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Restoring continuity to severed peripheral nerves is crucial to regeneration and enables functional recovery.
However, the two most common agents for coaptation, sutures and fibrin glues, have drawbacks such as
inflammation, pathogenesis, and dehiscence. Chitosan-based adhesives are a promising alternative, reported to
have good cytocompatibility and favorable immunogenicity. A photo-cross-linkable hydrogel based on chitosan
is proposed as a new adhesive for peripheral nerve anastomosis. Two Az-chitosans were synthesized by conjugating
4-azidobenzoic acid with low (LMW, 15 kDa) and high (HMW, 50—190 kDa) molecular weight chitosans. These
solutions formed a hydrogel in less than 1 min under UV light. The LMW Az-chitosan was more tightly cross-
linked than the HMW variant, undergoing significantly less swelling and possessing a higher rheological storage
modulus, and both Az-chitosan gels were stiffer than commercial fibrin glue. Severed nerves repaired by Az-
chitosan adhesives tolerated longitudinal forces comparable or superior to fibrin glue. Adhesive exposure to intact
nerves and neural cell culture showed both Az-chitosans to be nontoxic in the acute (minutes) and chronic (days)
time frames. These results demonstrate that Az-chitosan hydrogels are cytocompatible and mechanically suitable
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for use as bioadhesives in peripheral neurosurgeries.

Introduction

Peripheral nerves are commonly damaged by mechanical
trauma, iatrogenic injury, and mechanical insult. Such wounds
can cause pain, numbness, dysaesthesia, and loss of mobility
or dexterity over acute and chronic time frames.' The most
severe form of nerve injury, neurotmesis, separates proximal
and distal nerve trunks. If anatomical continuity is not restored,
there is little chance of nerve healing or functional recovery.”
Therefore, reconnecting severed peripheral nerves is crucial for
improving patient outcomes. Surgical treatment of transected
nerves usually involves microsurgical suture techniques to
anastomose the divided ends with epineurial or perineurial
sutures.®> However, this conventional treatment has several
noteworthy limitations. Microsuture placement extends operating
times and further traumatizes injured nerves. Chronic implanta-
tion can lead to inflammation, foreign body reactions, and
scarring that discourage regeneration and may impair nerve
function.* Functional outcomes after standard therapy vary, but
are frequently poor. Kim et al. reported that 28% of patients
receiving suture repair of the ulnar nerve described post-
treatment outcomes as fair, poor, or absent.” Additionally, in
the Jaquet et al. study of conventional surgical treatments for
upper extremity nerve injuries, less than 50% of patients reported
good motor function.® Therefore, the development of alternative
treatments with increased efficacy is necessary.

Bioadhesive alternatives to sutures for nerve anastomosis,
such as coaptation with cyanoacrylates or fibrin-based surgical
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glues significantly reduce operating times.” Cyanoacrylates
provide excellent bonding strength between nerves, but poten-
tially cause inflammation.®® Furthermore, cyanoacrylates are
known to release formaldehyde and cyanoacetate, inducing
histotoxic effects when used for internal applications.'® Fibrin
glues bond quickly, but have mixed results in nerve anastomosis.
Some human studies have reported positive clinical outcomes,"'
while other groups have indicated an extremely high rate of
dehiscence and low bonding force postoperatively.'>'* As a
product derived from human blood plasma, commercial fibrin
glues can also function as pathogen vectors.'*

As the existing techniques have considerable drawbacks, there
is a clear need for an improved bonding agent in peripheral
neurosurgeries. Ideally, such an adhesive would be prepared
from nonhuman biomaterials that are safe for chronic implanta-
tion, bond rapidly, provide a mechanically stable environment
to support nerve healing, and preferably disappear once the
anatomical continuity is restored. Additionally, the presence of
such an adhesive should not impact nerve function.

Chitosan is a biopolymer of natural origin, possessing many
of the aforementioned properties. Prepared through the alkaline
N-deacetylation of chitin, chitosan is a linear polymer consisting
of f(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine.
Widely regarded as biocompatible,'® chitosan degrades into
byproducts known to be nontoxic and nonimmunogenic.'®
Chitosan has been investigated for many biomedical applications
including tissue culture scaffolds,'® drug/gene delivery vectors,'”
wound healing,"® and surgical adhesives.'® The adhesive proper-
ties of chitosan may be attributable to strong intermolecular
forces such as hydrogen bonding and ionic attraction between
polycationic chitosan and the anionic part of collagen ubiquitous
in mammalian tissues.?®

For maintaining nerve continuity under stress, cohesive forces
(chitosan—chitosan interaction) are as important as adhesive
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forces (chitosan—tissue attraction). Introducing covalent cross-
links between the chitosan chains is one approach for improving
gel cohesion. Photo-cross-linkable hydrogels have been widely
explored for tissue engineering,”’ wound healing,**** drug
delivery,**> and bioadhesive applications'® for the unique
ability to form covalent cross-links by photoactivation, a
relatively mild chemical reaction that can be performed in
contact with tissues. A variety of natural and synthetic polymers
have been modified to photo-cross-linkable macromers®® via
(meth)acrylation®”*® or conjugation with aryl azide.?® Hydrogel
networks of these macromers are formed by photoactivation of
the coexisting photoinitiators ((meth)acrylated macromers) or
reactive groups built in the macromers (aryl azide-modified
macromers). Photo-cross-linkable chitosan (Az-chitosan), a
polysaccharide backbone grafted with 4-azidobenzamide, can
be created by reacting chitosan with 4-azidobenzoic acid.?® The
product dissolves in water, producing a viscous solution that
rapidly forms a hydrogel under ultraviolet (UV) irradiation.
Gelation of Az-chitosan occurs via photolytic conversion®® of
aryl azide to reactive nitrene, which undergoes ring expansion
and reaction with amines to form inter- and intramolecular
networks.

