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Abstract: Nerve fibres are guided to their targets by the
combined actions of chemotactic and haptotactic stimuli;
however, translating these stimuli to a scaffold that will
promote nerve regeneration is nontrivial. In pursuit of this
goal, we synthesized and characterized cell-adhesive, bio-
degradable chitosan scaffolds. Chitosan amine groups
were reacted with methacrylic anhydride resulting in a
water soluble methacrylamide chitosan (MC) that was then
crosslinked by radical polymerization resulting in a scaf-
fold. Biodegradability by lysozyme and penetrability of the
scaffold by rat superior cervical ganglion (SCG) neurons
were studied. Maleimide-terminated cell adhesive pepti-
des, mi-GDPGYIGSR and mi-GQASSIKVAYV, were coupled
to a thiolated form of MC to promote cell adhesion. The MC

scaffold was found to be porous, biodegradable, and to allow
neurite penetration. Interestingly, all of these properties were
found to depend upon the amount of initiator used in cross-
linking. Covalent modification of the MC scaffold with cell
adhesive peptides significantly improved neuronal adhesion
and neurite outgrowth. The MC can be crosslinked to form a
novel scaffold, where our results demonstrate its suitability
in neural tissue engineering and its potential for other engi-
neered tissues, such as cartilage repair, where chitosan has
already demonstrated some utility. © 2007 Wiley Periodicals,
Inc. ] Biomed Mater Res 82A: 243-255, 2007
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INTRODUCTION

Traumatic injury of the spinal cord results in per-
manent functional impairment below the lesion
site.? Unlike injury to the peripheral nervous sys-
tem, the physiological response to spinal cord injury
results in an environment that is inhibitory to regen-
eration.>* To promote nerve regeneration, chemical
guidance cues, therapeutic factors, and cell-based
strategies have been investigated.> Moreover, combi-
nation strategies have gained momentum as regener-
ation is enhanced by multiple stimuli.> A permissive
environment that mimics the extracellular matrix
(ECM) to support cellular growth and survival is of
great importance. Laminin, a major component of
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the ECM, plays an important role for neuronal ad-
hesion and neurite outgrowth. YIGSR and IKVAV
are two peptide sequences derived from laminin that
have been shown to promote cell adhesion and neu-
rite outgrowth, respectively.®® Given the importance
of combined haptotactic and chemotactic cues for
growth cone guidance in development,’ we have
investigated the guidance potential of neurotrophin
concentration gradients and cell-adhesive peptide
channels in vitro, however, in those studies, nonde-
gradable hydrogels were used,'”'! thereby limiting
clinical transferability.

Of the numerous biodegradable polymers that
have been studied for tissue engineering (see review
in Ref. 2), chitin and chitosan are particularly at-
tractive because they are enzyme-degradable, cell-
adhesive, and biocompatible.l ~15 Chitin, which is
extracted from shells of crustaceans and exoskeletons
of arthropods,15 can be deacetylated to chitosan
under alkaline hydrolysis conditions'® with the extent
of acetylation/deacetylation governing the rate of
degradation.”’18 Nevertheless, one drawback of
chitosan is that it is only soluble in dilute acid."
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Thus, various derivatives of chitosan have been
reported in the literature for a variety of tissue engi-
neering applications, including drug delivery vehi-
cles, micelles, and scaffolds.?>?* Moreover, porous
scaffolds are interesting for tissue engineering appli-
cations as they allow cells to penetrate the matrix
and promote proliferation of certain cell types, as
has been shown with chrondrocytes.”” We have pre-
viously reported that poly(2-hydroxyethyl metha-
crylate) (PHEMA) crosslinked using ethylene dime-
thacrylate as the crosslinker creates a macroporous
scaffold that allowed immobilization of neurotrophin
concentration gradients and cell penetration.'’ In
order to extend this chemistry to biodegradable poly-
mers, we investigated the possibility of creating a
porous chitosan scaffold that required the synthesis
of a water soluble chitosan derivative.

