contribution from other muscles, and thus serves as a
good functional recovery model for regenerated nerves.24

Prior to the injury, FBA was approximately 698 and
increased to approximately 1048 one week post-injury, indi-
cating the loss of nerve innervation to quadriceps. After
eight weeks post-injury, all groups except the saline-filled
PE tube showed decreased FBA; this trend continued up to
fifteen weeks post-injury. RI was normalized to the degree
of functional improvement at week one to assess the func-
tional improvement of mice during the course of 15 weeks
post-surgery.24 The average RI for PE NGCs including both
saline and collagen fillers was 12 while the average RI for
SA NGCs including both saline and collagen fillers was 22. A
negative RI associated with decreased performance, sug-
gests muscular atrophy of the animal’s left hind leg due to
poor nerve innervation at the target muscle. In contrast, a
positive RI refers to improved gait as the nerve regenerates

FIGURE 2. Cell proliferation over 4 days in culture media at concentra-

tions of 0.10 mg polymer/mL media. No statistically significant differ-

ences were noted for the SA-NGD polymers against DMSO media, or

media control were found at any of the time points using an overall

family error rate of 0.05 with Dunnett’s test.

FIGURE 3. In vitro salicylic acid release profile from SA-NGCs (n 5 3).

FIGURE 4. TNF-a expression over 24 h (n 5 3). Significant differences

against Media LPS control indicated by * (obtained by Dunnett’s test

using an overall family error rate of 0.05).
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and innervates the target muscle to support the body
weight during the gait. A zero RI suggests no functional
improvement due to poor nerve regeneration.

Histological analysis
Osmium tetroxide-treated cross-sections of nerve samples
showed myelinated regenerated axons in SA-NGCs with
intraluminal collagen fillers (Fig. 5). As seen in Figure 5, SA-
NGCs showed ample number of axons despite the small
sample size. Histological analysis correlates to functional
recovery (section 3.6) and morphological regeneration. For
saline-filled SA-NGCs, individual mice that showed positive
RI for functional assessment also showed highly regenerated
axons; in contrast, animals that showed negative RI had few
regenerated axons. The collagen hydrogel appears to
encourage nerve regeneration and can be modified to
increase myelin or axon numbers, but does not greatly
increase the regeneration area - regardless of the modifica-
tion. In contrast, SA-NGCs filled with intraluminal type I col-
lagen hydrogel showed greater nerve regeneration
compared to PE tubes with same interluminal filler used in
the SA-NGCs.

The average number of regenerated axons in SA-NGCs
was 385 which was similar to the number of the regener-
ated axons in our previous work24 The quality of the regen-
erated axons was evaluated by the g-ratio measurement.
The g-ratio ranged from 0.607 to 0.717 and the average
was 0.647. It has been shown that the physiologically func-
tioning values of the g-ratio range from 0.6 to 0.8 and the
lower g-ratio indicates the greater degree of myelin wrap-
ping around the axon.24

DISCUSSION

NGC fabrication and porosity
NGCs serve as a physical bridge to allow regenerating
nerves to reach the stump while preventing the infiltration
of fibroblasts, resulting in scar tissues that may reduce the

functional recovery. Studies show that the physical proper-
ties as well as the physical dimensions of NGCs influence
the nerve regeneration by preventing constriction of the
regenerating nerve and avoiding early collapse.42–45. The
dip-coating technique utilized in this experiment is one of
the most versatile methods to readily modify the physical
requirements of NGCs such as wall thickness, inner diame-
ter, and porosity. NGC pore size must be carefully controlled
to prevent escape of essential growth factors and prevent
cell infiltration that may interfere with axonal elongation,
yet still allow nutrient and waste exchange.6,10 The smooth
inner surface also enhance nerve regeneration when com-
pared to NGCs with rough inner surface.46

Biocompatibility of NGC and in vitro salicylic acid
release
While the biocompatibility of SA-based PAEs have been
reported,20 this polymer blend has not been previously
studied. Both MTS assay and cellular morphology indicate
that the SA-NGCs are cytocompatible and their degradation
products do not inhibit cellular proliferation. A preliminary
in vivo study in rats exhibited no severe immunological
responses (data not shown). Previous work has shown the
biocompatibility of the SA-PAEs and its degradation prod-
ucts by culturing rat Schwann cells and primary rat dorsal
root ganglia.13 Based on our previous work, in vitro cyto-
compatibility, and preliminary in vivo study, it is unlikely
that the regenerated axons will be harmed by the degrada-
tion products, SA, and adipic acid. In addition, the controlled
release of SA from the SA-NGCs for a prolonged period pro-
vides benefit over systems with burst release profiles char-
acterized by high initial concentration level above toxicity
and then diminishing rapidly to ineffective concentration in
body.47 Furthermore, the localized release of SA is antici-
pated to play a role in the inhibition of scar tissue forma-
tion and TNF-a that could elicit the neurite outgrowth,
leading to more robust regeneration.48