We hypothesize that Az-chitosan hydrogels are safe and
effective adhesives for peripheral nerve anastomosis, and we
predict that varying the molecular weight will impact their
physical properties. Hydrogels were prepared with chitosans of
two different molecular weights to examine the effects of
polymer chain length on their gelation time, mechanical stability,
swelling behavior, and toxicity. The chemical, mechanical, and
biological evaluation of the Az-chitosan hydrogels warrant
further study into this line of neurosurgical adhesives.

Materials and Methods

Materials. 4-Azidobenzoic acid (ABA) was purchased from TCI
America (Portland, OR, U.S.A.), and low molecular weight chitosan
(MW: 15 kDa; deacetylation degree: 87%; “LMW chitosan”) was
purchased from Polysciences (Warrington, PA, U.S.A.). High molecular
weight chitosan (MW: 50—190 kDa; deacetylation degree: 83%; “HMW
chitosan”), bovine serum albumin (BSA), 1-ethyl-3-[3-dimethylami-
nopropyl]carbodiimide (EDC) and N,N,N’,N’-tetramethylethylenedi-
amine (TEMED), horse serum, PenStrep, triton X-100, and propidium
iodide were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Solvents were purchased from VWR (West Chester, PA, U.S.A.). The
commercial bioadhesive, Tisseel fibrin sealant, was purchased from
Baxter Healthcare Corp. (Deerfield, IL, U.S.A.). Superglue (ethyl-
cyanoacrylate) was obtained from Henkel Adhesives (Dusseldorf,
Germany). Dulbecco’s Modified Eagle Medium (DMEM) was pur-
chased from Gibco (Green Island, NY, U.S.A.), as were AlexaFluor-
488 conjugated phalloidin and a Live/Dead viability/cytotoxicity kit
(L3224). Fetal bovine serum (FBS) was obtained from Atlanta
Biologicals (Lawrenceville, GA, U.S.A.), and nerve growth factor
(NGF, GF-022-5) was obtained from Austral Biologics (San Ramon,
CA, U.S.A.). The anesthetics ketamine and xylazine were purchased
from Fort Dodge Animal Health (Fort Dodge, TX, U.S.A.) and Lloyd
Laboratories (Shenandoah, IA, U.S.A.), respectively.

Synthesis of Az-Chitosan. Az-chitosan was synthesized according
to a previously reported method.?* TEMED (300 uL, 1.98 mmol) was
added to a solution of ABA (80 mg, 0.49 mmol) in 1 mL of dimethyl
sulfoxide (DMSO), followed by addition of 1 mL aqueous solution of
EDC (159 uL, 0.9 mmol). The resulting mixture was vortexed for 30 s
and added to a solution of chitosan (either LMW or HMW, 400 mg)
in a 1:1 mixture of water and DMSO. The final pH was adjusted to 5
using 1 M HCI, and the reaction mixture was stirred overnight at
ambient temperature in darkness. ABA precipitates in the reaction
mixture were removed by centrifugation at 10000 rpm for 3 h. ABA-
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chitosan conjugate (Az-chitosan) in the supernatant was purified by
alternating alkaline precipitation (pH 9) and redissolution in acidic
solution (pH 3). To minimize salt accumulation, the alkaline precipitates
were removed from the residual liquid as much as possible prior to
redissolution in the acidic solution. The purification cycle was repeated
at least five times until there was no detectable ABA in the supernatant
by UV/vis spectroscopy (DU 650, Beckman Coulter Inc., Brea, CA,
U.S.A.). Without further purification, the pH was adjusted to 5 with 1
M HCI, and the resulting solution was lyophilized. Az-chitosan was
analyzed by 'H NMR spectroscopy (DRX500, Bruker Scientific
Instruments. Billerica, MA, U.S.A.). The salt content in the lyophilized
Az-chitosans, irrespective of molecular weight, was consistently 8 wt
%, as determined from the lost weight after further dialysis of Az-
chitosan in water.

Az-Chitosan Photopolymerization. Az-chitosan was prepared as
40 mg/mL solution in normal saline. The Az-chitosan solution was
gelled by illumination with a long wavelength UV lamp (Blak-Ray
B-100 AP/R, UVP, Upland CA, U.S.A,, radiation range 315—400 nm,
peak at 365 nm). The effective irradiance of this lamp was measured
at a 90° angle at distance of 6 cm using an IL1700 Radiometer
(International Light Technologies, Newburyport, MA, U.S.A.). Readings
were repeated at 5 min intervals to establish an average irradiance.
Proper protective equipment was utilized at all times when working
with the UV light.