In the present study, we report a novel water
soluble chitosan that was synthesized by reaction of
some of the chitosan amine groups with methacrylic
anhydride, resulting in methacrylamide chitosan
(MC), as shown in Scheme 1. The carbon—carbon
double bonds of the methacryl groups provide the
reactive sites for crosslinking chitosan resulting in a
macroporous scaffold that was tested in three-
dimensional (3-D) cell culture for cell penetration.
We investigated the biodegradability and cell adhe-
sion of the MC hydrogel to determine whether meth-
acryl modification altered some of the desirable
properties of the natural chitosan. We propose that
the MC can be modified with cell adhesive peptides
to promote greater cell adhesion and neurite out-
growth. The transparency of the gel was an advant-
age that facilitated 3-D analysis.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich
(Oakville, Canada) and used as received unless otherwise
stated. Methacrylic anhydride was purchased from ACP
Chemicals (Montreal, Canada) and used as received. Deu-
terium oxide (D,O) was purchased from Cambridge Iso-
tope Laboratories (Andover, USA) and deuterium chloride
(DCl, 35% in DyO) from CDN Isotopes (Pointe-Claire,
Canada). Amino acids were purchased from Novabiochem
(EMD Biosciences, La Jolla, CA), activators and resins
were from Applied Biosystems (Foster City, CA). Dichloro-
methane (DCM) and trifluoroacetic acid (TFA) were
purchased from Caledon Laboratories (Georgetown, ON,
Canada). Water was distilled and deionized using
Millipore Milli-RO 10 Plus and Milli-Q UF Plus (Bedford,
USA) at 18 mQ resistance.

Preparation of methacrylamide chitosan
and analysis of degree of methacrylation

A 3 wt % solution of chitosan was prepared by dissolv-
ing chitosan flakes (M 190,000-230,000) in 2 wt % acetic
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acid overnight at room temperature (RT) with constant
shaking. Methacrylic anhydride was added at 0.4 molar
equivalents per chitosan repeat unit. The mixture was
allowed to stir at RT for 3 h before being dialyzed (mole-
cular weight cut off range 12,000-14,000, Spectrum Labora-
tories, USA) against distilled water for 2d with the water
changed twice each day. The mixture was then lyophilized
and stored at —20°C until use.

The degree of methacryl modification of chitosan was
determined using '"H NMR spectroscopy according to a
modified published procedure.®® Briefly, methacrylamide
chitosan (MC) was dissolved in 0.25% DCI in D,O at
~0.5% (w/v) and the 'H NMR spectrum recorded (Mer-
cury 400 spectrometer, Varian) is shown in Figure 1. The
degree of methacrylation was calculated by comparing the
integrated area of the H2-H6 peaks (labelled according to
Ref. 26) at 2.8 to 4.0 ppm to that of the methylene peaks at
5.6 and 6.0 ppm. The degree of acetylation of chitosan
before modification was found to be 12% by 'H NMR
using the above method.

Preparation of methacrylamide chitosan scaffold

Freeze-dried MC was reconstituted as a 2 wt % solution
in distilled water and sterilized by autoclave for 20 min at
120°C. Ammonium persulfate (APS) and sodium metabi-
sulfite (SMBS) were used to initiate and accelerate the
crosslinking of MC to a scaffold. APS and SMBS were dis-
solved at 100 mg/mL in distilled water and sterile-filtered
(0.22 pm nitrocellulose membrane). Both were added to
MC at 3, 4, 5, and 7 wt % of the initial amount of MC
present (referred to as wt % APS/SMBS hereafter). The
scaffold was allowed to sit for at least 2 h at RT to ensure
the crosslinking reaction was complete before washing in
phosphate buffered saline (PBS, pH 7.4) for 3 days with at
least 4-5 changes of buffer each day to remove unreacted
crosslinking agents, prior to cell culture or characterization
for degradation.

Preparation of thiolated methacrylamide
chitosan scaffold

Thiolated methacrylamide chitosan (TMC) was prepared
by covalently coupling thioglycolic acid (TGA) to MC
according to a modified published procedure.”” To 2 wt %
solution of MC, N-ethyl-N'-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC) and N-hydroxysulfosucc-
nimide (sulfo-NHS) were added to achieve a final concen-
tration of 50 mM each. Then, TGA was added to the MC
solution in a weight ratio of 1:2.5. The reaction mixture
was allowed to stir for 3 h at RT then dialyzed in distilled
water and freeze-dried as above ([3] in Scheme 1). A nega-
tive control was prepared in the same manner but without
EDC and sulfo-NHS added. The TMC scaffold was syn-
thesized by blending MC (2 wt %) and TMC (2 wt %) in a
1:1 w/w ratio and crosslinked with 4 wt % APS/SMBS as
before. The mixture was dispensed into 96-well plate
before gelation and allowed to stand for 24 h to ensure
that crosslinking reaction is complete before washing
extensively for 3 days in PBS as described above. Ellman’s
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Scheme 1. Chitosan [1] primary amine groups react with methacrylic anhydride to produce methacrylamide chitosan
(MC) [2]. Free radical polymerization of MC across the C=C on the methacrylamide group results in a MC hydrogel. The
primary amine groups of MC react with thioglycolic acid (TGA) using N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
(EDC) as crosslinker and N-hydroxysulfosuccinimide (sulfo-NHS) to enhance the efficiency of EDC coupling. The resulting
thiolated methacrylamide chitosan (TMC) [3] is crosslinked in a 1:1 (w/w) ratio with [2] using ammonium persulfate
(APS) and sodium metabisulfite (SMBS) to produce the TMC scaffold [4]. The TMC scaffold is then modified by reacting it
with a maleimide-terminated cell adhesive peptide [5].
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Figure 1. 'H NMR of (a) chitosan before modification and (b) methacrylamide chitosan. The peaks at 2.8-4.0 ppm are the
protons in the ring of the gluocosamine, and the methylene peaks on the methacrylamide chitosan are located at 5.6 and
6.0 ppm. The peak at 1.9 ppm in (a) corresponds to the acetyl group of chitosan ([1]) in Scheme 1). The peaks from 1.7 to
1.9 ppm correspond to the methylene carbons from the acetyl and methacrylamide pendants of methacrylamide chitosan,
and acetyl pendant on unmodified regions of chitosan.
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reagent [5,5'-Dithio-bis-(2-nitrobenzoic acid)] was used to
quantify the amount of thiol groups present on TMC.*
Briefly, 0.1M sodium phosphate buffer with 1 mM EDTA
(pH 8) was prepared. To 2.5 mL of the buffer, 250 pL of a
0.02 wt % solution of TMC in distilled water and 50 pL of
the Ellman’s reagent (4 mg/mL) were added. The mixture
was allowed to react for 1 h at RT, and the absorbance of
the liquid was measured at 412 nm using a microplate
reader (VersaMax, Molecular Devices, USA). The number
of thiol groups present on TMC was determined by com-
paring its absorbance to a calibration curve prepared as
above using cysteine hydrochloride monohydrate.

