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Abstract

Dextran hydrogels have been previously investigated as drug delivery vehicles and more recently as macroporous scaffolds; however,

the non-cell-adhesive nature of dextran has limited its utility for tissue engineering. To overcome this limitation, macroporous scaffolds

of methacrylated dextran (Dex-MA) copolymerized with aminoethyl methacrylate (AEMA) were synthesized, thereby introducing

primary amine groups for covalent immobilization of extracellular-matrix-derived peptides. The amino group density for hydrogels

copolymerized with 0.5wt% AEMA was found to be 36.170.4mmol/cm3 by elemental analysis. To further enhance cellular interaction,

poly(Dex-MA-co-AEMA) hydrogels were modified with either CRGDS or a mixture of CDPGYIGSR and CQAASIKVAV (1:1, v/v)

using sulfo-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC). The immobilized peptide concentration was determined

using amino acid analysis at: 2.670.9mmol/cm3 for CRGDS-derived hydrogels and 2.270.3mmol/cm3 plus 1.970.2mmol/cm3 for

CDPGYIGSR plus CQAASIKVAV-derived hydrogels, respectively. Cellular interactions of primary embryonic chick dorsal root ganglia

(DRGs) were compared on the hydrogels. Cell adhesion and neurite outgrowth on poly(Dex-MA) increased with copolymerization of

AEMA and further improved with peptide modification and significantly for CDPGYIGSR/CQAASIKVAV-derived poly(Dex-MA-co-

AEMA) hydrogels. Moreover, DRGs penetrated within the first 600mm of the scaffolds, thereby demonstrating the potential of this

scaffold for guided cell and axonal regeneration in vivo.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dextran, which consists of a-1,6-linked D-glucopyranose
residues, is a bacterial-derived polysaccharide generally
produced by enzymes from certain strains of Leuconostoc

or Streptococcus. Crosslinked dextran hydrogel beads have
been widely used as low protein-binding matrices for
column chromatography applications (Sephadexs) [1–4]
and for microcarrier cell culture technology (CytodexTM)
[5–7]. More recently, dextran hydrogels have been con-
sidered for biomaterials applications [8–20] and investi-
gated as drug delivery vehicles [21–31]. They are
particularly compelling as scaffolds for soft tissue-engi-
e front matter r 2006 Elsevier Ltd. All rights reserved.
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neering applications because dextran is resistant to both
protein adsorption [32] and cell-adhesion [11,33,34],
allowing cell adhesion to be achieved by specific derivatiza-
tion with extracellular matrix (ECM)-based peptides
[34,35].
We previously reported a method to create macropor-

ous, interconnected dextran scaffolds by taking advantage
of the polymer–polymer immiscibility of aqueous solutions
of PEG and Dex-MA during polymerization across the
methacrylate groups [36]. While these scaffolds had an
interesting morphology, their use in tissue engineering was
limited by poor cell adhesion. To overcome this limitation,
the copolymerization of Dex-MA with AEMA was
investigated by first creating a macroporous scaffold and
then introducing primary amine groups to provide reactive
anchors for covalent attachment of ECM-derived peptides.
The use of ECM proteins and peptides has been well

established in tissue-engineering strategies [37–40] and

www.elsevier.com/locate/biomaterials
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numerous studies have focused on facilitating neurite
growth on ECM-modified biomaterials[41–49]. The most
commonly studied ECM-derived proteins and peptides
include fibronectin [50], the fibronectin-derived RGD
peptide sequence [35,43,48,50–57], laminin [44], the lami-
nin-derived YIGSR peptide sequence [43–47,49,53,56,57],
and the laminin-derived IKVAV peptide sequence
[35,43,44,46,47,49,56,57].