To measure the gelation time, five or six drops (each 100 uL) of the
gel precursor solution were placed on a polyethylene dish. The dish
with precursor drops was illuminated with the long-wavelength UV
lamp at a distance of 6 cm. After UV illumination for 15, 20, 25, 30,
35, 40, 45, or 50 s, the dish was taken out to test the consistency of
each drop. A plastic pipet tip was passed along the diameter of the
drop. Samples were considered to have gelled when the pipet tip was
able to divide the drop into two separate halves. The gelation time
was defined as the range of time taken for all 5—6 drops of precursors
to form gels.

Rheological Analysis of Az-Chitosan. The rheological properties
of gels were studied using a stress-controlled AR-2000 Rheometer (TA
Instruments, Leatherhead, Surrey, U.K.) with standard parallel steel
plates (20 mm diameter). The gel was formed by placing 450 uL of
Az-chitosan precursor solution in a template made of a silicon sheet
(900 um thickness) on the Peltier plate, followed by UV illumination.
Gels of this thickness are typically formed in less than 1 min, but the
gels were irradiated for 10 min, simply to ensure that the gelation was
complete. Fibrin glue was also analyzed for comparison. Fibrin glue
was prepared per the manufacturer’s instructions. The precursor
solutions were extruded from a dual-barrel syringe through a common
outlet. The extruded fibrin glue (450 uL), which turned to a gel instantly,
was placed on the Peltier plate. A gap width of 900 um was used for
all experiments. A solvent trap (a circular well) filled with water was
placed around the samples to prevent their dehydration during the
experiment.>! The water in the solvent trap evaporates and creates an
environment saturated with water vapor inside the enclosure. All
measurements were performed at 25 °C. A stress sweep (o, 0.07—1000
Pa) was performed on the gel at 0.1 Hz in a dynamic oscillatory mode
to determine their storage (G’, Pa) and loss (G”, Pa) moduli. The G’
results were expressed as mean values of all data points on the linear
viscoelastic region.

Nerve Isolation. Adult male Sprague—Dawley rats (350—500 g,
Harlan) were anesthetized with ketamine (80 mg/kg) and xylazine (10
mg/kg) in an institutionally approved protocol (PACUC #04-049).
Transcardial perfusion with cold, oxygenated Krebs’ buffer solution
euthanized the animals while removing blood. Sciatic nerves were
excised from the sacral plexus to their split in the posterior thigh. Nerves
for mechanical testing were stored in refrigerated (4 °C) Krebs’ buffer.
External connective tissue was removed from specimens intended for
electrophysiology, which were maintained in cold, oxygenated Krebs’
buffer to allow for biochemical recovery.
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Tensile Analysis of Nerves Anastomosed with Az-Chitosan. The
methods for evaluating adhesive efficacy in peripheral nerves under
tension were modified from a previously described protocol.® Trial and
error were used to develop a procedure for efficiently coapting
peripheral nerves with force profiles that could be monitored with high
precision. Briefly, nerves were severed at their midpoint and a coating
of ~100 uL of either LMW or HMW Az-chitosan was applied, and
the samples were gelled by 60 s UV illumination at a distance of 6
cm. A second coating was applied to the reverse surface and hydrogels
were again irradiated for 60 s. Control groups of nerves were
anastomosed either with two applications of ~100 uL Tisseel fibrin
glue or two quadruple square knot sutures of 10—0 monofilament nylon
(N-2770, Monosof Covidien Synature, Mansfield, MA, U.S.A.).

Samples were loaded into a 100Q250 (Test Resources, Shakopee,
MN, U.S.A.) computer-controlled vertical mechanical testing system.
The force sensor was zeroed to the weight of each specimen, and the
nerve’s unstressed reference length was measured. The load cell
recorded the tension on the system at 64 Hz while nerves were stretched
at 5 mm/min (~0.1% strain/s) until failure. A Windows XP (Microsoft,
Redmond, WA, U.S.A.) computer with Wincom software (ADMET,
Norwood, MA, U.S.A.) was used to export data from the testing device.

For data analysis, standard engineering definitions were used. The
ultimate tensile strength was obtained as the maximum force value
recorded by the load cell prior to failure. Strain was calculated as the
change in position for the grips divided by unstressed length of the
nerve. Engineering stress values (in kPa) were estimated for each tension
reading recorded by the load cell (in N) divided by the average cross-
sectional area for unloaded rat sciatic nerves (in mm?). As nerves are
soft tissues and easily deformed, it was necessary to use this
representational value obtained by imaging sectioned sciatic nerves from
comparably sized rats and measuring their area with ImageJ (U.S.
National Institutes of Health, Bethesda, MD, U.S.A.). The Young’s
modulus for each nerve-adhesive was calculated as the slope of the
linear portion of the characteristic stress—strain curve.