Scanning electron microscopy

The morphology of sterilized MC scaffolds, crosslinked
with 3 or 7 wt % APS/SMBS, was examined using scan-
ning electron microscopy (SEM). The scaffolds were
freeze-dried under liquid N, for 24 h to prevent structural
collapse, cut in cross-section, and mounted on SEM imag-
ing studs with double-sided tape. The samples were
coated with gold for 40 s and imaged using Hitachi 5-2500
SEM.

Peptide synthesis and quantification
on TMC scaffold

Maleimide-funcionalized (mi-) peptide sequences, mi-
GQAASIKVAV and mi-GDPGYIGSR, were custom syn-
thesized by solid-state peptide synthesis on PEG-PS resin,
based on Fmoc chemistry using a peptide synthesizer
(Pioneer Peptide Synthesis System, Applied Biosystems).
A 10-fold molar excess of 3-maleimidopropionic acid was
activated by dicyclohexyl carbodiimide in DCM under N,,
which then reacts selectively with the amine terminus of
the Fmoc protected amino acid on the resin. The malei-
mide functionalized peptide was de-protected and cleaved
from the resin using 95% TFA and lyophilized. The pep-
tide (dissolved in 99% acetic acid) was purified by reverse
phase high performance liquid chromatography (RP-HPLC,
VP Series HPLC Workstation, Shimadzu Scientific Instru-
ments, Columbia, MD). Fluorescein-tagged mi-GQAASIK-
VAV was synthesized using the same method with N-e-
fluorescein-lysine added to form f-mi-GQKAASIKVAV for
quantifying the amount of peptide covalently coupled to
TMC scaffolds. The molecular weights of the peptides were
confirmed by mass spectrometry (Sciex Qstar, Applied
Biosystems) (see Fig. 2).

The f-mi-GQKAASIKVAYV peptide was dissolved in PBS
and 200 pL (1 mg/mL) was added to the scaffold ([5] in
Scheme 1). After 2 h at RT with shaking, the scaffolds
were washed extensively with PBS, while monitoring the
fluorescent intensity in the washes using a fluorescent
plate reader (SpectraMax GeminiEM, Molecular Device,
USA) at excitation and emission wavelengths of 490 and
515 nm, respectively. The scaffold was washed in PBS
until only background signals were detected to ensure all
unreacted peptides were removed. As the scaffold was
transparent, the fluorescent intensity from the peptide
immobilized on the surface of TMC was read directly from

the scaffold using the fluorescent plate reader. A blank
TMC scaffold (without f-mi-GQKAASIKVAV) was used
for background signal correction. A negative control was
prepared by reacting N-ethyl maleimide with TMC prior
to adding the f-mi-GQKAASIKVAV peptide sequence.
N-ethyl maleimide was dissolved in DMSO, diluted to
0.01 mg/mL in PBS, and then added to the surface of
TMC scaffolds. The reaction was allowed to proceed for
2 h at RT with shaking and then washed thoroughly in
PBS before applying f-mi-GQKAASIKVAYV as before. After
2 h, the scaffolds were washed extensively in PBS, and the
washes were monitored until background signal was
detected as above, before the amount of f-mi-GQKAA-
SIKVAV coupled to the negative control scaffold was
quantified.

