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An ideal adhesive for anastomosis of severed peripheral nerves should tolerate strains imposed on
rejoined nerves. We use blends of photocrosslinkable 4-azidobenzoic acid-modified chitosan (Az-C)
and polyethylene glycol (PEG) as a new in-situ-forming bioadhesive for anastomosing and stabilizing
the injured nerves. Cryo-scanning electron microscopy suggests that the polymer blends form a semi-
interpenetrating network (semi-IPN), where PEG interpenetrates the Az-C network and reinforces it.
Az-C/PEG semi-IPN gels have higher storage moduli than Az-C gel alone and fibrin glue. Nerves anasto-
mosed with an Az-C/PEG gel tolerate a higher force than those with fibrin glue prior to failure. A series of
ex vivo and in vitro cell experiments indicate the Az-C/PEG gels are compatible with nerve tissues and
cells. In addition, Az-C/PEG gels release PEG over a prolonged period, providing sustained delivery of
PEG, a potential aid for nerve cell preservation through membrane fusion. Az-C/PEG semi-IPN gels are
promising bioadhesives for repairing severed peripheral nerves not only because of their improved
mechanical properties but also because of their therapeutic potential and tissue compatibility.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Traumatic peripheral nerve injuries occur by blunt trauma and
foreign object penetration, often resulting in complete or partial
transaction of the nerve [1,2]. These nerve injuries inflict signifi-
cant economic and social burdens. The injured nerves are typically
treated by surgical techniques, but the clinical outcome is not al-
ways satisfactory. Reportedly �50% of the patients with nerve inju-
ries showed good to excellent results or useful recovery after
treatments, but 25–30% reported poor outcomes [3–6]. Therefore,
an effective therapy of peripheral nerve injuries is eagerly awaited.

A standard procedure is to coapt the severed nerves by micro-
surgical suture [7]. A weakness of this technique, however, is that
the suturing procedure involves multiple needle passages through
the epineurium and results in structural disturbance in the nerves.
Additionally, non-absorbable suture materials may cause foreign
body reactions and scar tissue formation [8,9], which can interfere
with the axonal regeneration and the nerve function after healing
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[8,10]. Fibrin glue has been proposed as a potential replacement for
sutures and has been welcomed as a simple and effective anasto-
mosis technique [11–18]. However, the risk of disease transmis-
sion [19] and its weak mechanical strength [20] remain serious
impediments to its use. Intense laboratory and clinical investiga-
tions have continuously improved the outcomes of nerve repair,
but more effective methods to repair nerve injuries are still in high
demand.

In an attempt to overcome some of the disadvantages of
fibrin glue, we previously proposed a hydrogel based on photocros-
slinkable chitosan (Az-C), prepared by partial conjugation of
4-azidobenzoic acid (ABA) to chitosan [21], as an alternative nerve
adhesive [22,23]. Aqueous solution of Az-C forms a hydrogel upon
ultraviolet (UV) illumination, which induces photolytic conversion
of aryl azide to reactive nitrene, which undergoes ring expansion
and reacts with the amines of Az-C to form an inter- and intramo-
lecular chitosan network [22]. Chitosan hydrogel is an attractive
substitute for fibrin glue or suture, due to its simplicity of applica-
tion, tissue adhesiveness [24], safety and biocompatibility [25,26].
Our prior study showed that the Az-C gels were compatible with
cultured neural cells and could reconnect nerves with mechanical
properties comparable to fibrin glue [22]. However, further
improvement in the mechanical strength would be desirable for
the Az-C gels to provide reliable support for the anastomosed
nerves during the critical healing period.
ll rights reserved.
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In this study we aim to reinforce the Az-C network by adding a
secondary polymer, polyethylene glycol (PEG). We prepared a
composite hydrogel consisting of Az-C and PEG (Az-C/PEG gel)
and investigated its mechanical and biological properties. The
mechanical properties were investigated by rheological and tensile
tests, and the biological effects of the gels were monitored using a
neural cell culture model and electrophysiological experiments.
We also envisioned the composite hydrogel as a local sustained
delivery system of PEG, which has long been recognized as a poten-
tial membrane-fusing agent [27–29]. With this potential in mind,
we examined the ability of Az-C gel to control PEG release.
2. Materials and methods

2.1. Materials

ABA was purchased from TCI America (Portland, OR, USA), and
chitosan (15 kDa, deacetylation degree: 87%) from Polysciences
(Warrington, PA, USA). PEG, 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide (EDC), N,N,N0,N0-tetramethylethylenediamine
(TEMED), penicillin–streptomycin (Pen/Strep), nerve growth factor
(NGF), ribonuclease A and a lactate dehydrogenase (LDH) assay
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tube-A-
Lyzer� (ready-to-use cellulose ester dialysis membrane) was pur-
chased from Spectra/Por (Rancho Dominguez, CA, USA). Solvents
were purchased from VWR (West Chester, PA, USA). WST-1 reagent
(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-ben-
zene disulfonate) was purchased from Roche Applied Sciences (Indi-
anapolis, IN, USA). TISSEEL� fibrin glue kit was obtained from Baxter
Healthcare Corp. (Deerfield, IL, USA).