Swelling Ratio. Az-chitosan was prepared as 40 mg/mL solution in
normal saline. A total of 100 uL of the gel precursor solution was
transferred to a cylindrical template (diameter: 4 mm; height: 6 mm)
and cross-linked by UV illumination. Gels of this thickness typically
formed in 3 min, but the gels were irradiated for 5 min to ensure
complete gelation. The gels were then transferred to plastic dishes with
known weights, dehydrated under vacuum overnight, and weighed (Wj).
Subsequently, the Az-chitosan disks were rehydrated in distilled water,
and their weight changes were monitored periodically until the weights
no longer changed: the hydrogels were recovered at regular time points,
blotted with tissue paper to remove excess water, and weighed (W)).
The mass swelling ratio (Qy) at equilibrium was defined as the ratio
of the wet weight of a fully swollen gel to the dry weight (W/Wj).

Acute Toxicity. Conduction through peripheral nerves is highly
sensitive to changes in the extracellular media: toxic materials are
known to impact conduction within minutes.>>>> To assess the potential
acute toxicity of the Az-chitosan hydrogels, electrophysiological
conduction through intact ex vivo nerves was evaluated before and
after exposure to the adhesive. These tests were performed using a
double sucrose gap recording chamber, as has been previously
described.® Briefly, isolated sciatic nerves were sealed in the chamber
and conduction was established at 25 °C. Stimulus was applied using
a Neuro Data PG4000 digital stimulator, and recording was ac-
complished using a bridge amplifier (Cygnus Technologies, Delaware
Water Gap, PA, U.S.A.). The compound action potential (CAP)
amplitude and latency were monitored continuously and allowed to
reach steady state. After 10 min of stable conduction was recorded,
the fluid level was lowered. A syringe was used to apply ~100 uL of
either the LMW or HMW Az-chitosan on the nerves. This was gelled
through 60 s UV exposure at a distance of 6 cm. Prolonged UV
exposure was avoided to prevent dehydration of the nerves, which can
change their mechanical properties. Fluid levels were restored, and
recording was reestablished. Conduction through the nerve was allowed
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to re-equilibrate, and an additional 10 min of recording was conducted.
Data analysis was performed using a custom Labview interface
(National Instruments). Results from CAP and latency were normalized
to their average values prior to adhesive exposure.

Cell Survival. The potential toxicity of Az-Chitosan was evaluated
through week long cell culture. A ~100 uL aliquot of either HMW or
LMW Az-chitosan was placed in four wells of a 24-well flat-bottomed
culture plate. Solutions covered most of the well surfaces and were
gelled through 60 s of UV exposure at 6 cm. Rat PC-12 cells were
plated at 20000 cells/well on surfaces of LMW (n = 4), HMW Az-
chitosan (n = 4), or unmodified tissue culture polystyrene (TCPS, n =
4). Cells were cultured in standard media prepared from 84% DMEM,
12.5% horse serum, 2.5% FBS, and 1% PenStrep with 100 ng/mL NGF
at 37 °C in 5% CO,. Cells were maintained in culture for 1, 4, or 7
days, and medium was replaced every other day with gentle suction to
avoid removing loosely adherent cells. At the end of their culture period,
cell viability for each plate was assessed using a Live/Dead viability/
cytotoxicity assay. Cells were incubated in 2 uM calcein AM and 4
uM ethidium homodimer in PBS for 40 min to stain the cytoplasm of
live cells and the nuclei of dead cells, respectively. Microscopy was
conducted immediately using a Nikon Diaphot 300 microscope. For
each culture surface, 12 images were obtained for each dye at random
positions within the wells using a Diagnostic Instruments 11.2 color
mosaic CCD camera and exported using ImagePro (MediaCybernetics
Inc., Bethesda, MD, U.S.A.). Images were cropped to exclude clumps
of cells. To prevent observational bias, cell number was assessed using
a macro in Image]. For automated analysis, cells were defined as
fluorescing objects with areas between half the average size of ethidium
stained cells (representing dead cells) and 2 times the average size of
calcein-stained cells (representing live cells). Cell survival was quanti-
fied as the number of cells fluorescing at 488 nm divided by the sum
of cells fluorescing at 488 and 540 nm. Average survival values for
LMW and HMW Az-chitosan hydrogels were normalized to the average
survival on the control TCPS surface for each time point.

Cell Process Extension. Cell process extension was evaluated as a
measure of the capacity of neural cells to grow on these materials. For
these experiments, cells were cultured as described above. After 1, 4,
or 7 days, cells were removed from culture, fixed with 4% paraform-
aldehyde, and permeabilized with 0.1% triton X-100. AlexaFluor-488
conjugated phalloidin and propidium iodide stained cytoskeletal actin
and nucleic acid, respectively. Cells were imaged as above using a
fluorescence microscope at 20x. Four images were acquired at random
locations within the well. Cell process length was quantified using
ImageJ to measure 15 processes for each surface and time-point. Only
neurites that were larger than the cell nuclei, did not touch other cells,
and did not extend outside the imaged boundary were measured. For
branching neurites, only the longest process was measured.