Degradation of methacrylamide chitosan scaffold

Sterile MC scaffolds were cut into circular discs with
diameter of 1.5 cm and thickness of about 0.8 cm. Excess
PBS was removed from the surface of the wet scaffolds
using Kimwipes before weighing. The degradation of MC
scaffold crosslinked with 3, 4, 5, or 7 wt % APS/SMBS
was followed over a period of 28 days in the presence and
absence of lysozyme (1.5 pg/mL) dissolved in PBS, with
1.5 pg/mL sodium azide, and incubated at 37°C with gen-
tle shaking. The activity of the enzyme was 50,000 units/mg
of lysozyme as indicated by the manufacturer. Lysozyme
was assumed to have 100% activity throughout the dura-
tion of the study. The buffer was also refreshed each day
to ensure the activity of the enzyme. The wet weight of
the scaffold at each time points, 0 (M), 7, 14, 21, and
28 days (M;) was weighed. The percent mass loss of the
scaffolds over time was calculated using Eq. (1).

Mo — My
0

% Mass Loss = x 100 (1)
An accelerated degradation study was also performed as
above with lysozyme at 0.5 mg/mL and the buffer was
also refreshed each day to ensure the activity of lysozyme.

Cell penetration assay

Sterile MC scaffold was prepared as above and cross-
linked with 3 and 7 wt % APS/SMBS in 1 cm by 1 cm
square cuvettes which were sterilized by soaking in 70%
ethanol overnight. After gelation, the scaffolds were
washed extensively as before in PBS to remove excess
crosslinking agents. The scaffolds were then soaked in
Ultraculture General Purpose Serum-Free Medium (Cam-
brex Bio Science, Walkersville, MD) for at least 7 h at RT
before cell culture. Superior Cervical Ganglion (SCG) was
explanted from postnatal day 2 Sprague-Dawley rats
according to an established procedure.”® The explanted
ganglia were rinsed in HANKS and cut into 2-3 smaller
pieces using No. 5 dissection forceps. The ganglion pieces
were placed on the surface of the gel and cultured in
3 mL of media supplemented with 1% penicillin/strepto-
myosin, 1% glutamine, 3% rat serum, 0.7% cytosine-B-D
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Figure 2. Mass spectra of maleimide-peptides (a) mi-GQAASIKVAYV and (b) mi-GDPGYIGSR. Mass peaks at 1093.6 and
1071.4 amu confirm the molecular weights of mi-GQAASIKVAYV and mi-GDPGYIGSR, respectively.

arabino-furanoside (CA), and 50 ng/mL nerve growth fac- On day 5, the ganglia were visualized live at 10x mag-
tor (NGF). The cuvette was covered by a cap with holes nification on an inverted microscope (LM410 Zeiss,
punched using a 20 G needle and incubated at 37°C, 5% Toronto, ON, Canada) with a CCD camera (Diagnostic
CO,, and 100% humidity. Instrument, Michigan, USA) using the SPOT software
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(Version 3.1, Diagnostic Instrument). The cuvette was laid
down on the side which is closest to the ganglion. As the
MC hydrogel is transparent, the ganglion could be visual-
ized by imaging through the hydrogel. The image was
then rotated so that the ganglion appears resting on the
surface of the MC hydrogel.

Cell culture on peptide-modified chitosan scaffolds

SCG ganglia were dissected as described above from
postnatal day 2 Sprague-Dawley rats. The explanted ganglia
were rinsed in HANKS and then trypsinized (400 U) for
30 min at 37°C followed by DNAase (400 U) treatment for
1 min at RT. The ganglia were then rinsed with cell culture
medium supplemented with 1% penicillin/streptomyosin
and 1% glutamine, and triturated to dissociate the ganglia
into single neurons.

MC and TMC scaffolds were prepared and washed as
described above, cut into discs to fit into a 96-well plate,
and sterilized by autoclaving (120°C, 20 min). Differences
in structural integrity or initiator concentration required to
form the scaffolds were not observed whether the material
was sterilized before or after gelation. Peptide solutions of
mi-GDPGYIGSR, mi-GQAASIKVAYV, or a 1:1 (w/w) com-
bination of mi-GDPGYIGSR and mi-GQAASIKVAYV were
dissolved in PBS at a total peptide concentration of 1 mg/
mL and sterilized by filtering through 0.22 pm filter. Pep-
tide solution (200 pL) was added to each TMC scaffold
and incubated for 2 h at RT with shaking ([5] in Scheme 1).
The scaffolds were washed extensively in PBS to remove
any unreacted peptides, following the protocol developed
with fluorescently-labeled peptides (described in previous
section). Prior to cell culture, all scaffolds were soaked
in cell culture medium for at least 7 h at RT as before.
Neurons were plated at 2 X 10* cells/cm?, with 3% rat
serum, 0.7% CA, and 50 ng/mL NGF added to the cell
culture medium. After plating, the neurons were incubated
at 37°C, 5% CO,, and 100% humidity.

