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Abstract

The objective of this study was to investigate the neurite guidance potential of concentration
gradients of glycine—arginine—glycine—aspartic acid-serine (GRGDS) oligopeptides
immobilized within three-dimensional patterned cylindrical volumes created in a
biodegradable nerve guidance matrix. This was achieved using ultraviolet (UV) laser
micropatterning of a hyaluronan (HA) hydrogel matrix modified with S-2-nitrobenzyl
cysteine. Upon exposure to focused laser light, the 2-nitrobenzyl group was cleaved, exposing
thiol groups which reacted with maleimide-terminated GRGDS exclusively within these
laser-defined volumes. We show that the UV laser micropatterning technique can be used to
create GRGDS peptide concentration gradients within the oligopeptide channels and that these

channels guide neurite outgrowth from primary neural cells.

(Some figures in this article are in colour only in the electronic version)

Introduction

Scaffolds are one of the pillars of tissue engineering providing
athree-dimensional temporary supportive environment for cell
growth and survival [1, 2]. In order to control cell behaviour,
both scaffolds and substrates have been patterned with cell-
adhesive cues in order to guide cell growth [3, 4]. Of the
numerous synthetic and naturally-derived materials that have
been investigated as scaffolds, polysaccharides are particularly
interesting because they closely mimic the native cellular
environment [5, 6]. Hyaluronan (HA) is a polysaccharide of
specific relevance because it degrades into nontoxic products,
and is both biocompatible and non-immunogenic [7, 8]. It
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has been used for a variety of tissue engineering applications,
including as a scaffold for neural tissue engineering [9-11].

Scaffolds can be modified with peptides to elicit a
specific cellular response. For example, neurite guidance can
be achieved in scaffolds modified with oligopeptides such
as RGD, YIGSR and IKVAV [3, 4, 12, 13]. Moreover,
concentration gradients of IKVAV and RGD have been shown
to influence cell growth on modified substrates [13, 14], likely
through integrin-mediated mechanisms [13—15].

Scaffolds that provide cell guidance through the
combination of chemical and physical cues have been pursued
because they are precedents for guided tissue growth and
integration. Some of the fabrication techniques currently being
used to micropattern three-dimensional hydrogel matrices
include photolithography [16, 17], microfluidic patterning
[18], electrochemical deposition [19], reactive ion etching
[20] and three-dimensional printing [21]. Although these
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techniques can modify the hydrogel properties in the x—y
plane, the depth of modification is limited to approximately
100 pm, requiring layering for the incorporation of biological
components in the z-direction. Our laboratory has recently
demonstrated cell guidance in a three-dimensionally modified,
non-biodegradable agarose matrix by the combination of
photochemistry and advanced laser technology [3].

Herein, we report cell guidance within three-dimensional
peptide channels created in a 1.5 mm thick, biodegradable
hyaluronan matrix for the first time. The laser technique
used in this paper can be manipulated in order to create
different concentration gradients within channels of varying
diameters. Anisotropic GRGDS biochemical channels were
created in an HA matrix using photochemistry and UV laser
micropatterning, taking advantage of the optical transparency
of HA to create the three-dimensional channels. The synthetic
scheme used to create the channels is shown in figure 1. To
investigate the cell guidance potential of the three-dimensional
biochemical channels, cellular response of embryonic day 15
(E15) rat dorsal root ganglia (DRG) cells to GRGDS channels
was compared to scrambled GRDGS channels. The cells
possess integrin receptors to the RGD peptide and have been
shown to extend neurites on substrates modified with the RGD
peptide [22]. While we have previously shown that RGD
peptide channels guide neurite outgrowth [3], we show, for the
first time, neurite guidance up an RGD peptide concentration
gradient.

Methods

Hyaluronan (HA), with a molar mass of 1.03 x
10° million g mol~!, was purchased from NovaMatrix,
Norway.  Deuterium oxide (D,O) was purchased from
Cambridge Isotopes Laboratories (Andover, USA). All other
chemicals and solvents were purchased from Sigma-Aldrich
(Oakville, Canada) and used as received, unless otherwise
noted. Water was distilled and deionized using Millipore
Milli-RO 10 Plus and Milli-Q UF Plus (Bedford, USA) at
18 M resistance. Water for cell culture was sterile filtered
through a 0.22 um Millipore filter (Bedford, USA).