Previously we demonstrated that while GYIGSR-mod-
ified surfaces led to greater cell adhesion and SIKVAV-
modified surfaces promoted greater neurite outgrowth [58],
surfaces modified with both GYIGSR and SIKVAV had a
synergistic effect on neurite outgrowth [47]. Moreover,
surfaces modified with extended laminin-derived oligopep-
tides, CDPGYIGSR and CQAASIKVAV, which better
mimic the native region conformation of the active sites,
promoted a greater cellular response than those modified
with the respective minimal peptide sequences [46].

Polysaccharide hydrogels have been previously functio-
nalized by covalently attaching cell-adhesive peptides to
hydroxyl, amino, or carboxyl groups via zero-length
crosslinking agents such as carbodiimides [44,45,52,55].
In addition, GRGDSP [34,35] and SRARKQAASIKVAV-
SADR [35] have been coupled to dextran by reacting
primary peptide amines with hemiacetals of oxidized
dextran. However, none of these approaches preserve the
conformation of the peptides when amine-pendant groups
are present (such as in the side-chain of lysine), which limits
cell receptor interactions.

To overcome the limitations of these methods,
sulfo-succinimidyl-4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (sulfo-SMCC) [46,49] was used to crosslink
primary amines of poly(Dex-MA-co-AEMA) with sulfhy-
dryl-terminated peptides, i.e., CGRGDS, CGDPGYIGSR

and CQAASIKVAV. Cell adhesion and neurite outgrowth
of DRGs were compared quantitatively in vitro on peptide-
modified hydrogels and for cell/neurite penetration on
similarly modified scaffolds.

2. Materials and methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich Canada Ltd.

(Oakville, Ont.) and used as received, unless otherwise noted. Water was

distilled and deionized using a Millipore Milli-RO 10 Plus system at

18MO resistance. Aqueous solutions of ammonium persulfate (APS) and

tetramethylethylene diamine (TEMED) were prepared immediately prior

to each use.

2.2. Synthesis of methacrylated dextran (Dex-MA)

Dex-MA was synthesized by modifying dextran with glycidyl metha-

crylate (GMA) as previously described to a degree of substitution (DS) of

10 [36]. Briefly, 5 g of dextran 6 kDa (Leuconostoc mesenteroides) was

dissolved under nitrogen in 50ml of anhydrous dimethylsulfoxide

(DMSO) followed by the addition of 1 g of 4-dimethylaminopyridine

(DMAP). GMA (688 ml) was then added to the solution. The mixture was

stirred at room temperature for 48 h after which DMAP was neutralized
by adding an equimolar amount of concentrated HCl. The dextran

solution was dialyzed against distilled water at 4 1C, lyophilized and stored

at �20 1C. The DS was confirmed by proton nuclear magnetic resonance

(1H-NMR) as previously described [36] using a Gemini 300MHz

spectrometer (Varian Associates, Inc. NMR Instruments, Palo Alto,

CA) with D2O as the solvent [59].
2.3. Synthesis of cell-adhesive peptides

Three ECM-derived peptides, H2N–CRGDS–COOH, H2N–CDPGYIGSR–

COOH and, H2N–CQAASIKVAV–COOH, were custom-synthesized by solid-

phase synthesis with standard FMOC/HATU chemistry (PioneerTM Peptide

Synthesis System, Applied Biosystems, Foster City, CA). Amino acids were

purchased from Novabiochem (EMD Biosciences, Inc., La Jolla, CA).

Activators and resins were purchased from Applied Biosystems and N,N-

dimethylformamide (DMF) was purchased from Caledon Laboratories Ltd.

(Georgetown, Ont.).

The peptides were cleaved and deprotected from the resin for 2 h using

a cleavage cocktail of 88% trifluoroacetic acid (TFA; Caledon Labora-

tories Ltd.), 5% H2O, 5% phenol, and 2% triisopropylsilane. Peptides

were precipitated in cold diethyl ether, dried, re-dissolved in water, and

then purified by reverse phase high-performance liquid chromatography

(RP-HPLC, VP Series HPLC workstation, Shimadzu Scientific Instru-

ments, Inc., Columbia, MD) using a Phenomenexs JupiterTM preparative

C18 column (5mm, 300 Å, 250� 21.2mm, Phenomenexs, Torrance, CA).