To determine the specificity of the peptide-cell surface
receptor interaction, SCG cells were incubated with a com-
bination of mi-GQAASIKVAV and mi-GDPGYIGSR
(0.5 mg/mL solution containing both peptides) in culture
medium for 30 min at 37°C, 5% CO,, and 100% humidity
prior to plating on the mi-GQAASIKVAV and mi-
GDPGYIGSR bound scaffold surfaces as a control. The
neurons were then collected by centrifugation (1500 rpm,
3 min) and plated on the peptide bound scaffold at a den-
sity of 2 x 10* cells/cm?.

Cell adhesion and axonal growth quantification

Cells were cultured for 2d because at longer time points
the neurites became entangled, making it difficult to quan-
tify neurite length and number from individual cell bodies.
Following 2d in culture, 10 random, non-overlapping fields
were imaged at 20x magnification under an inverted
microscope (LM410, Zeiss) with a CCD camera (Diagnostic
instrument) using the SPOT software (Version 3.1, Diag-
nostic Instrument). The number of adherent cells, number
of cells with neurites longer than the cell body, and the

average length of neurites per mm? were measured and
analyzed using the SPOT software (n = 3 scaffolds, n = 60
cells/field analyzed, 10 fields/scaffold).

Statistical analysis

Each experiment was performed in triplicate and results
are presented as mean * standard deviation. Analysis of
the variance was performed using single factor ANOVA
with an o-value of 0.05. Pairwise multiple comparison
procedures were performed using the Bonferroni t-test.

RESULTS AND DISCUSSION

Synthesis and characterization
of methacrylamide chitosan

Chitosan and chitin are insoluble in water because
of intra- and intermolecular hydrogen bonding in the
o~ and B-conformations.”>*° However, by disrupting
these hydrogen bonds through the modification of
the chitosan amine groups, water-soluble chitosan
derivatives can be synthesized, as have been reported
in the literature.?”*! Herein, the primary amine group
of chitosan repeat units was modified with metha-
crylic anhydride, yielding methacrylamide chitosan
(MC), with a degree of modification of 23.0 * 1.4%
(n = 3) as determined by 'H NMR. The methacryl
bonds themselves are likely randomly dispersed
along the chitosan backbone given that previous
studies have shown the distribution of acetyl groups
on chitin is random when chitosan is modified with
acetic anhydride.** The water solubility of the MC is
important for tissue engineering applications because
it facilitates mixing with pH-sensitive proteins, bio-
logics and cells, and can be easily processed into a
crosslinked gel via radical polymerization across
methacryl carbon-carbon double bonds using APS/
SMBS initiation as shown in Scheme 1. The novel
methacrylamide derivative of chitosan reported here-
in is advantageous over previously reported water
soluble chitosan derivatives because this methodol-
ogy can be used to create macroporous scaffolds in
which proteins are immobilized as concentration
gradients for axonal guidance during processing
using, for example, a gradient maker,'%% which is
our ultimate goal. Other photocrosslinkable chitosan
derivatives® allow protein immobilization but not
patterned immobilization, which is critical for guid-
ance. The effect of initiator concentration on the
morphology, cell penetration, and biodegradation of
this novel MC scaffold were investigated.

The morphology of the MC scaffold was highly
porous as shown by SEM in Figure 3, with the
density of the porous network and pore size affected
by the amount of initiator used in crosslinking. At

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 3. SEM micrograph of the methacrylamide chitosan scaffold show larger pores when crosslinked with (a) 3 wt %
APS/SMBS and reduced pore size when crosslinked with (b) 7 wt % APS/SMBS.

lower initiator concentration (3 wt % APS/SMBS),
the MC scaffold had larger pore sizes and formed a
less dense porous network than those scaffolds
formed using 7 wt % APS/SMBS. It is likely that
higher initiator concentration produces a more cross-
linked network resulting in smaller pores in these
MC scaffolds. Interestingly, the MC maintained a
porous morphology after crosslinking that resembles
the honeycomb morphology previously described for
chitin/chitosan gels'® and is important for solute
diffusion.