Modification of hyaluronan with SNBC

S-2-nitrobenzyl cysteine (SNBC) was synthesized as described
by Hazum et al [23] Briefly, L-cysteine was reacted
with 2-nitrobenzyl bromide (1:1 molar ratio) in a solution
containing triethylamine. The pure product was obtained by
recrystallization in distilled water. To conjugate SNBC to
hyaluronan (HA), the polymer was first dissolved in distilled
water at a concentration of 0.5 wt%. Twofold molar excesses
of both I-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC) and sulfo N-hydroxysuccinimide (sulfo-NHS) (Pierce,
Rockford, USA) were added to activate the carboxylic acid
groups on HA. Finally, a twofold molar excess of SNBC was
added and the reaction was allowed to proceed for 16 h at
75 °C. The resulting solution was dialyzed (molecular weight
cutoff 12-14000 g mol 1, Spectra/Por membrane, Rancho
Dominguez, USA) against 100 mM sodium chloride (48 h),

(@) Q )

H,N H
‘ Z)kOH N OH
0
s EDC, sulfo-NHS o
éf

75°C

O

QN GRGDS

325 nm [e]

(0]
.,
N OH
S [e)

N— GRGDS

o

*
[ha]= cH

CH,OH o= 3
NH
o
o

o OH o OH
O Ho HO o
(o) (0]
0} NH HO
HO
OH  oX o]
OH
CH,

CH,OH

n

)
Focused laser o

| N—peptide

—nk

Cell cluster within peptide channel volume

[] 2-nitrobenzyl protected
region

B Peptide-modified region

(0)

Unmodified HA Unmodified HA

Central core

Figure 1. An overview of the reaction scheme used in the
fabrication of three-dimensional GRGDS oligopeptide channels in
hyaluronic acid. (a) Hyaluronan is first bulk modified with
S-2-nitrobenzyl cysteine to create HA-SNBC. Irradiation with UV
laser light cleaves the 2-nitrobenzyl moiety and creates free thiol
groups in the irradiated cylindrical volumes. Thiol groups react with
the maleimide terminal of the biomolecules to create
three-dimensional biochemical channels. (b) Diagrammatic
representation of the use of laser light with a Gaussian profile and
the scheme outlined in (a) to create concentration gradients within
the three-dimensional biochemical channels. (¢) Image showing
how quantitative analysis was performed to determine neurite
guidance. Neurites were accounted for as extending towards the
channel cores when they terminated in quadrants 1 and 2, and were
accounted for as extending away from the channel cores when they
terminated in quadrants 3 and 4.

followed by distilled water (48 h). The product was lyophilized
and stored at 4 °C until needed. A control sample was prepared
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following the same procedure except for the addition of EDC
and sulfo-NHS.

The degree of modification was determined using
"H-NMR spectroscopy. The sample was dissolved in D,0O at
a concentration of 2 wt% and the 'H-NMR spectrum recorded
on a Mercury 400 spectrometer (Varian). The degree of
modification was calculated by comparing the integrated area
of the signal produced by the methyl protons of the N-acetyl
methyl group on HA (s, § = 1.8-2.0 ppm) [24, 25] with the
aromatic protons of SNBC (m, 6 = 7.4-8.0 ppm). The degree
of SNBC modification of HA was calculated according to:

degree of modification
total area under aromatic protons
( ; )/
(total area under methyl protons
3

) x 100%. 1

Preparation of HA-SNBC hydrogel

The HA-SNBC hydrogel was prepared according to a modified
published procedure [26, 27]. Briefly, a polymer blend
containing native HA and HA-SNBC (1:1 mass ratio) was
dissolved in distilled water at a concentration of 0.5 wt%. A
fourfold molar excess (with respect to native HA) of EDC and a
twofold molar excess of ADH were added, and the pH adjusted
to 4.75. After vortexing, the reaction was allowed to proceed
for 12 h at room temperature and the hydrogel was washed in
pH 7.4 phosphate buffered saline (PBS) solution.

