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A covalently modified hydrogel blend of hyaluronan—-methyl cellulose with
peptides and growth factors influences neural stem/progenitor cell fate
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With the goal of controlling stem cell fate, for ultimate application in cell delivery, we synthesized a cell
delivery vehicle comprised of an injectable hydrogel of hyaluronan (HA) and methyl cellulose (MC)
wherein the MC is modified to allow bio-orthogonal coupling chemistry. Specifically, MC was modified
using thiol-maleimide and biotin—streptavidin chemistry to covalently conjugate the cell adhesive
peptide, glycine-arginine-glycine-aspartic acid-serine (GRGDS), and the oligodendrocyte-
differentiating factor, recombinant platelet-derived growth factor A (rPDGF-A). NSPCs differentiated
into significantly more oligodendrocytes when cultured in a HAMC hydrogel modified with both
PDGF-A and GRGDS compared to controls of unmodified HAMC hydrogel and HAMC modified
with only GRGDS. These results demonstrate both the ability to influence NSPC fate with immobilized
growth factor and a platform technology for broad applicability in bioactive factor immobilization.

Introduction

Traumatic spinal cord injury (SCI) is a debilitating injury that
has significant consequences as it can dramatically impair
sensory and motor function. It is often irreversible, primarily due
to the body’s limited ability to repair the damaged tissue.!?
Initial insult to the central nervous system (CNS) causes necrotic
cell death,® and is followed by secondary injury which includes
inflammation,*> permeation of the blood-spinal cord barrier,®
and lipid peroxidation.” This causes additional cell death, which
subsequently leads to demyelination,®*® axonal degeneration,!*
and formation of a glial scar.’ Demyelination, which impairs the
efficient signaling and viability of the surviving neurons, has been
shown to be closely associated with the loss of functional
capacity in CNS disorders.®1-13.14

A potential therapeutic strategy to replace the damaged
oligodendrocytes following SCI is the transplantation of neural
stem/progenitor cells (NSPCs).'* These cells have the ability to
self-renew and to differentiate into the three major cell types of
the CNS: oligodendrocytes, neurons and astrocytes. However,
this method is currently limited by the poor survival'®!” and
uncontrolled differentiation of transplanted stem cells.!>'®
Delivery of stem cells into the target tissue often results in a large
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amount of cell death due to the harsh inflammatory environment
present following injury,'” immune response to foreign cells and
differences between microenvironments of the native stem cell
niche and target tissue.' For stem cell therapy to be effective in
enabling functional recovery following SCI, cell death must be
minimized®>*! and cell differentiation controlled.!s-'822-23

The use of biomaterials, specifically hydrogels, to control stem
cell fate has been studied extensively,'®** with various chem-
ical®?® and physical®** cues incorporated into the material
design to increase cell viability and control cell function. For
example, the fibronectin-derived peptide sequence RGD has
been shown to bind to various cell-surface integrin receptors such
as asPB; and o, B3,%® and increase cell adhesion and survival.'®31-33
However, while many of these biomaterials show an increase in
cell viability and adhesion in vitro, several important design
criteria — such as injectability to enable minimally invasive
surgery and anti-inflammatory properties — must be considered
to enable their use as a cell delivery vehicle in vivo.>* Moreover,
the gelation process should exclude common cytotoxic reagents
and intermediates used for polymer cross-linking such as acry-
lates, aldehydes, epoxides and free radicals.?

An injectable cell delivery vehicle composed of hyaluronan
(HA) and methyl cellulose (MC) has been shown to improve cell
survival and distribution upon transplantation in vivo.** HA
attenuates the inflammatory response and is shear-thinning
whereas MC is inverse thermal gelling. Together, this physical
blend of HA and MC (HAMC) is injectable through a 30 G
needle, allowing for minimally invasive surgery, and quickly gels
upon reaching physiological temperatures without the need for
additional crosslinking reagents.3* Since HAMC has also
demonstrated a pro-survival effect on transplanted cells,* it is a
desirable biomaterial for stem cell transplantation.
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To further enhance the properties of the HAMC hydrogel
system for controlled differentiation of NSPCs, we investigated
its modification with recombinant platelet-derived growth
factor-A (rPDGF-A), which has been shown to enhance differ-
entiation of NSPCs to oligodendrocytes, and GRGDS, which
has been shown to enhance cell adhesion.?”*° Herein we report a
facile strategy to conjugate both GRGDS and recombinant rat
PDGF-A (rPDGF-A) to the injectable HAMC hydrogel.
Specifically, thiol-maleimide click chemistry was used to cova-
lently immobilize maleimide-GRGDS and maleimide-strepta-
vidin to thiolated-MC polymer. Taking advantage of the strong
and selective interaction between streptavidin and biotin, strep-
tavidin-bound MC was subsequently conjugated with bio-
tinylated rPDGF-A. The amount of immobilized rPDGF-A was
quantified using a fluorescent analogue. Rat NSPCs cultured in
the HAMC-GRGDS/rPDGF-A hydrogel were tested for their
differentiation to oligodendrocytes relative to a series of controls

(Fig. 1).