Statistical Analysis. Results are reported as average values =+ the standard
deviation. A two-tailed paired Student’s # test was used to compare electro-
physiological values before and after adhesive exposure. All other experiments
used one-tailed ANOVA to compare means between groups. For all tests,
statistical significance was ascribed to p-values <0.05, and post-hoc compari-
sons were performed using Tukey’s test.

Results

Synthesis of Az-Chitosan. Schemes of Az-chitosan synthesis
and gelation are shown in Figure 1A. Conjugation of ABA to
chitosan was confirmed by 'H NMR: 4-azidobenzamide,
7.17—7.19 (d, J = 10 Hz), 7.81—7.83 (d, J = 10 Hz); chitosan,
2.01 (s), 3.00 (s, broad), 3.20—4.00 (m; Figure 1B). The
percentage of chitosan amine converted to 4-azidobenzamide
was calculated by comparing an integrated area of peaks in 7—8
ppm (4H, benzene) and those in 3—4 ppm (6H, chitosan). For
both HMW and LMW Az-chitosan, the conversion rate was
2%. Az-chitosan solution (1 mg/mL) showed a consistent extent
of UV absorption at 277 nm, irrespective of the molecular
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Figure 1. Schematic of the conjugation of chitosan with ABA and the photo-cross-linking of Az-chitosan chains (A). The 'H NMR spectra (B)
were identical for LMW and HMW Az-chitosan. Similarly, the UV/vis absorbance spectra (C) of LMW and HMW Az-chitosan in water (1 mg/mL,
pH 5) overlapped. Water and LMW chitosan spectra are shown for comparison.

weights of unaltered chitosan (Figure 1C), corroborating the
NMR results.

Az-Chitosan Photopolymerization. All experiments were
conducted at a distance of 6 cm, at which the irradiance was
observed to be 2.4 & 0.2 mW/cm? (n = 6). A total of 100 uL
of solution formed a gel less than 1.2 mm thick. HMW Az-
chitosan solution (40 mg/mL) formed a hydrogel in 40—50 s
(n =5). The LMW chitosan (40 mg/mL) formed a gel in 20—40
s (n = 10).

Rheological Analysis. Fibrin glue showed a constant G of
56.3 £ 20.6 Pa in the stress range of 0.07—100 Pa (o) at the
frequency of 0.1 Hz (Figure 2). At higher stress levels, the gel
detached from the surface of the rheometer. On the other hand,
HMW Az-chitosan hydrogel (40 mg/mlL) demonstrated a
constant storage modulus (G”) of 330.8 + 114.6 Pa, 6 times
higher than that of fibrin glue (p < 0.01), in the stress range of
0.07 to 1000 Pa. LMW Az-chitosan was even stronger than
HMW Az-chitosan, showing G’ of 877.1 £ 122.5 Pa, 3-fold
higher than HMW Az-chitosan (p < 0.01) and 16-fold higher
than fibrin glue (p < 0.01).

Tensile Analysis of Nerves Anastomosed with Az-Chito-
san. Tensile analysis results are shown in Figure 3. The force
necessary to separate anastomosed nerves was highest for those
repaired with nylon suture (n = 8), which tolerated 257.9 £ 173.0
mN. The strength of all the adhesives was significantly reduced
compared to suture but was similar between groups. Fibrin glue
(n = 8) tolerated 69.5 4= 31.6 mN, the HMW Az-chitosan (n = 8)
bore 68.9 £ 24.6 mN, and the LMW Az-chitosan (n = 8) failed
at an average load of 88.8 £ 15.8 mN. The mean strain at failure
was not significantly influenced by the method of repair, straining
to 19.23 £ 12.70, 14.28 4= 6.04, 15.00 £ 4.10, and 21.61 £ 14.58%
for the fibrin glue, HMW Az-chitosan, LMW Az-chitosan, and
nylon suture groups, respectively. Methods of failure differed
between the experimental groups. For the nerves anastomosed with
fibrin glue, failure occurred when nerves separated from the
adhesive. Samples joined by Az-chitosan always separated within
the gel. Under tension, sutures either tore through the nerve tissue
or separated at the knot.

For calculations of stress and Young’s modulus, the average
cross-sectional area of comparably sized rat sciatic nerves was
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Figure 2. Result of the stress sweep test (A) of fibrin glue (n = 6),
HMW Az-chitosan (40 mg/mL; n = 3), and LMW Az-chitosan (40 mg/
mL; n = 3) gels at 25 °C with a frequency of 0.1 Hz. The average
storage modulus (G’, Pa) of each hydrogel (B) was calculated as a
mean of all data points on the linear viscoelastic region; *p < 0.05;
**p < 0.01.
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observed to be 1.008 £ 0.083 mm?, similar to the dimensions
reported by other groups.**> The engineering stresses calculated
using this value are, thus, averages experienced by the nerve
trunks prior to dehiscence. Maximum stress values were
estimated to be 69.0 &+ 31.6 kPa, 68.3 & 24.4 kPa, 88.1 £ 15.7
kPa, 255.8 &+ 171.7 kPa for the fibrin glue, HMW Az-chitosan,
LMW Az-chitosan, and nylon suture. Derived from force values,
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Figure 4. Kinetics of swelling for the HMW and LMW Az-chitosan
hydrogels (n = 3). Between HMW and LMW chitosan at each time
point, *p < 0.05; **p < 0.01.

the stresses followed similar trends, with the nylon suture
significantly outperforming all of the adhesives. The Young’s
modulus was obtained from stress—strain plots, and the average
values of fibrin glue (527.8 4+ 246.9 kPa), HMW Az-chitosan
(908.9 £ 400.0 kPa), and LMW Az-chitosan (915.6 + 385.1
kPa) were significantly less than that of nylon suture (2578.7
+ 2153.4 kPa).