Molecular weights of the peptides were confirmed by mass spectrometry.
2.4. Preparation of poly(Dex-MA-co-AEMA) scaffolds and

hydrogels

Dex-MA was copolymerized with aminoethyl methacrylate (AEMA)

(Pierce Chemical Co., Rockford, IL) in a cylindrical glass mold in the

presence of excess water and poly(ethylene glycol) (PEG, 10 kDa) by

adapting a previously described methodology [36]. Briefly, solutions of

10wt% Dex-MA and 5wt% PEG were prepared with different

concentrations of AEMA (0.1, 0.25 and 0.5wt%). The solutions were

mixed by vortex for 2min followed by the addition of 10wt% APS and

1.4wt% TEMED (where the wt% of the initiator is relative to the mass of

GMA coupled to Dex-MA). The solutions were briefly mixed by vortex

again and injected into the glass mold, which was barreled at 40 rpm

overnight. All scaffolds were washed with deionized water and were

allowed to swell in water for 1 week, with daily water exchanges. The

synthesis was repeated in the absence of PEG which led to the formation

of hydrogels (and not scaffolds). From hereon, scaffolds will refer to

macroporous structures formed in the presence of PEG while hydrogels

will refer to those structures formed in the absence of PEG.
2.5. Characterization of poly(Dex-MA-co-AEMA) scaffolds

The morphology of poly(Dex-MA-co-AEMA) scaffolds was character-

ized by scanning electron microscopy (SEM) while swellability was

determined by equilibrium water content (EWC). For morphological

analysis, cross-sections of poly(Dex-MA-co-AEMA) scaffolds were

mounted onto aluminum studs and sputter-coated with gold for 180 s.

The scaffold morphology was examined under a scanning electron

microscope (SEM; S570, Hitachi, Inc., Mountain View, CA) at an

accelerating voltage of 20 kV and a working distance of 15mm).

EWC of poly(Dex-MA-co-AEMA) scaffolds was calculated according

to Eq. (1). Samples were allowed to swell for 1 week in order to reach

equilibrium and were then dehydrated by freeze-drying.

EWC ¼
wh � wd

wh
� 100%, (1)

where wh is the hydrated mass and wd the dry mass of the poly(Dex-MA-

co-AEMA) scaffolds.
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2.6. Amine content in poly(Dex-MA-co-AEMA)

In order to confirm the copolymerization of Dex-MA and AEMA, the

amine concentration was characterized first qualitatively and then

quantitatively for select samples. The ninhydrin assay was used to

qualitatively compare the copolymerization of 10wt% Dex-MA and 0.1,

0.25 or 0.5wt% AEMA either in the absence or presence of 5wt% PEG.

A solution of 0.2% (w/v) ninhydrin in ethanol was sprayed on poly(Dex-

MA-co-AEMA) scaffolds and hydrogels and the samples were left at room

temperature for �2 h. Poly(Dex-MA-co-AEMA) hydrogels and scaffolds

were compared for purple coloration. Poly(Dex-MA) hydrogels and

scaffolds were used as controls. Based on these qualitative results,

quantitative analysis was performed on only 0.5wt% AEMA hydrogels

and scaffolds because the deepest coloration was observed here. Freeze-

dried samples of poly(Dex-MA-co-AEMA) synthesized with 10wt% Dex-

MA and 0.5wt% AEMA (in the presence or absence of 5wt% PEG) were

analyzed by elemental analysis (Guelph Chemical Laboratories Ltd,

Guelph, Ont.)

2.7. Cell and neurite penetration of scaffolds

DRGs were isolated from embryonic day 9–11 (E9–11) chicks as

previously described [60] and cultured in Eagle’s minimum essential

medium (MEM) containing 10% horse serum, 1% glutamine, 1%

penicillin/streptomycin and 50 ng/ml NGF (all supplied by Invitrogen

Corp.).