FIGURE 5. Histology of representative samples: (A) SA-NGC filled with saline; and (B) SA-NGC filled with native collagen. Black circles enclose

the regenerated axons within the regenerated nerve. The region outside the black circles represents scar tissues.
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In vivo evaluation and histomorphological analysis
For PNI with longer gaps, fibrin cable connections across
the gap cannot be established without supportive cells and
luminal fillers within the lumen of NGCs, subsequently
resulting in poorly regenerated nerves.24,49 When luminal
fillers such as collagen hydrogels are used in conjunction
with NGCs, the hydrogels replace the functions of fibrin
cables and provide a favorable regeneration environment
while the NGCs act as a physical bridge allowing axonal
migration and regeneration.24,50 In this study PE tubes filled
with saline and collagen were compared to SA-NGCs filled
with saline and collagen. The observed RI was better for
SA-NGC based systems than PE systems. As expected the
addition of collagen improved recovery. NGCs filled with
type I collagen improved the RI compared to saline-filled
NGCs (p< 0.10). While intraluminal fillings are critical for
axonal regeneration in longer gaps, saline-filled SA-NGCs
showed improved functional recovery as well as morpholog-
ical regeneration while saline-filled PE tubes showed nega-
tive functional recovery and little axonal regeneration. While
further studies are required to understand the exact mecha-
nism behind the regeneration with saline-filled SA-NGCs, we
hypothesize that the SA release plays a role in improved
regeneration as it should locally reduce inflammation. For
example, Neumann et al. reported increased neurite out-
growth when TNF-a secretion was inhibited.48 With the SA-
based polymers, we observed reduced expression of TNF-a
in other studies and expect the SA-NGCs to have similar
influences.24

The differences between NGC composition and nerve
regeneration are more apparent in Figure 6. Figure 6 shows
greater percentage of nerve regeneration using SA-NGCs
filled with collagen and saline compared to PE tubes filled
with collagen and saline. Increased nerve regeneration per-
centage observed in SA-NGC groups may be due to the
localized SA release, which likely suppresses inflammation
and reduces the scar tissue formation to create more space
for nerve growth. Our group previously reported reduced
inflammation using SA based microspheres and scaffolds in
vitro and in vivo,22,23 SA-based microspheres significantly
reduced TNF-a level, indicating an anti-inflammatory
response. Histology revealed a reduction of inflammation in
vivo using SA-based scaffolds when compared to PLGA scaf-
fold. In clinical settings, reduced scar tissue formation has
been reported using therapeutic dosage of SA.51,52 We
anticipate that the localized release of SA is playing a role
in the inhibition of scar tissue formation, leading to the
decrease in spatial occupancy of the scar tissue, thereby
increasing the spatial distribution of regenerated tissue. Fur-
thermore reduction of TNF-a has been reported to elicit
neurite outgrowth, leading to more robust regeneration.48

CONCLUSION

This study describes a nerve guidance conduit that is read-
ily fabricated and has the unique benefit of locally deliver-
ing therapeutics, namely the anti-inflammatory drug,
salicylic acid (SA) as the polymer degrades. Teflon needles

were dip-coated into solutions of SA-PAE and PLAA to create
NGCs; this fabrication method has great potential in settings
where NGCs of various dimensions are required for different
types of nerve injuries. The SA-NGCs locally deliver SA at the
implantation site to allow greater axonal regeneration while
concurrently preventing scar tissue formation. Combined
with intraluminar collagen fillers, SA-NGCs allowed a greater
degree of nerve regeneration and functional movement com-
pared to non-biodegradable PE tubes after 15 weeks post-
surgery. While further studies are needed to understand the
exact mechanism by which SA is improving regeneration,
groups treated with saline-filled SA-NGCs showed both mor-
phological regeneration and improved functional recovery in
longer gaps that normally require luminal fillers within
NGCs. This makes SA-NGCs a promising alternative to non-
biodegradable PE tubes for nerve regeneration.
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