Swelling Ratio. To compare the cross-linking density of
HMW Az-chitosan and LMW Az-chitosan hydrogel networks,
the swelling ratio of each gel was determined. Both gels reached
equilibrium swelling in 48 h (Figure 4). HMW gels swelled to
a significantly greater extent than LMW gels (p < 0.05),
absorbing 470 times their dry weights in water.
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Figure 5. Mean compound actional potential amplitude and latency
values (A) for intact nerves exposed to HMW (n = 9) or LMW (n =
10) Az-chitosan for 10 min normalized to their pre-exposure average
values. Representative waveforms (B) for all sample types. Repre-
sentative time histories (C) for CAP amplitude and latency before,
during, and after HMW or LMW Az-chitosan hydrogel application.
Dashed arrows represent the lowering of the fluid level (down arrow)
for adhesive coating with a resultant loss of conduction and the return
of signal (up arrow) when the chamber was refilled with Krebs’ solution
after Az-chitosan application.

Acute Toxicity. As measured, the CAP latency evaluates the
speed of conduction through intact nerves, while the amplitude
corresponds to the relative number of axons carrying a signal.
No significant changes were observed acutely in electrophysi-
ological conduction through intact rat sciatic nerves after
application of either Az-chitosan (Figure 5A). For the HMW
gels (n = 9) average CAP amplitude after adhesive application
was 94.63 + 9.93% of the value pre-exposure, while latency
was increased by 3.73 £ 7.56%. Similar trends were observed
for the LMW Az-chitosan (n = 10), with postexposure conduc-
tion average 98.62 £ 5.64% of the amplitude and 102.79 £
7.32% of the conduction time of the average values preceding
exposure. The CAP waveforms (Figure 5B) showed no distin-
guishable differences before and after adhesive application. Time
histories (Figure 5C) indicated that the signal was irregular
during Az-chitosan application and UV irradiation, but the
differences in CAP conduction before and after application were
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Figure 6. Representative figures (A) of PC-12 cells cultured on HMW
Az-chitosan, LMW Az-chitosan, and TCPS stained green (live, B left)
or red (dead, B right) from days 1, 4, and 7. Substrates had no
significant effect on average cell survival when normalized to TCPS
control (C). For each surface and time point, n = 12. Scale bar in A
is 100 um, and in B it is 30 um.

negligible. Following photopolymerization, a clear coating of
Az-chitosan gel was observed to encapsulate the nerve trunks.

Cell Survival. Cultures of PC-12 cells grew normally in wells
coated with the Az-chitosan gels, and the substrate did not have
any significant effect on cell dispersion (Figure 6A) or morphol-
ogy (Figure 6B). Cells were frequently found to grow in clusters,
causing overlap that interfered with automated image analysis
techniques. Survival ratios were thus calculated from image
sections containing well dispersed cell populations. For each
substrate and time point, values were normalized to the survival
of cells growing on the control tissue culture polystyrene (Figure
6C). For the HMW gels, cell survival was found to be 92.6 £+
22.5,103.4 £ 32.1, and 98.2 £ 18.4% of that on the TCPS for
days 1, 4, and 7, respectively. Cultures on the LMW Az-chitosan
grew at 104.3 £ 9.5, 944 4+ 11.8, and 107.2 £ 18.2% of the
TCPS cell survival for the same time points.

Cell Process Extension. Normal cell morphology (Figure 7A)
was observed on all substrates. Average measured values for
PC-12 process length are shown in Figure 7B. Cells growing
directly on the flat TCPS surfaces were easy to visualize, with
observed process lengths of 28.4 £ 11.8, 33.1 £ 17.1, and 41.5
4+ 20.5 um for days 1, 4, and 7, respectively. Cells were
observed on multiple focal planes within the Az-chitosan wells,
complicating the imaging and analysis of the PC-12 process
length. Therefore, the measurements obtained by two-dimen-
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Figure 7. Length of processes (A) extended by PC-12 cells cultured
on surfaces of HMW Az-chitosan (n = 15 cells), LMW Az-chitosan
(n = 15 cells), or TCPS (n = 15 cells) was measured from the cell
body to the longest point. Average process values (B) for days 1,4,
and 7; **p < 0.01.

sional imaging techniques may underestimate the true values.
Process length values for the HMW Az-chitosan were 18.2 £+
6.0 umonday 1, 13.9 & 2.8 um on day 4, and 21.8 £ 12.6 um
on day 7, which is significantly reduced compared to PC-12
cells cultured on TCPS for days 4 and 7. Cells growing on/in
the LMW Az-chitosan gels extended process of mean length
24.3 £ 194, 229 £ 6.0, and 27.9 + 13.2 um for days 1, 4,
and 7, respectively, which is shorter than those on TCPS, but
not significantly so.