2.2. Synthesis of Az-C

Az-C gel precursor was synthesized as we described previously
[22]. Briefly, TEMED (300 ll, 1.98 mmol) was added to ABA (80 mg,
0.49 mmol) solution in 1 ml of dimethyl sulfoxide (DMSO), fol-
lowed by the addition of 1 ml of aqueous solution of EDC (159 ll,
0.9 mmol). The resulting mixture was vortex-mixed for 30 s and
added to 200 ml of chitosan solution (2 mg ml�1) in a 1:1 mixture
of acidified water and DMSO. The reaction mixture was adjusted to
pH 5 using 1 M hydrochloric acid. After overnight reaction at ambi-
ent temperature in darkness, the mixture was spun at 10,976 g for
3 h to remove the precipitated ABA. The ABA–chitosan conjugate
(Az-C) remaining in the supernatant was purified by alkaline pre-
cipitation (pH 9.5) and redissolved in acidic solution (pH 3) at least
five times. The final pH was adjusted to 5, and the Az-C was lyoph-
ilized and stored at �80 �C until use. Total salt content in dry mass
was consistently found to be 8 wt.% [22]. Az-C was analyzed by
photon nuclear magnetic resonance (1H-NMR) spectroscopy
(Bruker DRX500).

2.3. Preparation of Az-C and Az-C/PEG gels

Az-C was dissolved in 0.9% sodium chloride solution (saline) to
40 mg ml�1. This precursor solution was gelled by illumination
with a long-wavelength UV lamp (Black-Ray, UVP, radiation range
315–400 nm, peak at 365 nm). For preparation of Az-C/PEG gels,
PEG was first dissolved in saline to 80 mg ml�1, in which Az-C
was added to 40 mg ml�1. PEG was labeled according to the aver-
age molecular weight (as provided by the vendor) and the terminal
functional group. For example, PEG with a molecular weight of
2000 Da and diol termini was labeled as P2k-dH; PEG (2000 Da)
and monomethoxy terminus, P2k-mM; PEG (2000 Da) with dime-
thoxy termini, P2k-dM; PEG (4600 Da) with diol termini, P4.6k-
dH; PEG (5000 Da) with monomethoxy terminus, P5k-mM; PEG
(6000 Da) with diol termini, P6k-dH; and PEG (8000 Da) with diol
termini, P8k-dH.

2.4. Measurement of gelation time

Five or six drops (each 100 ll) of the gel precursor solution were
placed on a polyethylene dish and illuminated with the long-wave-
length UV lamp at a distance of 6 cm. After UV illumination for 15,
20, 25, 30, 35, 40 or 45 s, the dish was removed to test the consis-
tency of each drop. When the drop could be cleanly separated into
two pieces by a plastic pipette tip passing along the diameter, the
drop was considered to have formed a gel. Gelation time was de-
fined as the time taken for all the drops to gel.

2.5. Mechanical analyses of hydrogels

The mechanical properties of the hydrogels were assessed with
rheological analysis of the gels and tensile analysis of nerves anas-
tomosed with the gels. These measurements were carried out at
room temperature (�25 �C) for simplification of the study and
comparisons with other studies [22,30,31], although values rele-
vant to therapeutic applications remain to be measured at 37 �C.

2.5.1. Rheological analysis of hydrogels
Rheological properties of the gels were evaluated with a stress-

controlled AR-2000 rheometer (TA Instruments, Leatherhead,
Surrey, UK). To form an Az-C or Az-C/PEG gel, 450 ll of precursor
solution was put in a silicon sheet template (900 lm thickness
and 20 mm diameter) placed on a Peltier plate and illuminated
with UV. A gel of this thickness is formed in less than 1 min, but
the gels were illuminated for 10 min, simply to ensure the comple-
tion of gelation. A 20 mm parallel plate geometry was placed on
the sample, maintaining a gap width of 900 lm. A solvent trap
filled with water was used to prevent the dehydration of the sam-
ples during the experiment. All measurements were performed at
25 �C. A stress sweep (r, 0.07–1000 Pa) was performed at 0.1 Hz
in a dynamic oscillatory mode to determine the storage modulus
(G0) of each gel. The G0 value was calculated as a mean of all data
points in the linear viscoelastic region.

2.5.2. Tensile analysis of nerve anastomosis
The efficacy of the hydrogels as nerve adhesives was tested

ex vivo using an established protocol [22,32]. Animals were cared
and handled according to a protocol (PACUC #04-049) approved by
the Purdue Animal Care and Use Committee. Adult male Sprague-
Dawley rats (Harlan Laboratories, Indianapolis, IN) were anesthe-
tized by intramuscular injection of ketamine (80 mg kg�1) and
xylazine (10 mg kg�1). Animals were euthanized by transcardial
perfusion with cold, oxygenated Kreb’s buffer solution, and sciatic
nerves were removed from both legs. On a Teflon� surface
(Dupont, Wilmington, DE, USA), nerve trunks were completely
severed with a scalpel and apposed. A coating of �100 ll of either
Az-C/P6k-dH or Az-C/P2k-dM was applied and UV illuminated for
60 s at 6 cm from the light source for crosslinking. Nerves were
carefully lifted from the surface and inverted: an additional
�100 ll coating was applied and gelled with an additional 60 s
of UV exposure.

Using rubber grips, the anastomosed nerve was secured in a
100Q250 (Test Resources, Shakopee, MN, USA) computer-
controlled vertical mechanical testing system. The unstressed
length of the nerve was measured, and the force sensor tared to
0 N. At room temperature, nerves were stretched at 5 mm min�1

(�0.1% strain s�1) until failure, while the load cell recorded the
system tension in real time. Data was exported to PC with
Wincom� software (ADMET, Norwood, MA, USA).
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Standard engineering definitions were used for data analysis.
For example, strain (in%) was calculated as the change in nerve
length divided by the length of the nerve prior to stretch. The max-
imum force value prior to failure was defined as the ultimate
strength (in mN). Engineering stresses (in kPa) were estimated as
the system tension divided by an average cross-sectional area
for unstressed rat sciatic nerves (in mm2). We used 1.008 ±
0.083 mm2 as the representative cross-sectional area, determined
from sectioned sciatic nerves of comparably sized rats in our pre-
vious study [22]. This approximation was necessary because nerve
measurement is complicated by the pliability of soft tissues.
Stress–strain plots were generated, and the Young’s modulus was
calculated as the slope of the linear region of the characteristic
curve.