Poly(Dex-MA-co-AEMA) scaffolds were cut into discs with a thickness

of approximately 3mm, disinfected in 70% ethanol for 20min, and rinsed

in MEM. The discs were immersed overnight in a solution of 50 mg/ml

laminin (Invitrogen Corp.) and 0.01% poly-L-lysine (Invitrogen Corp.).

The samples were then washed with 10% horse serum in MEM and stored

at 4 1C overnight. DRG cells were plated onto the discs with a cell density

of 1� 105 cells/cm2 and incubated at 37 1C for 3 d. The cells in the

scaffolds were fixed with formaldehyde and stained with Alexa Fluor 488

phalloidin (Molecular Probes, Burlington, Ont.). Samples were embedded

in 5wt% agarose and cut into 300-mm sections using a Vibratomes Series

1000 (Technical Products International Inc., St. Louis, MO). Each section

was observed under a Ziess Axiovert 100 inverted microscope (Carl Zeiss

Canada Ltd., Toronto, Ont.). Images were captured using a digital camera

and analyzed using SPOT software (Diagnostic Instruments, Eagan, MN)

to map the 3-D cell penetration.

2.8. Peptide modification of poly(Dex-MA-co-AEMA) hydrogels

Hydrogels composed of 10wt% Dex-MA/0.5 wt% AEMA were

prepared in the absence of PEG by casting between two parallel plates.

Transparent poly(Dex-MA-co-AEMA) disks of 5mm in diameter

and 1mm in thickness were used for chemical modification with

one of two different peptide combinations: (1) HOOC–CRGDS–NH2 or

(2) HOOC–CDPGYIGSR–NH2/HOOC–CQAASIKVAV–NH2 (1:1 w/w)

using sulfo-SMCC (Pierce Chemical Co, Rockford, IL). Twelve discs were

placed in 1ml of sulfo-SMCC solution (1mg/ml, 10mM PBS buffer pH

7.5) for 1 h, under gentle agitation. The samples were washed 3 times with

PBS then immersed in the peptide solution (1.5mg/ml per peptide, 10mM

PBS buffer pH 7.5) and gently agitated overnight. The samples were then

washed 3 times (3� 1 h) with PBS under gentle agitation to remove any

unreacted reagents.

2.9. Characterization of peptide-modified poly(Dex-MA-co-

AEMA) hydrogels

The concentration of peptides covalently coupled to the hydrogels was

determined by amino acid analysis by first dissolving the amino acids

bound to the hydrogels and then analyzing them quantitatively using a

Waters Pico-TAG Work Station (Waters Corp., Milford, MA) and a

Waters Alliance 2690 Separation Module. Approximately 10mg of freeze-
dried CRGDS-modified and CDPGYIGSR/CQAASIKVAV-modified

samples were hydrolyzed using a 450ml solution of 6 N HCl with 1%

phenol and 50ml of 25 mmol/ml norleucine (as internal standard). The

mixture was kept at 110 1C for 24 h and then dried at 70 1C for 4–5 days.

Dissolved amino acids were derivatized using phenylisothiocyanate

(PITC) and then analyzed following standard amino acid analysis

protocols [61,62].

The amino acid concentrations in each peptide were averaged and the

average amino acid concentration was taken to be the corresponding

peptide concentration. For CDPGYIGSR/CQAASIKVAV, the peptide

concentration was determined by averaging the concentration of amino

acids which were unique for each oligopeptide.