Discussion

Dehiscence is a critical problem for surgical treatments of
peripheral nerve transection. Severed peripheral nerves not
restored to continuity do not demonstrate histological recovery,’
and nerves repaired with commercial fibrin glues have demon-
strated an increased risk of separation compared to sutures.>®
Chitosan is known to be biocompatible, biodegradable, and
nonimmunogenic. Efforts to develop a new chitosan based
surgical glue can capitalize on its natural bioadhesive properties.
Chitosan cohesion could be improved by introducing covalent
bonds to increase intermolecular forces between the polysac-
charide chains. We predict that this chitosan-derived bioadhesive
will be comparable or superior to fibrin glue for peripheral nerve
anastomosis. In this work, we evaluated chitosan modified with
ABA, which covalently polymerized upon photoactivation. We
also investigated the effect of varying the chain length of
chitosan on the chemical and mechanical properties of the Az-
chitosan hydrogels.

'"H NMR spectra indicate that the absolute number of aryl
azide groups in the system that can cross-link with other amine
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groups in chitosan was consistently 2%, irrespective of the
molecular weights. A thin drop of the solution (<1.2 mm)
formed a gel in less than 1 min. It is possible that thicker gels
take longer to form due to the attenuation in light penetration.
We have not determined the minimal time requirement for
thicker gels, but it did not take more than 3 min to form even
the thickest gels (6 mm) used in this study. For all chemical
and mechanical analyses, Az-chitosan hydrogels were cross-
linked longer than 3 min to ensure complete gelation. The
electrophysiological and tensile tests used ex vivo nerve, which
dehydrates quickly. Accordingly, UV exposures were curtailed
to 1 and 2 min, respectively. We do not expect that prolonged
irradiation would have further increased Az-chitosan cross-
linking. Upon irradiation, aryl azide decomposes rapidly (half-
life in water ~8 s at 254 nm®’ or 34 s at 365 nm>®) into a
short-lived intermediate nitrene (half-life < 30 us).*® Therefore,
the cross-linking reaction is likely to be completed as soon as
the photolysis begins.

Despite the similar proportion of reactive side groups, the
two formulations showed different physical properties: LMW
Az-chitosan gelled significantly faster than the HMW formula-
tion. Moreover, LMW Az-chitosan experienced less swelling
than HMW Az-chitosan (Figure 4). These two results suggest
that LMW Az-chitosan and HMW Az-chitosan differ in the
network (cross-linking) density. When calculated based on the
equilibrium swelling ratio (Qy) according to the simplified
Flory—Rehner equation,*” the cross-linking densities of HMW
Az-chitosan and LMW Az-chitosan were 2.0 x 1077 and 6.4
x 1077 mol/cm?, respectively (see the Supporting Information
for calculation).

Differences in the cross-linking density were also reflected
in the ability of the gels to resist shear and longitudinal stresses.
Rheometry indicated that the average G” for LMW Az-chitosan
was three times that of HMW Az-chitosan. Both gels signifi-
cantly outperformed conventional fibrin glue, which could not
tolerate shear stresses greater than 28 Pa. The rheological results
signify that LMW Az-chitosan is significantly stiffer than the
HMW gels, which are in turn more rigid than Tisseel fibrin
glue. The differences between the Az-chitosan groups are
consistent with the calculated cross-linking densities. Of the
three adhesives, LMW Az-chitosan appears the most resistant
to lateral movement, requiring significantly more energy to
deform the gel. For applications involving shear stress, such as
sealants or dental implants, either Az-chitosan formulation
should outperform the fibrin glue.

To our knowledge, this molecular weight effect on cross-
linking density of photo-cross-linkable chitosan hydrogels has
not been reported previously. In physical networks of chitosan,
it has often been reported that higher molecular weight chitosan
forms a network with higher tensile strength*' or viscosity,**
apparently contrasting with our observation. This difference may
be explained by the network formation mechanism. Unlike
physical networks based on random interactions among chains
that increase with the length, the gelation of Az-chitosan solution
relies on a chemical reaction between amines and a small
number of aryl azide, which likely requires a specific orientation
of the polymer chains. We speculate that the shorter LMW Az-
chitosan chains are relatively less challenged in doing so and
are, thus, able to cross-link more densely than HMW Az-
chitosan with the same number of aryl azide groups.

Simulation of repaired nerves experiencing longitudinal strain
directly evaluated the adhesive’s resistance to acute dehiscence.
As expected, microsutures imparted significantly superior
strength when compared to any of the adhesives (Figure 3A).
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Nerves severed and repaired by fibrin glue tolerated 19.2 £
12.7% strain and 69.5 £ 31.6 mN force. These values were
larger than those reported by Menovsky et al., who found that
nerves repaired with Tissucol fibrin glue failed at 26.5 & 11.8
mN (2.7 £ 1.2 g)."* This variance illustrates that commercial
fibrin glues can vary greatly in bond strength.