2.6. Cryo-scanning electron microscopy (Cryo-SEM)

Solution (�50 ll) of Az-C, Az-C/P2k-dM or Az-C/P6k-dH was
placed into a slit sample holder and crosslinked under UV. The
sample holder was plunged into liquid nitrogen slush. A vacuum
was created, and the sample was transferred to the Gatan Alto
2500 pre-chamber cooled to approximately �170 �C. The samples
were fractured, sublimated for 10 min at �85 �C to remove un-
bound water and sputter-coated for 120 s with platinum. The sam-
ples were transferred to the microscope cryostage (�130 �C) for
imaging. Samples were imaged with an FEI NOVA nanoSEM field
emission scanning electron microscope using an Everhart–Thorn-
ley detector or a through-the-lens high-resolution detector.
Parameters were 5 kV accelerating voltage, �4�5 mm working dis-
tance, spot 3 and 30 lm aperture. Magnifications varied from
�1,000 to �40,000, and images were displayed in a 30 � 26 cm
format.

The average pore sizes were estimated from four randomly
chosen images (two at �5,000 and two at �10,000) using Image J
ver. 1.44n (NIH, Bethesda, MD). All the pores in the images were
analyzed for Az-C and Az-C/P6k-dH. For Az-C/P2k-dM, pore size
was determined for those in two arbitrarily defined fields
(11.3 cm � 7.5 cm) per image. Since the pores had irregular shapes,
the pore size was defined as the longest length that could be drawn
in each pore. Totals of 118, 110 and 304 pores were analyzed for
Az-C, Az-C/P2k-dM and Az-C/P6k-dH, respectively, to determine
the average pore size and size distribution.

2.7. Acute toxicological analysis

Sciatic nerves from male Sprague-Dawley rats were extracted as
described in the previous section. The connective tissue surround-
ing the nerves was removed, and the isolated nerves were main-
tained in cold, oxygenated Kreb’s buffer for at least 1 h. Nerves
were placed in a double sucrose gap recording chamber with the
stimulating and recording electrodes isolated with silicone grease.
Stimulus was applied with a NeuroData� digital stimulator
(Cygnus Technologies, Delaware Water Gap, PA, USA), while a
bridge amplifier recorded the amplitude and latency of the elicited
compound action potentials (CAPs). After conduction stabilized,
CAPs were recorded for 10 min before the glue was applied. The
fluid level was then lowered, and an 18-gauge syringe was used
to completely coat the nerve surface with �100 ll of Az-C/P2k-
dM or Az-C/P6k-dH. UV light at a distance of 6 cm was maintained
for 60 s to ensure gelation, and the fluid level was restored. A clear
coating of Az-C/PEG gel was observed to surround the nerve fol-
lowing UV irradiation. Conduction through the nerve was allowed
to briefly re-equilibriate before an additional 10 min CAP record-
ing. For comparison between nerves from different animals, results
from the post-exposure CAP amplitude and latency were normal-
ized to the values prior to Az-C/PEG application.
2.8. Cytocompatibility studies

In standard 24-well flat-bottomed plates, �100 ll of Az-C/P6k-
dH or Az-C/P2k-dM gel precursor solution were spread on the bot-
toms of the wells. Solutions were gelled with 60 s of UV exposure
at 6 cm. Rat PC-12 cells (American Type Culture Collection,
Rockville, MD, USA) were plated at 20,000 cells per well on the
Az-C/PEG gels or on the unmodified tissue culture polystyrene
(TCPS). Cells were cultured in complete medium, consisting of
84% Dulbecco’s modified Eagle’s medium (DMEM), 12.5% horse ser-
um, 2.5% fetal bovine serum, 1% Pen/Strep and 100 ng ml�1 NGF at
37 �C in 5% CO2 for 1, 4 or 7 days. Special care was taken to avoid
removing loosely adherent cells when replacing the medium on
alternating days. At the end of the culture periods, samples were
incubated for 4 h in WST-1 reagent at 10% of the medium volume.
Absorbance was measured on a VMax� kintetic microplate reader
(Molecular Devices, Sunnyvale, CA, USA) at 450 nm, subtracting
background absorbance at 650 nm.

In a separate analysis, the concentration of LDH in the culture
medium was assessed spectrophotometrically using the standard
protocol (TOX7) provided by the manufacturer. Briefly, cells were
cultured with Az-C/PEGs, but low-serum medium was used to im-
prove assay sensitivity. On days 1, 4, and 7, half the volume of cell
medium was removed, and wells were refilled with serum-free
medium (99% DMEM, 1% Pen/Strep, 100 ng ml�1 NGF) and re-
turned to the incubator. In a 96-well plate, 50 ll of the medium re-
moved from culture was mixed with 100 ll of LDH assay mixture,
as were 50 ll samples of untreated serum-free medium never ex-
posed to cells (negative control). The reaction proceeded for
25 min at room temperature in darkness. Then 15 ll of 1 N HCl
was added to each well to stop the reaction and the absorbance
was measured at 490 nm, with the background absorbance at
650 nm subtracted.