Degradation study of HA-SNBC hydrogel

In vitro degradation of HA-SNBC hydrogels was performed
by incubating the hydrogels with different concentrations
of testicular hyaluronidase EC 3.2.1.35 (Sigma-Aldrich,
Oakville, Canada) at 37 °C with constant agitation at
160 rpm. The hydrogel samples (0.5 ml, » = 4) were placed
in 1 ml of 0, 50, 150 or 250 U m1~! solutions of hyaluronidase
prepared in PBS. Samples (200 1) of each supernatant were
taken at predetermined time points and replaced with fresh
hyaluronidase solution (200 ul). The collected samples were
diluted 50 times in distilled water saturated with benzoic acid,
and analysed for uronic acid content according to the carbazole
assay [28].

Peptide synthesis

N-«-(3-maleimidopropionyl)-GRGDS (mi-GRGDS), and
the scrambled peptide N-«-(3-maleimidopropionyl)-GRDGS
(mi-GRDGS), were prepared by solid-state peptide synthesis
based on 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. The
oligopeptide sequences, GRGDS and GRDGS, were custom
synthesized, without cleaving the protecting Fmoc groups on
the side chains of the amino acids, using a peptide synthesizer
(Pioneer, BioApplied Systems) in order to selectively modify
the amine terminus prior to cleavage. A tenfold molar
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excess of 3-maleimidopropionic acid was activated using
dicyclohexyl carbodiimide in dichloromethane for 1 h under
nitrogen protection. The activated acid was then reacted
with the amine terminal of the peptide on the resin for 2 h.
The resin was washed sequentially with dichloromethane,
isopropanol and methanol before being dried under vacuum.
The maleimide-modified peptide (mi-GRGDS or scrambled
mi-GRDGS) was de-protected and cleaved from the resin
using 95% aqueous trifluoroacetic acid (2 h). The de-protected
peptide was precipitated in cold ether solution and lyophilized.
Fluorescein-labelled oligopeptides were synthesized in the
same way, except that fluorescein-labelled lysine (N-
e-fluorescein-lysine) (Molecular Probes, Burlington, Canada)
was added to the amine terminal of the oligopeptide sequence
giving N-a-(3-maleimidopropionyl)-N-¢-fluorescein-lysine-
GRGDS (mi-fGRGDS) and N-¢-(3-maleimidopropionyl)-N-
e-fluorescein-lysine-GRDGS (mi-fGRDGS).

Fabrication of biochemical channels in the hyaluronan matrix

In order to create three-dimensional (3D) cylindrical channels,
HA-SNBC hydrogel was prepared as described above to
give a 1.5 mm thick matrix. The hydrogel was incubated
in PBS buffer containing 1 mg mL~! peptide (mi-GRGDS:
mi-fGRGDS, 3:1 mass ratio) for 3 h. The solution was then
aspirated and in order to couple the peptide onto HA-SNBC,
the hydrogel was irradiated with laser light from a He-Cd
laser (4.0 mW, Omnichrome, Model 3074R-S-A03, Melles
Griot) with a wavelength of 325 nm for approximately 1 s.
The laser was focused by a convex fused-silica lens (focal
length = 10 cm, theoretical focal spot size and depth of focus
are 197 um and 7 cm, respectively), and the gel was placed at
the focal spot of the lens and moved using an XY stage. After
irradiation, the gel was thoroughly washed to remove any
unreacted reagents, and the channels were observed under a
laser scanning confocal microscope (Olympus IX70, Japan).
The amount of light that was transmitted by the hydrogel was
determined, by measuring the energy of the laser beam before
and after penetrating the sample, using an optical power meter
(Model 480, Newport).

Culturing neural cells on HA matrices modified with
biochemical channels

Neural cells were dissociated from embryonic day 15 (E15)
Sprague-Dawley rat dorsal root ganglia (DRG) [29, 30],
and plated on hydrogel matrices to study the ability of the
GRGDS oligopeptide channels to guide neurite outgrowth.
The hydrogel samples were prepared in polystyrene cuvettes
(Fisher Scientific, Ottawa, Canada) under sterile conditions
and all the solutions used were sterile filtered using
0.2 um filters. Dissociated cells from DRGs were plated
on top of hydrogel matrices (6 x 10* cells cm~2) containing
three-dimensional channels made from either GRGDS or the
scrambled peptide, GRDGS. The samples were cultured in
medium containing Eagle’s minimum essential medium, 10%
(v/v) fetal bovine serum, 1% (v/v) penicillin/streptomycin,
1% (v/v) glutamine, 50 ng ml~!' nerve growth factor, and
10 uM uridine and 5-fluoro-2’-deoxyuridine (all supplied by
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Figure 2. The '"H-NMR spectra in D,0 at 400 MHz show that hyaluronan was successfully modified with S-2-nitrobenzyl cysteine:

(a) HA-SNBC shows the characteristic methyl protons of the N-acetyl methyl group on HA (s, § = 1.8-2.0 ppm) and the aromatic protons
of SNBC (m, § = 7.4-8.0 ppm); whereas (b) the control HA sample, where HA and SNBC were mixed in the absence of EDC and
sulfo-NHS and dialyzed, shows only the characteristic HA methyl protons and no aromatic protons of SNBC.

Gibco, Burlington, Canada), and incubated (37 °C, 5% CO,
and 100% humidity). The cell culture medium was replenished
every 48 h. After 7 days, 5 randomly selected, separate fields
containing channels in each cuvette were recorded at 10x
magnification using a phase contrast/fluorescent microscope
(LM410, Zeiss) to calculate the average length of neurites
extending towards and away from the centre of the channels.
Fifteen channels were recorded and a total of 30 neurites were
analysed per channel type (GRGDS channels and scrambled
GRDGS channels). Only those neurites longer than 1 cell
diameter were analysed. Each experiment was conducted in
triplicate. Neurites were counted as extending towards (‘to’)
the GRGDS (or GRDGS) channels when they extended in
quadrants 1 and 2, and were counted as extending ‘away’
from GRGDS (or GRDGS) channels when they extended
in quadrants 3 and 4 (as shown in figure 1(c)). For all
analyses, only neurites penetrating into the hydrogel matrix
were analysed, those extending along the surface were not
analysed because we were interested in learning about the
impact of three-dimensional patterning on guidance. Variance
analysis using two-way ANOVA (direction of neurites and
peptide) was used for statistical analysis, followed by a posthoc
Tukey test. Differences were considered significant at p <
0.05.

Results and discussion

HA-SNBC hydrogel: synthesis and properties

To prepare a photolabile matrix for three-dimensional
photofabrication, the photosensitive S-2-nitrobenzyl cysteine
(SNBC) was first coupled to the hyaluronan polymer using
carbodiimide chemistry. The degree of SNBC modification of
HA was calculated from the '"H NMR data (shown in figure 2)
according to equation (1) and found to be approximately 6%,
which corresponds to an SNBC concentration of 0.8 mM in a
0.5 wt% hydrogel solution. Covalent coupling of SNBC was
confirmed by the absence of aromatic signals in the 'H-NMR
spectrum of the control sample, where HA and SNBC were
mixed in the absence of EDC and sulfo-NHS and then dialyzed
prior to characterization by 'H NMR.

A polymer blend of HA-SNBC and native HA (referred to
simply as HA-SNBC hydrogel) was successfully cross-linked
using EDC and ADH. The hydrogel began to form 60 s after
mixing, and the reaction mixture was left to react for 12 h in
order to allow the gel to solidify. The resulting hydrogel was
transparent and did not flow when inverted for 1 min.

The resulting hydrogel was analysed for degradation
with hyaluronidase and analyzed by the standard carbozole
assay. The HA-SNBC hydrogel was completely degraded
by the accelerated degradation study using 250 U ml~! of
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Figure 3. Degradation rates of HA-SNBC hydrogel in (x)
0Uml™!; (o) 50 Uml™!; (m) 150 U ml~'; (¢) 250 U ml~! of
hyaluronidase prepared in pH 7.4 PBS and incubated at 37 °C. (Data
shown as means + 95% confidence intervals, n = 4.)

hyaluronidase after 48 h, demonstrating that the crosslinked
and SNBC-modified HA hydrogel remained degradable. The
percent degradation was calculated by dividing the amount
of uronic acid released at a given time point by the final
amount of uronic acid measured when a reference hydrogel
was completely degraded, as shown in figure 3. Since the
DRG neurons do not secrete hyaluronidase, it is unlikely that
the biochemical RGD peptide channels created in the HA
hydrogel were affected during the cell guidance experiments.