2.10. Cell and neurite interaction with peptide-modified hydrogels

Prior to cell culture, all samples were disinfected in 70% ethanol for

5min, rinsed 3 times in MEM and then stored overnight in MEM with

10% horse serum at 4 1C. Poly(Dex-MA), poly(Dex-MA-co-AEMA),

poly(Dex-MA-co-AEMA)-CRGDS and poly(Dex-MA-co-AEMA)-

CDPGYIGSR/CQAASIKVAV were placed in non-treated wells of a 96

well tissue culture plate (one sample per well) and DRGs were plated at a

density of 1� 104 cells/cm2. The plates were then incubated at 37 1C for 2

days. Positive controls comprised tissue culture well surfaces of 96-well

plates coated with a 50 mg/ml laminin for 30min. The solution was

removed and the wells were air-dried prior to plating cells. Cells were

visualized with an inverted microscope and analyzed after 2 days for cell

adhesion by quantifying the number of adherent cells/field (averaged over

30 random fields) and neurite outgrowth by quantifying the number

neurites/field (averaged over 30 random fields) using SPOT software.

To test for specificity of peptide–integrin interaction, a competitive

assay was performed by pre-incubating the cells with 0.5mg/ml of soluble

peptide solution of either CDPGYIGSR/CQAASIKVAV (1:1 w/w ratio)

or CRGDS in serum free media (SFM) for 30min prior plating the cells on

the respective peptide-modified hydrogels.

2.11. Statistics

The statistics were performed with commercially available software

program SigmaStat 3.11 (Systat Software Inc., Richmond, CA). All

experimental results are reported as mean 7 standard error. For multiple

comparisons, one-way ANOVA was performed using Bonferroni t-test.

Student’s t-test was used to make pair-wise comparisons. In all tests a

p-value of o0.05 was regarded as significant.

3. Results

Poly(Dex-MA-co-AEMA) macroporous scaffolds and
hydrogels were synthesized in the presence and absence of
PEG, respectively, to investigate cell penetration and cell-
interaction. Poly(Dex-MA-co-AEMA) hydrogels were
modified with cell-adhesive peptides using the amine
functional group of AEMA and characterized for neuronal
cell adhesion and neurite outgrowth.

3.1. Morphology of poly(Dex-MA-co-AEMA) scaffolds

Fig. 1 shows the morphology of the macroporous
poly(Dex-MA-co-AEMA) scaffolds obtained when poly-
merized in the presence of PEG where the liquid–liquid
immiscibility of PEG and dextran lead to the macroporous
geometry, as was previously observed with other dextran
scaffolds [36]. As shown in Fig. 1, the macroporous
geometry of poly(Dex-MA) scaffolds (Fig. 1(A)), is
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Fig. 1. Representative scanning electron micrographs of dextran hydrogels obtained by the copolymerization of 10wt% Dex-MA 6kDa DS 10 with

AEMA in presence of 5wt% PEG 10kDa solutions: (A) 0wt% AEMA, (B) 0.1wt% AEMA, (C) 0.25wt% AEMA, and (D) 0.5wt% AEMA.

Table 1

Equilibrium water content (EWC) of dextran hydrogels obtained by the

copolymerization of 10wt% Dex-MA 6kDa DS 10 with AEMA in the

absence or presence of 5wt% PEG 10kDa solutions

AEMA (wt%) EWC (%)

0wt% PEG (hydrogels) 5wt% PEG (scaffolds)

0 92.970.1 94.070.1

0.1 92.070.1 91.770.3

0.25 92.270.1 91.870.1

0.5 91.770.2 91.470.5

S.G. Lévesque, M.S. Shoichet / Biomaterials 27 (2006) 5277–52855280
replicated in Figs. 1(B–D) of poly(Dex-MA-co-AEMA)
synthesized with 0.1, 0.25, and 0.5wt% AEMA, respec-
tively. Although the ‘‘beaded’’ wall morphology of the
poly(Dex-MA-co-AEMA) appears smaller than that of
poly(Dex-MA), the introduction of the aminated monomer
into the polymerization did not affect the overall macro-
porous structure.