To assess the affinity of the neural cells for the Az-C/PEG gels,
the length of processes extended by cells growing on the gels
was monitored. Cells were cultured in complete medium. On days
1, 4 and 7, 4% paraformaldehyde was used to fix the cultures, 0.1%
Triton X-100 to permeabilize the cell membranes and 10 lg ml�1

RNase to remove any non-nuclear amino acids. Cell nuclei were
stained with propidium iodide at 0.05 mg ml�1, and cytoskeletal
actin was stained by AlexaFluor-488-conjugated phalloidin at
165 nM. After 25 min, wells were washed with PBS and imaged.
For each sample type, four photomicrographs were acquired at
random locations within each of our wells, for a total of 16 images
per time point. A Nikon Diaphot 300 fluorescent microscope with a
Diagnostic Instruments 11.2 color mosaic CCD camera was used to
image cells, and the recorded images were analyzed using Image-
Pro� software (MediaCybernetics Inc., Bethesda, MD, USA). Cell
processes were measured with ImageJ (NIH, Bethesda, MA, USA).
All visible neurites were measured unless they touched other cells
or extended beyond the image boundary. Only the longest process
of branching neurites was measured. Process lengths were aver-
aged for each well, and the wells were pooled to produce mean
extension values (n = 4 for each surface and time point).

2.9. PEG release kinetics

P2k-dM release from Az-C/P2k-dM gel was observed in vitro.
The gel was formed in a dialysis tube to prevent breakage of the
gel, which would change its surface area and complicate the sam-
pling. To examine the direct effect of the dialysis membrane on
P2k-dM release, P2k-dM solution was put in the tube and tested
identically in parallel. Briefly, 1 ml of Az-C/P2k-dM gel precursor
solution or P2k-dM solution (80 mg ml�1) was placed in a Tube-
A-Lyzer� dialysis tube (MWCO: 8–10 kDa) and put under a UV
lamp without a cap. It was illuminated for 10 min – much longer



Fig. 1. Storage moduli (G0 , Pa) of different hydrogels. The G0 value was calculated as
the mean of all data points in the linear viscoelastic region. The graph shows
average G0 values and standard deviations of 3–6 independently and identically
prepared samples: fibrin glue (n = 6); Az-C (n = 4); Az-C/P2k-dH (n = 3); Az-C/P4.6k-
dH (n = 3); Az-C/P6k-dH (n = 4); Az-C/P8k-dH (n = 3); Az-C/P2k-dM (n = 4); and Az-
C/P5k-mM (n = 3). #Data from our previous study [22]. ⁄p < 0.05; ⁄⁄p < 0.01.
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than the determined gelation time (<1 min) – to ensure complete
gelation. After gel formation, the tube was closed, then placed in
40 ml of phosphate-buffered saline (PBS; 10 mM phosphate,
137 mM NaCl, pH 7.4) and incubated at 37 �C with constant agita-
tion. At pre-determined time points, the release medium was re-
placed with fresh PBS and the sampled medium was stored at
4 �C until analysis. PEG concentration in the medium was mea-
sured using high pressure liquid chromatography (HPLC 1100 ser-
ies, Agilent Technologies, Palo Alto, CA) and a series of gel
permeation chromatography (GPC) columns (all 7.8 � 300 mm)
consisting of Ultrahydrogel™ 250, Ultrahydrogel™ 500 and Ultra-
hydrogel™ 1000. PBS was used as an eluent and flowed at
1 ml min�1. PEG was detected using a refractive index detector.

2.10. Statistical analysis

All data were expressed as averages with standard deviations.
Analysis of variance was used to determine statistical differences
among the groups, and multiple contrasts were performed with
the Tukey test unless stated otherwise. A p-value of <0.05 was con-
sidered statistically significant.

3. Results

3.1. Synthesis of Az-C and preparation of hydrogels

Conjugation of ABA to chitosan was confirmed by 1H-NMR:
chitosan: 2.01 (s), 3.0 (s, broad), 3.2–4 (m); 4-azidobenzamide:
7.17–7.19 (d, J = 10 Hz), 7.81–7.83 (d, J = 10 Hz). According to com-
parison of an integrated area of peaks in 7–8 ppm (4H, benzene) and
that in 3–4 ppm (6H, chitosan), �2% of amino groups in chitosan
were conjugated with ABA and converted to 4-azidobenzamide.

Precursor solutions prepared with Az-C or blends of Az-C and
various PEGs formed soft gels in <1 min under UV illumination
(Table 1). A 40 mg ml�1 Az-C solution gelled in less than 40 s. Most
Az-C/PEG solutions gelled relatively quickly (in 20–25 s), except for
the Az-C/P2k-dH, which took 40–45 s to gel.

3.2. Rheological analysis (Fig. 1)

Az-C gel (40 mg ml�1) showed a constant storage modulus (G0)
of 877.1 ± 122.5 Pa, whereas fibrin glue showed a G0 of 53 ± 20.6 Pa
(p < 0.001 vs. Az-C) [22]. Az-C was distinguished from fibrin
glue not only in G0 but also in the tolerated stress range (i.e. the
linear viscoelastic region) (Supporting Fig. 1). Incorporation of
80 mg ml�1 P6k-dH increased the G0 of gel by 1.7 folds (p < 0.05
vs. Az-C). P4.6k-dH and P8k-dH had similar effects, but statistical
differences were not observed due to the large variation of data.
Interestingly, the same level of P2k-dH slightly decreased the G0

of the gel, although the difference was not statistically significant
(p = 0.92). Hydrogels that gelled faster had relatively high G0 values.