To determine the suitability of the MC scaffold for
tissue engineering applications, primary SCG ganglia
were plated on the scaffold and tested for the ease
of neuron/neurite penetration into the gel; and
single neurons were similarly plated to test cell
adhesion, and neurite outgrowth. The transparency
of the MC scaffold facilitated visualization of neurite
penetration into the hydrogel. Interestingly, the
initiator concentration, which was shown to impact
scaffold morphology (cf. Fig. 3), also affected cell
penetrability. As shown in Figure 4, viewed from a
side perspective with the surface of the hydrogel
indicated, an SCG ganglion plated on the scaffold
crosslinked with 3 wt % APS/SMBS allowed neurite
penetration whereas the scaffold crosslinked with
7 wt % APS/SMBS limited neurite extension to the
surface of the transparent gel. The outline of the
ganglion shown in Figure 4(a) appears to be less
clear than the one shown in Figure 4(b) was due to

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

its position from the wall of the cuvette where it
was imaged. At lower initiator concentrations, the
scaffold structure was more porous and had larger
pores, thereby facilitating neurite penetration. The
ability of neurites to penetrate into the matrix is
important for neural tissue engineering applications,
where the scaffold is designed to be a temporary
scaffold through which regenerating axons are
guided. For example, severed axons must be able to
penetrate the polymer scaffold because extracellular
cues (chemotatic or haptotactic) patterned within the
scaffold will guide them to their targets in nerve
repair strategies.'” The 7 wt % APS/SMBS initiated
MC scaffold did not allow neurite penetration
[shown in Fig. 4(b)] because the higher crosslink
density likely resulted in a scaffold with smaller
pores, increased tortuosity and more numerous “dead
ends”. Qualitatively, the MC scaffolds were stiffer
with increased concentrations of initiator and this
too may have impacted neurite penetration. Impor-
tantly, neurite extension was observed on the surface
of the 7 wt %-crosslinked MC scaffold, demonstrat-
ing that the excess crosslinker was successfully
removed from the scaffold during the washes and
that the lack of neurite penetration was independent
of adhesion and dependent on penetrability and
initiator concentration.

While the inherent cell-adhesiveness of chitosan was
important to its initial choice for a scaffold, the me-
thacrylamide derivative reduced the cell adhesiveness
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Figure 4. SCG ganglion plated on transparent methacrylamide chitosan scaffold and viewed from the side. Neurites
extending from the ganglion were able to penetrate the scaffold crosslinked with (a) 3 wt % APS/SMBS, but they were
unable to penetrate the network when crosslinked with (b) 7 wt % APS/SMBS. (The images were obtained by laying the
cuvette on its side. The image was then rotated to the proper orientation of the ganglion on the surface of the hydrogel.)

of the MC scaffold, thereby requiring peptide modi-
fication. Laminin derived, maleimide-functionalized
cell adhesive peptides (mi-GQAASIKVAV and mi-
GDPGYIGSR) were synthesized to promote cell
adhesion on the MC scaffolds. The receptors present
on the cell surface, which respond to laminin, are
important for cell adhesion and neurite outgrowth,
and have been shown to be present on the surfaces
of SCG neurons. Therefore, a thiolated MC (TMC)
was synthesized by coupling TGA to MC using
EDC chemistry to covalently couple the peptides to
the scaffold. The thiol content in TMC was mea-
sured by the Ellman’s test and compared to a control
where TGA was reacted with MC in the absence of
EDC. In the presence and absence of EDC, the num-
ber of thiol groups present was found to be 99.6 *
1.7 p mol/g of TMC and 15.9 * 0.9 p mol/g of MC,
respectively, which are significantly different (p <
0.001) and demonstrate covalent addition of free
thiol groups to MC. Interestingly, TMC alone did
not form a stable scaffold when APS/SMBS was
added to initiate crosslinking. It is likely that TGA
also reacted with the methacryl group through a
Michael-type addition reaction. This was confirmed
by '"H NMR (data not shown) in which the peak
areas corresponding to the protons on the methyl-
ene carbon of the methacrylamide group were
greatly reduced on TMC relative to MC. Conse-
quently, a 1:1 w/w blend of MC and TMC was
used to form a stable scaffold crosslinked with
4 wt % APS/SMBS. The MC/TMC blend scaffold had
45.7 = 3.7 umol thiol groups/g of TMC and was used
for peptide modification.

A fluorescein-labelled f-mi-GQKAASIKVAV pep-
tide was reacted with the TMC scaffold and the
extent of modification was quantified by measuring

the fluorescence intensity in the transparent scaffold.
To examine the maleimide-thiol addition reaction
between the peptide and scaffold, a control scaffold
was synthesized in which the thiol groups were
quenched by reaction with excess N-ethyl maleimide
prior to peptide addition to eliminate the reactive
functional groups required for modification. The
amount of fmi-GQKAASIKVAV peptide bound to
the TMC scaffold was 0.78 * 0.12 umol/g of TMC
whereas the amount bound to the control was
0.07 = 0.02 pmol/g of TMC, indicating that the
peptide was coupled to the TMC scaffold by thiol
addition across the peptide-maleimide bond. We
assumed that equivalent amounts of mi-GQAASIK-
VAV and mi-GDPGYIGSR were immobilized based
on previously published research.*