3.2. Equilibrium water content of poly(Dex-MA-co-

AEMA) scaffolds

The EWC of all hydrogels and scaffolds was greater than
91%, as summarized in Table 1. The EWC of poly(Dex-
MA-co-AEMA) hydrogels were significantly different from
poly(Dex-MA) (po0:001); only 0.25% and 0.5% AEMA
content hydrogels were significantly different from each
other (po0:001). Similarly, the EWC of poly(Dex-MA-co-
AEMA) scaffolds was significantly different from that of
poly(Dex-MA) (po0:001); however the EWC of poly(Dex-
MA-co-AEMA) scaffolds were not significantly different
from each other.
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3.3. Qualitative and quantitative analysis of the amine

content

Qualitative analysis of the amine content was performed
using a ninhydrin test to show that AEMA was successfully
copolymerized with Dex-MA. The presence of amines in
the gels was confirmed by the development of a purple
coloration caused by the reaction of ninhydrin with the
a-amino groups of AEMA (see Fig. 2). Hydrogels and
scaffolds obtained with 10wt% Dex-MA and 0, 0.01, 0.025
or 0.5wt% AEMA showed an increasing concentration of
purple intensity, with the brightest purple being observed
with poly(Dex-MA-co-AEMA) having 0.5 wt% AEMA,
which was then used in further studies. The amine
concentration in these poly(Dex-MA-co-AEMA) hydrogels
and scaffolds, quantified by elemental analysis, was found
to be 36.170.4 mmol/cm3.
3.4. DRG cell and neurite penetration into poly(Dex-MA-

co-AEMA) scaffolds

The penetration of DRG neurons into poly(Dex-MA-co-

AEMA) scaffolds was investigated after 3 days. Cell
somas were found inside the scaffolds to a depth of up
to 600 mm, demonstrating their applicability to tissue
engineering. As is often observed with complex, macro-
porous scaffolds, their opacity made images difficult to
capture.
Fig. 3. Average number of DRG cells adhered on modified dextran/field

(one field ¼ 1mm2) for 30 random fields per hydrogel on day 2 after

plating, seeding density ¼ 2� 104 cells/cm2.
3.5. Peptide modification of poly(Dex-MA-co-AEMA)

hydrogels

CRGDS and CDPGYIGSR/CQAASIKVAV peptides
were immobilized to poly(Dex-MA-co-AEMA) hydrogels
and quantified by amino acid analysis. The peptide density
was calculated to be 2.670.9 mmol/cm3 for CRGDS,
2.270.3 mmol/cm3 for CDPGYIGSR, 1.970.2 mmol/cm3

for CQAASIKVAV (n ¼ 3). The concentrations of
immobilized peptides are not significantly different
(p ¼ 0:681).
Fig. 2. Dextran hydrogels (10wt% Dex-MA 6kDA) synthesized with increasin

intensity of the purple ninhydrin color qualitatively demonstrated an increa

0.25wt% AEMA, and (D) 0.5wt% AEMA.
3.6. Cell and neurite interaction with peptide-modified

hydrogels

Cell adhesion and neurite outgrowth of primary DRG
neurons were compared after 2 days of culture on poly
(Dex-MA-co-AEMA)-CRGDS, poly(Dex-MA-co-AEMA)-
CDPGYIGSR/CQAASIKVAV relative to poly(Dex-MA-

co-AEMA) and poly(Dex-MA) hydrogel controls. As
shown in Fig. 3, the average number of cells/ field
(averaged over 30 random fields) increased with AEMA
incorporation over poly(Dex-MA) (po0:001) and further
with peptide modification over poly(Dex-MA-co-AEMA)
and poly(Dex-MA) (po0:001). Interestingly, there was no
significant difference in number of adherent cells on
surfaces modified with CRGDS vs. those modified with
CDPGYIGSR/CQAASIKVAV. The difference in cell
adhesion to the hydrogel surfaces modified with peptides
vs. poly(Dex-MA-co-AEMA) and poly(Dex-MA) is shown
in Fig. 4. As shown in Fig. 5, the average number of
neurites/field (averaged over 30 random fields) was greater
g concentrations of AEMA were stained with ninhydrin. An increase in the

se in amine concentration: (A) 0wt% AEMA, (B) 0.1wt% AEMA, (C)
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Fig. 4. Representative images captured under a light microscope of DRG neurons (plated at 2� 104 cells/cm2) on dextran hydrogel surfaces demonstrate

adhesion and neurite extension after 2 days in culture: (a) poly(Dex-MA); (b) poly(Dex-MA-co-AEMA); (c) poly(Dex-MA-co-AEMA) modified with

CGRGDS; and (d) poly(Dex-MA-co-AEMA) modified with CDPGYIGSR/CQAASIKVAV.