3D patterning of HA-SNBC hydrogels

The HA-SNBC hydrogel matrix was irradiated with
a He—Cd laser in order to fabricate three-dimensional
biochemical channels. The peptide channels were visualized
as isolated cylindrical volumes throughout the 1.5 mm thick
hydrogel matrix using fluorescently labelled f-GRGDS and
scrambled f-GRDGS (figure 4). Reconstructed confocal
microscopy XY cross-section micrographs, recorded at
20 pm intervals for a distance of 0.5 mm, were used to create
the three-dimensional image of the channels (figure 4(b)). In
order to view six channels in the same field of view at a
magnification of 10x, the hydrogel matrix was irradiated at
intervals of 150 um and the contrast of the micrographs was
adjusted in order to clearly view the isolated channels shown
in figures 4(a) and (b).

The peptide channels had a GRGDS concentration
gradient in the cross-sectional plane, as determined by the
fluorescence intensity profile along a line drawn through
the centre of the cross-sectional image. Figure 4(c) is a
representative profile obtained from an image where the
hydrogel was irradiated at 1 mm intervals and the contrast
was not adjusted. The highest peptide concentration was in
the centre of the channels and it gradually decreased in a
Gaussian way towards the periphery of the x—y plane of the
cylindrical channels, indicating a cylindrical channel radius of
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250-300 um. The peptide concentration gradient along the
radius of the channel was estimated at 0.4 pug ul~! um=".

The longitudinal dimensions are determined by both the
depth of focus of the laser beam (defined as the distance
over which the focal spot size changes by +5%), and
the transmittance of light through the hydrogel material. The
UV light is absorbed by SNBC, as it travels through the
HA-SNBC hydrogel. While the channels were observed to
penetrate the entire hydrogel matrix, fluorescence intensity of
the channels became more diffuse deeper into the hydrogel
matrix. Importantly, analysis of the peptide channels over a
3 week period showed no change in either channel diameter
or geometry, indicating that the peptide channels were stable
during the 2 week period required to complete the cell culture
experiments, especially given that DRGs do not produce
hyaluronidase.

Cell and neurite guidance in GRGDS-peptide channels

In order to determine neural cellular response to the defined
three-dimensional GRGDS volumes within the HA matrix,
E15 rat dorsal root ganglia (DRG) cells were plated on the top
of the hydrogel matrix containing the biochemical channels.
We observed cell migration into the hydrogel matrix to a depth
of 600 um (figure 5). The GRGDS gradient across the x—y
plane of the biochemical channels affected neurite outgrowth
such that neurites extended preferentially up the concentration
gradient, towards the central core of the peptide channel,
when the cells were within the 250 um radius of the channels
(figures 5(a) and (b)). In contrast, for the scrambled GRDGS
peptide gradient channels, neurite extension was haphazard
and neither preferentially up (or ‘to’) the concentration
gradient nor away from the concentration gradient
(figure 5(c)). DRG neurons and neurites grew only within the
peptide-modified channels of the HA hydrogels and not within
the volumes separating the peptide channels. Importantly,
DRG neurons have integrin receptors for RGD and it is
only within these channels that the peptide concentration
gradient resulted in guidance up the gradient. The guidance
observed was towards the high concentration gradient at the
core of the peptide channels; this marks the first time that an
RGD peptide concentration gradient has demonstrated neurite
guidance within a three-dimensional volume. In our previous
study in agarose, primary dorsal root ganglia neurons also
only grew in peptide-modified channels; however, unlike the
hyaluronan study where cells grew in both RGD and scrambled
RDG modified channels, in agarose the cells only grew in
the RGD-modified channels. Interestingly, in agarose, the
concentration gradient did not inform our cell analysis, yet was
important to demonstrating specificity in hyaluronan. Thus in
the hyaluronan study, cell adhesion was non-specific to the
peptide yet neurite outgrowth up the concentration gradient
was specific to the integrin-ligand interaction between primary
dorsal root ganglia neurons and RGD-modified channels.