The effect of the two laminin-derived peptides
was compared alone and in combination relative
to MC (unmodified scaffold) after 2d in culture.
Peptide modification of TMC scaffolds significantly
improved cell adhesion and neurite outgrowth rela-
tive to MC controls, as shown in Figures 5 and 6(a).
Optimal adhesion and neurite outgrowth were ob-
served when the surfaces were modified with both
peptides, GDPGYIGSR and GQAASIKVAYV. Inter-
estingly, when SCGs were incubated with mi-GQAA-
SIKVAV and mi-GDPGYIGSR in solution prior to
plating, cell adhesion to the mixed mi-GQAASIK-
VAV /mi-GDPGYIGSR MC surface decreased to the
level of MC alone, indicating that the receptors
responsible for cell adhesion were saturated with the
soluble peptides, resulting in fewer adherent cells,
and consequently reduced neurite outgrowth.

Figure 6(b) compares the average number of
cells bearing neurites on each scaffold. All peptide-
modified MC scaffolds had significantly greater
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Figure 5. Response of SCG neurons to (a) unmodified MC scaffold and (b) TMC scaffold modified with the combination
of GDPGYIGSR and GQAASIKVAV. SCG neurons adhered and extended neurites on the peptide-modified scaffold.

numbers of cells bearing neurites than MC alone,
with the greatest number observed on the combined
mi-GQAASIKVAV /mi-GDPGYIGSR MC surface. The
combined mi-GQAASIKVAV /mi-GDPGYIGSR MC
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ing neurites than either the mi-GQAASIKVAV or
mi-GDPGYIGSR modified surfaces alone, reflecting
the synergism ascribed to these laminin derived
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Figure 6. Modification of MC with cell adhesive peptides significantly improve the (a) adhesion of SCG neurons on the
surface of the scaffold, as well as increasing (b) the number neurites per cell, and (c) average neurite length (n = 3 scaf-
folds, 60 cells/field and 10 fields/scaffold *p < 0.05 versus MC Control, #p < 0.05 versus GDPGYIGSR+GQAASIKVAV
modified scaffold). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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sequences for neurite outgrowth and adhesion.®?

As was observed for cell adhesion, incubating the
SCG cells with soluble mi-GQAASIKVAV and mi-
GDPGYIGSR prior to plating on the combined pep-
tide surface reduced the number of adherent cells
with neurites to MC levels, further confirming the
specificity of the receptor-peptide surface interaction.

Peptide modified surfaces result in greater average
neurite length compared to MC alone as shown
in Figure 6(c), and the combined GQAASIKVAV/
GDPGYIGSR peptide-modified MC had the longest
neurites of the materials compared. As was observed
for other metrics of cell-material interaction, when
SCG cells were incubated in soluble GQAASIKVAV
and GDPGYIGSR peptides prior to plating, the aver-
age neurite length was similar to that observed on
MC alone, demonstrating specificity of the receptor-
ligand interaction again. Overall, the combination
of both mi-GQAASIKVAV/mi-GDPGYIGSR on one
surface consistently had the best cellular response
in terms of cell adhesion and number of cells with
neurites, which is consistent with previous data
on different surfaces.’® Given that YIGSR has been
shown to promote cell adhesion and IKVAV to pro-
mote neurite outgrowth in sympathetic neurons,” the
combination of both peptides is likely the most
biomimetic of the surfaces presented to the cells.
Furthermore, the extended peptide sequences used
presented a 3-D structure similar to that found
in native laminin and likely enhanced the integrin-
peptide interaction.’”

Biodegradation of methacrylamide
chitosan scaffold

Lysozyme is a natural enzyme that degrades chitin
and chitosan by hydrolyzing the glycosidic bonds. It

s0 |@

% Mass Loss

Figure 7.
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contains a hexameric binding domain, designated as
A-F. Subsites D and E have been shown to be the
cleavage sites for sugar residues, which have high
specificity for the acetyl unit, while the unit follow-
ing can either be the deacetylated or acetylated resi-
due.®®* The degradation characteristics of the MC
scaffold was studied over a period of 28 days at
37°C using the physiological concentration of lyso-
zyme found in serum of 1.5 pg/ml in PBS.*” The MC
scaffold crosslinked with 3 wt % APS/SMBS de-
graded by approximately 37% by mass within the
first 7 days and by 50% at the end of the 28 days.
Biodegradation rates of the 4, 5, and 7 wt % cross-
linked scaffolds by lysozyme were slower compared
to 3 wt % crosslinked scaffolds, with 31%, 24%, and
16% mass loss by 28 days, respectively. In an accel-
erated degradation study using 0.5 mg/ml lysozyme
shown in Figure 7(b), the 3 wt % crosslinked scaffold
was fully degraded in 21 days whereas the 4, 5,
and 7 wt % crosslinked scaffolds lost 82%, 75%, and
64% of their masses, respectively. The initial biode-
gradation rate was higher in the first 7 days than in
subsequent days; a similar degradation rate was pre-
viously reported for chitosan films and gels.'”'®
Nordtveit et al.'® reported that the initial fast degra-
dation is enhanced by the presence of 3 or more
adjacent acetyl units for lysozyme binding. Reduc-
tion in degradation rates after 7 days can be ex-
plained by the decreasing number of binding sites
for lysozyme.