Fig. 5. Average number of neurites/field (one field ¼ 1mm2) for 30

random fields per hydrogel on day 2 after plating (only neurites longer

than the cell body were counted), seeding density ¼ 2� 104 cells/cm2.

S.G. Lévesque, M.S. Shoichet / Biomaterials 27 (2006) 5277–52855282
on poly(Dex-MA-co-AEMA) and peptide-modified hydro-
gels than on poly(Dex-MA) hydrogels, with a significant
difference noted between CDPGYIGSR/CQAASIKVAV-
modified surfaces and the others studied.
To test the specificity of the interaction between cells and

peptide-modified hydrogels, cells were pre-incubated with
soluble cell-adhesive peptides prior to plating. Fig. 6
shows the cell adhesion (Fig. 6(A)) and neurite outgrowth
(Fig. 6(B)) when pre-incubating the cells with soluble cell-
adhesion peptides before plating. Significantly fewer cells
adhered to the peptide-modified hydrogel surfaces when
pre-incubated with soluble peptides prior to plating relative
to those cells simply plated on peptide-modified hydrogels
(po0:001). Similarly, significantly fewer neurites were
observed on cells pre-incubated with soluble peptides prior
to plating than those cells simply plated on peptide-
modified hydrogels (po0:001).

4. Discussion

Several scaffolds have been synthesized with cell-
adhesive peptides and shown to promote cell-specific
interactions; however, only one group has successfully
demonstrated peptide modification with dextran [34,35]



ARTICLE IN PRESS

Fig. 6. (A) Average number of DRG cells adhered on modified dextran/field and (B) average number of neurites/field for 30 random fields per hydrogel on

day 2 after plating and in competitive assays (comp) after pre-incubating the cells with soluble peptides. (Only neurites longer than the cell body were

counted; one field ¼ 1mm2, seeding density ¼ 2� 104 cells/cm2, comp ¼ DRGs pre-incubated with soluble peptides.)

S.G. Lévesque, M.S. Shoichet / Biomaterials 27 (2006) 5277–5285 5283
and the chemistry therein, i.e., reacting primary amines of
peptides with hemiacetals of oxidized dextran, would not
maintain the amino acid sequence activity of our peptides
of interest (i.e. IKVAV) due to side reactions with pendant
primary amines of lysine (K). This would limit cellular
interaction by decreased ligand-receptor recognition. Thus,
in order to take advantage of the fundamental hydrogel
scaffold properties of dextran, it was necessary to develop
chemistry to allow defined peptide modification while
preserving scaffold structure.

To this end, Dex-MA was copolymerized with a small
amount of AEMA. The AEMA provides reactive primary
amine groups that allow site-specific peptide immobiliza-
tion using sulfo-SMCC coupling chemistry and cysteine-
terminated peptides. A similar approach was previously
used to covalently bind peptides to poly(hydroxyethyl
methacrylate) hydrogel scaffolds, thereby enhancing cell
adhesion [49]. The previously reported method for the
synthesis of macroporous poly(Dex-MA) hydrogels was
used to obtain poly(Dex-MA-co-AEMA) scaffolds and
hydrogels [36]. While the poly(Dex-MA-co-AEMA) scaf-
folds synthesized with up to 0.5wt% AEMA, had a similar
macroporous morphology as poly(Dex-MA) scaffolds, the
smaller beads observed by SEM in the poly(Dex-MA-co-
AEMA) scaffolds may account for the small, yet statisti-
cally significant, difference in water content. Notwithstand-
ing the small differences in morphology and water content,
cells penetrated the poly(Dex-MA-co-AEMA) scaffold
within the first 600 mm (after 3 days). Thus copolymeriza-
tion of Dex-MA with AEMA allowed the macroporous
geometry of the scaffolds to be preserved while promoting
cellular interaction. The presence of AEMA in the scaffolds
was further confirmed by ninhydrin, elemental analysis and
peptide modification.