To test if the hydroxyl groups in PEG played a role in the hydro-
gel formation, P2k-dH and P6k-dH were replaced with PEGs that
Table 1
Concentration of hydroxyl groups in each gel and the gelation time.

Gel precursors Hydroxyl end functional group
(mM) present in each gel

Gelation time (s)

Az-C Not applicable 38.5 ± 2.4 (n = 10)
Az-C/P2k-dH 0.08 43.5 ± 2.4 (n = 10)
Az-C/P4.6k-dH 0.035 23.8 ± 2.3 (n = 8)
Az-C/P6k-dH 0.027 22.1 ± 2.7 (n = 6)
Az-C/P8k-dH 0.02 23.8 ± 2.3 (n = 8)
Az-C/P2k-dM 0 22.0 ± 2.7 (n = 5)
Az-C/P5k-mM 0.016 23.3 ± 2.6 (n = 6)
had comparable molecular weights but a methoxy group in at least
one terminus (P2k-dM and P5k-mM, respectively). Contrary to Az-
C/P2k-dH (G0: 650.5 ± 71.7 Pa), Az-C/P2k-dM had a G0 value of
1501.1 ± 224.7 Pa, 1.7-fold higher than that of the Az-C gel
(p < 0.05) and comparable to that of Az-C/P6k-dH. The replacement
of P6k-dH with P5k-mM did not make significant difference
(p = 0.15). Since Az-C/P2k-dM and Az-C/P6k-dH significantly out-
performed Az-C in the rheological analysis, the two gels were used
as representative Az-C/PEG gels in subsequent studies.

3.3. Tensile analysis of nerve anastomosis

The ability of nerves anastomosed with gels to tolerate longitu-
dinal tensions was evaluated by tensile analysis. Az-C/P2k-dM and
Az-C/P6k-dH gels were tested under the same condition as in our
previous work [22], and their tensile strengths were compared
with the reported values of Az-C and fibrin glue. In contrast to
the nerves joined by fibrin glue, which tolerated 69.5 ± 31.6 mN
(n = 8) before failure [22], those anastomosed by Az-C/P2k-dM
and Az-C/P6k-dH withstood 108.2 ± 31.8 mN (n = 8) and 92.2 ±
14.7 mN (n = 9), respectively (Fig. 2A). Az-C/P2k-dM performed
significantly better than fibrin glue (p = 0.019), but the difference
between Az-C/P6k-dH and fibrin glue was not found to be signifi-
cant (p = 0.225). The differences in tensile strength among Az-C,
Az-C/P2k-dM and Az-C/P6k-dH were not statistically significant.
Upon failure, Az-C/PEG gels separated within the gel, leaving the
gel residue on both nerve trunks, similar to Az-C [22]. In contrast,
strain on fibrin-anastomosed nerves resulted in separation of the
nerves from the adhesive. According to the strain at failure values,
all gels tolerated a similar degree of stretch: fibrin glue, 19.2 ±
12.7% [22]; Az-C, 15.0 ± 4.1% [22]; Az-C/P2k-dM, 21.4 ± 7.3%; and
Az-C/P6k-dH, 19.6 ± 3.3% (Fig. 2B).

The engineering stresses of the anastomosed nerves were esti-
mated to be 107.4 ± 31.6 kPa for Az-C/P2k-dM and 91.5 ± 15.6 kPa
for Az-C/P6k-dH. The former was significantly improved as com-
pared to the stress tolerated by fibrin glue (68.9 ± 31.4 kPa) [22].
Estimated from the representational stress–strain curves, the mean
Young’s moduli for the anastomosed nerves were 960 ± 305,
766 ± 71 and 528 ± 247 kPa for Az-C/P2k-dM, Az-C/P6k-dH and
fibrin glue, respectively. The nerves anastomosed by Az-C/P2k-dM



Fig. 2. (A) Maximum tolerated force and (B) strain at failure for severed peripheral nerves anastomosed with fibrin glue (n = 8), Az-C (n = 8), Az-C/P2k-dM (n = 8) and Az-C/
P6k-dH (n = 9). #Data from our previous study [22]. ⁄p < 0.05.

Fig. 3. Representative cryo-SEM images and pore size distribution of Az-C, Az-C/
P2k-dM and Az-C/P6k-dH. Magnification:�10,000.
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gels were significantly stiffer than those anastomosed by fibrin glue
(p = 0.003), while the values for Az-C/P6k-dH and fibrin glue were
not significantly different (p = 0.098).

3.4. Hydrogel characterization by cryo-SEM

To evaluate structural difference between Az-C and Az-C/PEG
gels, selected gels were observed using cryo-SEM. Since samples
are rapidly cooled to vitrify water in cryo-SEM, the samples can
avoid structural changes due to crystallization of water. Sublima-
tion of unbound or loosely bound water revealed ‘‘pores’’ sur-
rounded by hydrogel frameworks (‘‘cells’’) that consisted of solid
components of gels (Az-C and PEGs) and bound water. Notably,
Az-C/PEG gels did not sublimate well on the initial attempt and
needed to be re-dried. This indicates that the Az-C/PEG gels had
a higher affinity for unbound water than the Az-C gel. As shown
in Fig. 3, Az-C and Az-C/P2k-dM displayed relatively homogeneous
pores, measuring 6.8 ± 1.7 and 1.7 ± 0.5 lm, respectively. On the
other hand, pores of Az-C/P6k-dH were heterogeneous, ranging
widely, from 1 to 13 lm. At higher magnifications, all gels showed
fibrous materials either anchored into the smooth wall of the cells
(Az-C) or in the pores and as part of the cells (Az-C/P2k-dM, Az-C/
P6k-dH) (Supporting Fig. 2). The fibrous materials appeared to be
solid gel components deprived of the bound water.