Reduced biodegradation rates of crosslinked chito-
san scaffolds or films have also been reported*'
and mirror our own observations; chitosan cross-
linked with glutaraldehyde and dimethyl-3,3-dithio-
bis-proprionimidate showed markedly reduced bio-
degradation compared to uncrosslinked chitosan.
Increased concentrations of the crosslinking agent
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(a) Degradation of MC scaffold in the presence of lysozyme (1.5 pg/ml): solid line, (®) 3 wt % APS/SMBS, (H)

4 wt % APS/SMBS, (A) 5 wt % APS/SMBS, and (@) 7 wt % APS/SMBS, and in the absence of lysozyme: dotted line, (0)
3 wt % APS/SMBS, (O) 4 wt % APS/SMBS, (A) 5 wt % APS/SMBS, and (O) 7 wt % APS/SMBS. Biodegradation rate of
the MC scaffold decreased as the concentration of crosslinker used to form the scaffold increased. (b) Accelerated degrada-
tion of MC scaffold with 0.5 mg/ml lysozyme demonstrates the scaffold could be fully degraded especially when it is
crosslinked with 3 wt % APS/SMBS () [(A) 4 wt % APS/SMBS, (®) 5 wt % APS/SMBS, (M) 7 wt % APS/SMBS].
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(in this case glutaraldehyde) decreased biodegration
rates of chitosan, which is similar to what we ob-
served here with increased initiator concentrations.
As the amount of initiator increased (from 3 to 7 wt %
APS/SMBS), the rate of mass loss decreased (see
Fig. 7) because more chains had to be cleaved before
they would be solubilized. This phenomenon was evi-
dent both in the presence and absence of lysozyme.

In the absence of lysozyme, the crosslinked MC
scaffolds degraded as observed by mass loss, albeit
slower than what was observed for the mass loss due
to lysozyme. Chitin hydrogels have been previously
observed to lose mass when formed by acetylating
chitosan and this has been attributed to syneresis,
which is the thermodynamic imbalance that results
from shrinkage accompanied by solvent expulsion
from the gel.***® Syneresis was found to be affected
by crosslink density which is also observed here. As
the initiator concentration used in crosslinking the
MC scaffold increases, the chain length between
crosslinks decreases and leads to stiffer scaffolds.
Consequently, the mobility of the MC polymer chain
is reduced, resulting in a slower rate of solvent expul-
sion, and thus a slower rate of mass loss.

At high initiator concentrations (i.e., 7 wt % APS/
SMBS), the rate of mass loss from the MC scaffold
was reduced and becomes relatively close to the rate
of mass loss in the enzyme-free buffer, as crosslink
density affects degradation in the presence and
absence of lysozyme (see Fig. 7). Thus, more frag-
ments must be degraded by lysozyme before signifi-
cant mass loss can be observed. In the end, complete
biodegradation of the MC scaffold by lysozyme was
observed, demonstrating that methacrylamide modi-
fication did not inhibit lysozyme activity. The rate of
biodegradation of the MC scaffold can be controlled
by varying crosslink density which in turn was
shown to influence neurite penetrability.

CONCLUSIONS

We have shown in the present study that a novel
derivative of chitosan can be transformed into a scaf-
fold that is biodegradable, allows neurite penetration
into its matrix, and can be modified chemically to
improve cell adhesion. The physical characteristics
of the resulting MC scaffold can be controlled to
obtain the desired morphology and biodegradation
pattern by adjusting the crosslink density. Taking
advantage of the thiol-maleimide coupling reaction,
peptides were covalently bound to the MC scaffold.
Although peptide modification on the surface does
not necessitate a water soluble form of chitosan, the
water soluble MC is imperative for 3-D modification
of the scaffold with peptides or growth factors using
similar chemistry for promoting extensive neurite
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penetration and axon guidance in regeneration. While
we have demonstrated the use of the MC scaffold to
support neuronal cell adhesion and differentiation,
the results presented here may also benefit other
fields of tissue engineering such as cartilage and
bone engineering, where this water soluble chitosan
may also find utility.
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Natural Sciences and Engineering Research Council of
Canada, the Canada Foundation for Innovation, and On-
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