For tissue engineering, a combination of physical and
chemical cues is important to stimulate cell adhesion and
neurite outgrowth [63]. The poly(Dex-MA-co-AEMA)
macroporous scaffold provides the physical scaffold for
cell penetration and the coupled peptides promote specific
cellular interactions. Cell adhesion is often the first step in a
cascade of events influencing the cell fate leading to
differentiation, migration, proliferation or apoptosis. Pep-
tide modification has been used to influence cell adhesion
and can be achieved by adsorption to the surface [64],
incorporation into the bulk during processing [65] and/or
covalent immobilization [44,45,49,52,55]. The latter pro-
vides the most stable system and was pursued here using
cysteine-terminated peptides coupled via sulfo-SMCC to
AEMA primary amines in the dextran hydrogel. This
chemoselective technique ensures that the peptide sequence
and the conformation/orientation are preserved in order to
maintain integrin receptor recognition.
When poly(Dex-MA), poly(Dex-MA-co-AEMA),

CDPGYIGSR/CQAASIKVAV-modified, and CRGDS-
modified hydrogels were tested for cell adhesion and
neurite outgrowth, introduction of primary amines
through AEMA improved cell adhesion (vs. Dex-MA),
which is consistent with previous reports on the non-
specific interaction between amine functionalized materials
and cells [66,67] and more specifically neurons [68]. The
amine groups, which are positively charged at physiological
pH, interact with the negatively charged glycocalyx present
on the cell surfaces. Peptide modification further enhanced
cell adhesion relative to poly(Dex-MA-co-AEMA); how-
ever, the improvement was not as great as we had
anticipated. Similar results were observed with cells
cultured on aminopropyltriethoxysilane self-assembled
monolayers (SAMs) and RGD-modified aminopropyl-
triethoxysilane SAMs [66,69,70] where no significant
difference in adhesion was observed, yet the cellular
activity following adhesion was significantly different on
the peptide-modified surfaces. We also observed a sig-
nificant difference in cellular activity, as measured by
neurite outgrowth, on peptide-modified hydrogels vs.
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amine-functionalized controls. The greatest neurite out-
growth was observed on CDPGYIGSR/CQAASIKVAV-
modified hydrogels. While the CDPGYIGSR/CQAASIK-
VAV-modified hydrogel had twice as much total peptide as
that modified with CGRGDS, given the similar results
obtained for cell adhesion, the major driver for the greater
neurite outgrowth observed is likely associated with the
specificity of the interaction for cell adhesion of YIGSR
and neurite outgrowth of IKVAV. This is consistent with
previous findings where RGD and YIGSR were found to
promote cellular adhesion and IKVAV to promote neurite
outgrowth [35,43,58]. Moreover, cell integrin recognition
of the peptide-modified hydrogel was confirmed with the
competitive assay, thereby confirming the importance of
the specificity of the interaction.
5. Conclusions

A new dextran hydrogel scaffold was synthesized by
copolymerizing Dex-MA and AEMA resulting in a
macroporous, cell-adhesive and cell-penetrable scaffold.
Covalent modification with ECM-derived peptides en-
hanced cell adhesion and neurite outgrowth due to specific
cell-material interactions. The greatest neurite outgrowth
was observed on poly(Dex-MA-co-AEMA) hydrogels
modified with CPDGYIGSR and CQAASIKVAV. In on-
going studies we are investigating these materials in neural
tissue-engineering applications.
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