3.5. Electrophysiology

The ability of axons to conduct an electrophysiological signal is
highly dependent on the external milieu. Therefore, acute nerve
impairments in response to new chemical species are often evalu-
ated by observing electrophysiological signals of isolated periphe-
ral nerves [33–35]. To evaluate potential toxicity of Az-C/PEG gels
on nerves, their acute effect on CAP amplitude and latency was
analyzed ex vivo, as described in our previous publications
[22,23]. CAP amplitude is a measure of the relative number of ax-
ons conducting signal, and latency is defined as the delay between
the nerve stimulation and the CAP recording. A one-tailed paired
Student’s t-test was used to evaluate significance of changes in
CAP amplitude and latency. Application of Az-C/PEG gels did not
significantly affect CAP conduction through nerves (Fig. 4A). The
CAP amplitude and latency for nerves coated with Az-C/P2k-dM
(n = 8) were 102.6 ± 15.3% (p = 0.44) and 109.2 ± 9.6% (p = 0.13) of
the average pre-exposure values, respectively. Similarly, CAP con-
duction was not significantly altered following the application of
Az-C/P6k-dH (n = 7), with an amplitude only reduced inconsequen-
tially (by 0.5 ± 20.3%, p = 0.48) and a minor increase in latency of
12.7 ± 18.7% (p = 0.15). Time histories (Fig. 4B) showed regular
conduction before and after adhesive application, except for the
periods when Az-C/PEG gel precursor solutions were applied and
photocrosslinked.
3.6. Cytocompatibility

Potential cytotoxicity of Az-C/PEG gels was evaluated with the
rat pheochromocytoma PC-12 cell line using the WST-1 cell prolif-
eration assay and LDH cytotoxicity assay. PC-12 cells were chosen
for the extensive use in studies of neuronal differentiation [36]. As
measured by WST-1 metabolism, the viability of PC-12 cultures on
the three surfaces was similar on days 1 and 4 (Fig. 5A). On day 7,



Fig. 4. (A) Mean CAP amplitude and latency after exposure to Az-C/P2k-dM and Az-C/P6k-dH gels, normalized to their values pre-exposure. (B) Representative time histories
are shown for CAP amplitude and latency before, during and after the gel application. Double-headed arrows indicate the period when the fluid level was lowered for
application of Az-C/PEG coating and photopolymerziation. Upon refilling with Kreb’s solution, the CAP amplitude and latency were restored to levels comparable to the
previous values.

Fig. 5. Survival and viability of PC-12 cells cultured on surfaces of Az-C/P2k-dM, Az-C/P6k-dH and TCPS were assessed through (A) metabolism of WST-1 and (B) release of
LDH. Spectroscopic absorbance readings were taken on days 1, 4 and 7, and values are expressed in arbitrary units. ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; �,�significantly increased
from day 1 (�p < 0.05; �p < 0.001).
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cells growing on the TCPS metabolized significantly more tetrazo-
lium salt than those on the Az-C/P2k-dM and Az-C/P6k-dH gels
(p < 0.0001, n = 4 for all groups). No significant difference was
observed between the two Az-C/PEG gels at any time point. Gener-
ally, tetrazolium salt metabolism increased with time, but signifi-
cant differences were observed only between days 1 and 7 for
Az-C/P2k-dM and TCPS. Measurements of LDH concentration in
the culture medium (Fig. 5B) showed a similar trend in cellular re-
sponse to the WST-1 assay in that performances of the groups were
comparable on days 1 and 4. There were no significant differences
in the LDH release among the PC-12 cells growing on different sur-
faces at any time point (n = 4 for all groups). LDH release decreased
over time in all cases, with LDH levels on day 7 significantly lower
than those on days 1 and 4.

PC-12 cell morphology was normal on all surfaces (Fig. 6A). Rel-
atively few cells were observed to extend neurites on day 1. The
number of cells possessing neurites increased with time. The mean
process length for PC-12 cells growing on each surface is shown in
Fig. 6B. Neurite lengths increased significantly from day 1 to day 4
for Az-C/P6k-dH and TCPS (both p < 0.05). On day 7, the cells on
TCPS surfaces showed significantly longer processes (63.8 ±
19.7 lm) than those on Az-C/P2k-dM (36.8 ± 6.0 lm, p = 0.015)
or Az-C/P6k-dH (36.3 ± 8.4 lm, p = 0.013).

3.7. PEG release from Az-C/PEG gels

To examine the ability of Az-C gel to control the temporal avail-
ability of PEG applied in the nerves, PEG release was monitored
over 25 days using the Az-C gel containing P2k-dM, which was
considered to be the optimal composite gel of the tested gels.
The Az-C gel attenuated the release of P2k-dM to a greater extent
than that owing to the dialysis membrane. While 86.5 ± 24.9% of
P2k-dM was released from the dialysis tube by day 2, 42.3 ± 3.3%
of total PEG was released from Az-C/P2k-dM during the same per-
iod, followed by slow release of the remaining over the next
23 days (Fig. 7). The first �60% release was best fitted by the power
law [37] Mt/M1 = Ktn, where Mt is the cumulative PEG mass
released up to each time point, M1 is the maximum possible



Fig. 6. (A) Representative photomicrographs of PC-12 cells after 7 days of growth on surfaces of Az-C/P2k-dM, Az-C/P6k-dH and TCPS. (B) Mean length of processes extended
by these cells on days 1, 4, and 7. ⁄p < 0.05; �,�significantly increased from day 1 (�p < 0.05; �p < 0.001).