The lengths of neurites were quantified in order to
investigate the guidance potential of GRGDS channels
relative to the scrambled GRDGS control channels created
in hyaluronan hydrogels. Specifically, neurites were
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Figure 4. Biochemical channels synthesized in hyaluronan hydrogel were visualized and characterized using a fluorescein-tagged GRGDS
peptide. (a) A representative XY cross-sectional image of green, fluorescently-labelled oligopeptide channels (contrast adjusted to clearly
view the isolated regions). (b) A representative longitudinal image of green, fluorescently-labelled oligopeptide channels constructed from a
series of XY cross-section micrographs taken at 20 um intervals over a depth of 0.5 mm (contrast adjusted to clearly view the isolated
regions). (¢) The relative intensity profile of a line passing through the centre of a cross-sectional image showing a GRGDS concentration
gradient in the x—y plane of a modified cylinder, as well as the contrast between the modified and unmodified regions. The gradient is
greatest in the centre and least at the periphery, having a radius of 250-300 um (scale bar: 100 um). (d) Longitudinal fluorescence intensity
profile along the central axis of the channel showing a decrease in fluorescence intensity with depth.

characterized as either growing ‘to’ the central core, i.e.,
up the gradient, or ‘away’ from the central core as was
shown schematically in figure 1(c) and as an overlay to
the data in figure 6(a). As shown in figure 6(b), cells
extended significantly longer neurites towards the GRGDS
channel cores than away from the channel cores (p < 0.001).
Additionally, cells extended significantly longer neurites
towards GRGDS channel cores than towards scrambled

GRDGS control channel cores (p < 0.001). There was no
statistical difference between neurite extension towards and
away from scrambled GRDGS channels. The lack of guidance
observed with scrambled GRDGS control channels showed
that the guided neurite extension observed with GRGDS
channels was due to the local biochemical environment within
the channels. The comparison between GRGDS and the
scrambled GRDGS control indicates that the guidance effect in
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Figure 5. Micrograph showing DRG neurite outgrowth from cells
(a) directly on top of, (b) near the GRGDS channel core, and (¢)
directly on top of the scrambled GRDGS channel created in a
hyaluronan matrix. The cells migrated into the hydrogel matrix and
the neurites extended predominantly to the core and up the GRGDS
concentration gradient, while the cells extended neurites
haphazardly, with no general preference of either to or away from
the scrambled GRDGS channel core. (Light areas show the cores of
the channels.)

GRGDS biochemically-defined channels is due to an integrin-
mediated response to the concentration gradients within the
GRGDS-modified regions of the hydrogel. It is unlikely that
protein adsorption in the GRGDS channels or local mechanical
properties within the channels would lead to the difference
observed between GRGDS and the scrambled GRDGS.
Concentration gradients of RGD peptide have been
shown to influence fibroblast cells to align and spread
parallel to the axis of the concentration gradients [14].
Gradients of neurotrophins [31, 32] and laminin-derived
IKVAV [13] have also been shown to promote growth cone
turning and migration up the substratum-bound gradients.
However, to our knowledge, this is the first report of
RGD concentration gradients guiding neurite outgrowth in
the direction of increasing concentration within a three-
dimensional volume. By manipulating the UV laser source,
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Figure 6. (a) A representative image of neurites extending to the
channel core (bright white channel) and how the quadrant
methodology was applied to distinguish neurites extending ‘To’
versus ‘Away’ from the core. (b) Quantitative analysis of rat DRG
neurite outgrowth from cell clusters within 250 um of the central
core of the (@) GRGDS channels versus (0) GRDGS channels.
Statistically significant differences were found between neurite
length To GRGDS channels and To scrambled GRDGS channels
(p < 0.001), as well as neurite length Away from GRGDS and
scrambled GRDGS channels (p < 0.001). There was no statistical
difference between neurite extension towards and away from
GRDGS channels (p = 0.364). (Data shown as means £95%
confidence intervals, n = 15 channels.)

the peptide concentration gradient within the channels can be
varied in order to investigate whether a minimum GRGDS
concentration gradient is required to guide neural cellular
outgrowth, as has been observed for neurotrophins [33].

Conclusions

We report a micropatterning technique that can be used
to create biochemical concentration gradients within three-
dimensional biodegradable hydrogels. The oligopeptide
concentration gradients and the cell-invasive nature of the
hyaluronan hydrogels allowed for guided neurite extension
in the peptide-modified regions of the hydrogel. Due to
the enzymatically-degradable nature of hyaluronan, these
materials may be useful as temporary scaffolds for guided
axonal regeneration in vivo.
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