In our longitudinal strain experiments, the LMW Az-chitosan
tolerated 28.9% more force than the HMW gels prior to failure,
though this difference was not significant. Both Az-chitosan gels
performed similarly to the fibrin glue. Likewise, Ono et al.
reported similar adhesion between fibrin and 50 mg/mL lactose-
conjugated Az-chitosan.?® The discrepancy of gel performance
between the rheometry and the tensile experiments may be
attributed to the basic mechanics of the tests. While rheometry
applies shear forces to material samples in isolation, the tensile
experiments involve multiple material interactions, not only
between the polymer chains in the network (cohesion) but also
between the polymer and the nerve (adhesion), which act in
opposing directions. Therefore, the results of tensile analysis
measuring the net effect of nerve-gel adhesion and gel cohesion
should not be compared directly to the rheological analysis,
which only reflects mechanical properties of the gel itself.

Of note, during longitudinal strain, all Az-chitosan samples
separated within the hydrogel, rather than at the tissue interface,
as was observed for the fibrin glue. The same failure mechanism
has been previously reported for chitosan adhesives.?*** This
suggests that adhesive interactions dominate over cohesive
interactions in Az-chitosan and vice versa in fibrin glue. Future
efforts could seek to improve cohesion within the Az-chitosan
gel by adding additional moieties for covalent cross-linking
between gels or introducing interpenetrating networks to
stabilize the chitosan matrix.

Az-chitosan did not demonstrate toxic effects on nerve
conduction or cell survival. Coating intact nerves with either
HMW or LMW Az-chitosan did not significantly alter the CAP
amplitude or latency (Figure 5A). Compared to the TCPS
positive control, PC-12 cell survival in culture was not acutely
or chronically impacted by culture with either HMW or LMW
Az-chitosan, suggesting that these gels are not cytotoxic (Figure
6).

On the other hand, it is noteworthy that a large portion of
the cells were only loosely adherent to the gels. Poor cellular
attachment also influenced the extension of cell processes, for
which the cells cultured on TCPS extended significantly longer
processes than those growing on HMW Az-chitosan (41.5 +
20.5 vs 21.8 £ 12.6 um for day 7, p < 0.01). This may be a
simple cellular response, as PC-12 cells preferentially extend
neurites on stiffer surfaces.** For these studies, the rigid TCPS
surfaces served as a positive control, allowing us a standard
for comparison in gauging process extension. The observed
difference in cellular response may also be attributed to the
effects of three-dimensional culture, as cells growing within the
gel or on an uneven surface would have their process lengths
underestimated by two-dimensional imaging. LMW Az-chitosan
showed a similar trend, but the average difference in neurite
length between cells growing on LMW Az-chitosan gels and
TCPS was not statistically significant. These results indicate
that both Az-chitosans were compatible with PC-12 cells,
although they did not seem to actively promote cell adhesion
on the surface compared to TCPS. In some aspects, the
inhibition of nerve process extension through the gel may be
considered a positive effect, as it may reduce aberrant regenera-
tion of neurites escaping the anastomotic site.
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Lauto et al. suggested that UV reactive adhesives were
unsuitable for use in vivo due to the possible mutagenic effects
of radiation exposure.*> The effects of radiation vary with the
wavelength, sensitivity of the organism, intensity, and length
of exposure. For Az-chitosan gelation, we used a 100 W long
wave UV source with a peak emission at 365 nm. Applied at a
distance of 6 cm, irradiance was observed as 2.4 £+ 0.2 mW/
cm?. Cumulative exposure for 60 and 120 s are calculated to
be 144 4+ 15 and 287 4 30 mJ/cm?, well below the threshold
limit value of 1000 mJ/cm? recommended by the American
Conference of Governmental Industrial Hygienists for UV-A
exposures less than 1000 s.%6 Overall, our studies demonstrated
that exposure to Az-chitosan formulations did not impact nerve
conduction, reduce PC-12 cell survival, or prevent neurite
extension, and thus, both formulations appear suitably nontoxic
for use as bioadhesives.

Conclusions

There is a clear need for alternative surgical adhesives. In
this study, we report on the potential application of chitosan
based adhesives cross-linked by UV illumination for peripheral
nerve anastomosis. These were synthesized through conjugation
of ABA to chitosan backbones of low or high molecular weight,
producing solutions that rapidly formed hydrogels when photo-
activated. Rheology showed that the LMW Az-chitosan tolerated
shear stress significantly better than the HMW formulation,
which outperformed the fibrin glue. These results indicate that
the Az-chitosan bioadhesives might be effectively employed as
surgical adhesives for functions involving shear stresses. When
used for nerve anastomosis ex vivo, these gels provided
mechanical stability comparable to a commercial fibrin glue.
Lacking the potential for pathogen transmission, the experi-
mental Az-chitosan glue has a clear advantage for this applica-
tion. Electrophysiological tests showed no acute toxicity to nerve
function, and cells cultured on the surfaces survived at levels
similar to controls. Az-chitosan is thus demonstrated to be
cytocompatible and nontoxic. Further experiments will attempt
to improve gel mechanical properties, and to evaluate the
efficacy of these Az-chitosan adhesives in vivo.
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