Fig. 7. In vitro release kinetics of P2k-dM from Az-C/P2k-dM gel. Data are
expressed as averages with standard deviations of three identically and indepen-
dently prepared samples.
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cumulative drug release and K is the release constant. The release
exponent (n) was 0.45, which, given the cylindrical geometry, indi-
cated that the PEG release followed Fickian diffusion.
4. Discussion

A crucial element of peripheral nerve healing is the formation of
the fibrin matrix between the nerve stumps followed by the re-
establishment of connective tissue. The exact time course of nerve
healing is not known, but it has been shown that regenerating
nerves regain a significant portion of their strength within the first
week of anastomosis [38,39]. Therefore, we aimed to achieve a bio-
adhesive that could stabilize the coapted nerves for at least 1 week.
For this purpose, we proposed to use Az-C gel [22], which could be
applied as a viscous liquid that flows around the damaged nerves
temporarily held together. The gel precursor solution could be
quickly crosslinked in situ by short-term UV illumination, covering
the tubular part of the nerves and providing a reliable linkage
during the healing process. While Az-C has many advantages, such
as bioadhesive properties, in situ crosslinkability and the lack of
significant toxicity or potential for disease transmission, the gel
should be further improved to better tolerate longitudinal or shear
strain and provide a reliable support for the rejoined nerves until
the restoration of anatomical continuity. While it is conceivable
to increase the crosslinking density by increasing the ABA
conjugation, additional ABA decreases the aqueous solubility of
the Az-C and complicates its application (data not shown). This sol-
ubility limitation was recognized by Ono et al. and partly ad-
dressed by modification with lactobionate, but the Az-C
lactobionate gel (50 mg ml�1) was not superior to fibrin glue in
binding strength [24].

In this study we show that simple blending of PEG improves
the mechanical properties of the gel, as assessed by rheological
and tensile analyses. The increased storage modulus G0 (except
for Az-C/P2k-dH) is attributable to the formation of a semi-inter-
penetrating polymer network (semi-IPN) between Az-C and PEG.
A semi-IPN is a polymer network formed by polymerization or
crosslinking of one polymer (in our case, Az-C) in the presence
of the other (PEG) [40], where the former forms a covalent
network and the latter physically entangles with the former and
reinforces the network [41]. Semi-IPN has been mainly used to
improve the mechanical properties of a gel [42,43], but it is also
used to provide additional functionalities, such as cell adhesive-
ness [44] or drug diffusion barrier [45]. In the present case,
Az-C/PEG semi-IPNs showed higher mechanical strength than net-
works made of Az-C alone, due to the cooperation of covalent and
physical interactions. Moreover, the relatively short gelation time
of Az-C/PEG mixtures suggests that PEG may also have provided a
microdomain where the reactive groups of Az-C are concentrated
and undergo covalent crosslinking more rapidly. Cryo-SEM images
of selected Az-C/PEG gels show the structure of Az-C/PEG semi-
IPNs. The addition of P2k-dM to Az-C gel precursor significantly
increased the density of gel cells and decreased the pore size com-
pared to Az-C gel, indicating that P2k-dM constituted a structural
component in the gel.

Az-C/PEG semi-IPN formation appears to be influenced by the
molecular weight of the PEG. Az-C/P8k-dH solution was extremely
viscous and hard to handle. The high viscosity limited homoge-
neous mixing of polymers and efficient formation of semi-IPN, as
reflected by large variation in G0 values of Az-C/P8k-dH gel. Cryo-
SEM images support this speculation. Compared to Az-C/P2k-dM,
Az-C/P6k-dH showed a relatively broad distribution of pore sizes,
with some pores as large as those of Az-C and others similar to
those of Az-C/P2k-dM. This reflects the effect of the relatively high
molecular weight and limited mobility of P6k-dH on the mixing of
two polymers.

The end group of the PEG was another influential factor in for-
mation of semi-IPN. While incorporation of PEGs in Az-C increased
G0 and shortened the gelation time of the gel in most cases, Az-C/
P2k-dH took longer (43.7 ± 2.0 s) to gel than Az-C (38.5 ± 1.5 s)
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(p < 0.001). We speculated that this difference might be due to the
large number of reactive hydroxyl end groups of P2k-dH that could
intercept the reactive nitrene and interfere with the covalent cross-
linking of the Az-Cs. Although less nucleophilic than amine groups,
hydroxyl groups can undergo a similar reaction as amines (Scheme
1). Since P2k-dH presented 2–4 times more hydroxyl groups
(0.08 M) than the other PEGs (0.02–0.035 M) (Table 1), it had a
greater chance of interfering with Az-C crosslinking. This hypothe-
sis was supported by the fact that Az-C/P2k-dM (which has
non-reactive methoxy groups instead of hydroxyl groups in both
termini) had a much higher G0 than Az-C/P2k-dH. P2k-dM was
comparable to higher-molecular-weight PEGs in its effects on G0

and gelation kinetics. In line with this observation, replacement
of P4.6k-dH or P6k-dH with P5k-mM, which decreased the amount
of hydroxyl groups to a smaller extent (from 0.035 M or 0.027 M to
0.016 M), did not significantly alter G0. Considering the effects of
molecular weight and terminal groups of PEG on the semi-IPN for-
mation, P2k-dM was considered the most desirable of the PEGs
tested. The relatively low molecular weight of P2k-dM makes it
easy to blend with Az-C, and it does not have hydroxyl termini
to impede Az-C crosslinking.

A series of ex vivo and in vitro experiments were performed to
test biocompatibility of Az-C/PEG gels. Although the ultimate
biocompatibility testing for Az-C/PEG gels should be performed
on damaged nerves in vivo, we attempted to approximate this sce-
nario using nerve apposition and bioadhesive application ex vivo.
We anticipated that the addition of PEG would not affect the
biological effects of the gel in an adverse manner, due to the
well-established safety profile of PEG [46]. The pore size decreased
with the addition of PEG (Fig. 3), but it was not considered an issue
because the gel was envisioned to be a support surrounding the in-
jured nerves rather than a tissue scaffold. As expected, Az-C/PEG
gels were found to be compatible with nerve cells and tissues,
similar to Az-C [22]. First of all, Az-C/PEG gels had no effects on
electrophysiological signal conduction through nerves ex vivo,
similar to Az-C [22]. The lack of an observed response in CAP
amplitude or latency to adhesive exposure does not indicate that
Az-C will not impair conduction or healing, though it does suggest
that Az-C is not acutely toxic to nerve function. Moreover, PC-12
cells grown with Az-C/PEG gels were no different from those on
TCPS in the LDH release – an indicator of cell death [47]. For all
surfaces, LDH release significantly decreased over time. Such
behavior could be explained by some cells being initially non-
adherent or only loosely attached to the surface and removed dur-
ing the repeated medium changes. If non-adherent cells, which are
more prone to rupture, were removed in the earlier phases of the
Scheme 1. Potential mechanism of Az-C crosslinking and
experiment, adherent cells, with a greater chance of survival,
would be selected toward the later time points, resulting in a rel-
atively low LDH level. Similar to our observation, Charlier et al. re-
ported decreases in LDH activity with the culture conditions that
encouraged PC-12 cell adhesion [48]. On the other hand, PC-12
cells appeared less proliferative on Az-C/PEGs than on TCPS on
day 7 (p < 0.001) according to WST-1 assay. The lower cell viability
on day 7 is, however, likely attributable to the lack of cell adhesion
on Az-C/PEGs rather than the direct toxic effect of the gel compo-
nents. Previously Az-C did not show toxicity at any of the time
points tested (1, 4 and 7 days) [22], and PEG is commonly used
to prevent cell adhesion on a surface [49,50]. The reduced cell
adhesion to Az-C/PEG gels may have beneficial effects when used
for nerve anastomosis and regeneration, as it can limit unwanted
outgrowth of neural cells outside the anastomotic site.

The mean process length for cells growing on TCPS increased
with time, extending neurites to 64 lm over 7 days, whereas cells
growing on the Az-C/PEG gels extended processes whose lengths
plateaued around 40 lm. This difference can be explained in at
least two ways: first, PC-12 cells tend to extend longer neurites
on rigid substrates like TCPS [51] than on soft hydrogel surfaces;
and second, unlike those on flat TCPS surface, cells may have grown
into Az-C/PEG gels spanning multiple focal depths. Optical micros-
copy may have underestimated the length of a neurite due to the
lack of focus toward its end.

While PEG was primarily proposed to improve the mechanical
properties of the Az-C gel, it may also be beneficial for nerve re-
pair [28,29,52–55]. PEG is known to fuse cell membranes swiftly
[27–29] and thus restore conduction in damaged axons within
minutes in experimental settings [54–56]. Therefore, it is possible
that PEG treatment may provide additional benefit through mem-
brane fusion that could contribute to the overall functional recov-
ery of nerves [54–58]. From the Az-C/P2k-dM gel, P2k-dM was
released over 25 days by diffusion, showing that the gel served
as a controlled delivery system of P2k-dM. The release pattern
of Az-C/P2k-dM is desirable for nerve repair, because the initial
burst release can provide a primary dose of PEG to assist in func-
tional recovery of the primary nerve damage, while the remainder
continues to reinforce the network. PEG slowly released thereaf-
ter would be helpful for healing of the secondary neural injury,
as membrane damage can continue for 20 days [57]. PEG release
may be faster in vivo, where chitosan is degraded by lysozyme
[26]; however, the degradation should be slow enough to
maintain PEG and gel for at least a week [59]. The released PEG
is expected to be removed by renal filtration and biliary excretion
[46].
the interference of P2k-dH in the Az-C crosslinking.
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5. Conclusions

PEG was blended with an Az-C photocrosslinkable hydrogel to
improve the mechanical properties of Az-C as a nerve adhesive.
The composite gels of PEG and Az-C had higher storage moduli
and shorter gelation times than an Az-C gel or fibrin glue, and
nerves anastomosed with an Az-C/PEG gel tolerated a higher force
than those with fibrin glue prior to failure. These effects are likely
due to the formation of a semi-IPN network, where PEG interpen-
etrates the covalent Az-C network and physically reinforces the
network. Cryo-SEM demonstrated the participation of PEG in the
Az-C/PEG gel network. The cryo-SEM and rheological measure-
ments suggest that low-molecular-weight PEG with a non-reactive
terminal group would be most desirable for the efficient formation
of a semi-IPN with Az-C. A series of ex vivo and in vitro cell exper-
iments indicate that Az-C/PEG gels are compatible with nerve tis-
sues and cells. Given the membrane-fusing potential of PEG, the
ability of the Az-C/PEG gels to release PEG over a prolonged period
may provide an additional benefit to nerve repair by maintaining
nerve membrane integrity and subsequently cellular survival.
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