Materials and methods

Synthesis of sulfhydryl methyl cellulose (4) for peptide and
streptavidin conjugation

Methyl cellulose (MC, 1, M, 310 kg mol ™!, degree of substitu-
tion (or number of hydroxyl groups that were methylated): 1.8 of
3 hydroxyl groups per glucoside unit, Shin-Etsu Metolose SM-
4000, Japan) was chemically converted to its carboxylated
derivative (carboxylated-MC, 2) using a previously described
protocol.*+%2 The product was purified by extensive dialysis (12—
14 kDa MWCO membrane) at 4 °C against 0.1 M NaCl (3 times
per day, 2 days) and then deionized (DI) water (3 times per day, 2
days). Water was removed from the final polymer by lyophili-
zation to afford 2 as an amorphous white solid. Carboxylated-
MC (2, 250 mg) was dissolved in 0.01 M phosphate buffer

+.~< =hyaluronan
. =methyl cellulose

& =thiolated linker

@v= = Maleimide-GRGDS peptide
@A = Maleimide-streptavidin
£« =Biotin-rPDGF-A

'@ = Neural stem/progenitor cell

Fig. 1 Schematic diagram of a hydrogel composed of hyaluronan (HA)
and methyl cellulose (MC) for use as a cell delivery vehicle for neural
stem/progenitor cells (NSPCs). MC is chemically modified with a thio-
lated linker to immobilize recombinant rat platelet-derived growth factor
(rPDGF-A) and the cell-adhesive peptide sequence GRGDS to enable
the control of NSPC fate.

(150 mL) at pH 7.0 at room temperature, and 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM,
750 mg, 2.7 mmol) was added and vigorously stirred for 20 min.
3,3’-Dithiobis(propionic dihydrazide) (3, 750 mg, 3.2 mmol) was
then added and the mixture was stirred overnight at room
temperature.*® The reaction mixture was then dialyzed in 0.1 M
NaCl (12-14 kDa MWCO membrane, 3 times per day, 1 day) to
remove most of the unreacted reagents. The pH of the reaction
mixture was then adjusted to pH 8.0 using 0.1 M NaOH and
dithiothreitol (DTT, 1.0 g, 6.5 mmol) was added at room
temperature for 4 h to afford sulfhydryl-MC (4). Purification was
achieved by extensive dialysis with diluted HCl,q (pH 5, 3 times
per day, 2 days), followed by DI water (3 times per day, 2 days).
Lyophilization was used to concentrate polymer 4. Quantifica-
tion of freely reactive sulfhydryl groups present in 4 was achieved
using Ellman’s method.** Cysteine and unmodified methyl
cellulose (1) were used for the standard calibration curve. For 'H
NMR analyses, samples were dissolved in D,O or DMSO-dg and
spectra were acquired on a Varian Mercury 400 MHz NMR
spectrometer at 298 K.

Conjugation of maleimide-streptavidin (5) and N-ethylhydroxy
maleimide (6a) or synthetic peptide maleimide-GRGDS (6b) to
thiolated methyl cellulose (4)

Conjugation of maleimide-streptavidin (5, 9:1 mol mal-
eimide : mol streptavidin, M,, 58 kDa, Sigma-Aldrich) to sulf-
hydryl-MC (4) was achieved by dissolving 4 (100 mg, 18.5 pmol
of reactive thiols) in a solution of 0.1 M phosphate buffer (pH
7.4, 100 mL) that was previously purged for 20 min with inert N,
gas. The solution was cooled to 4 °C and maleimide-streptavidin
(5, 1.1 mg, 18.5 nmol) was added and stirred overnight at 4 °C.
N-Ethylhydroxy maleimide (6a, 13 mg, 92.5 umol) or synthetic
peptide maleimide-GRGDS* (6b, 59 mg, 92.5 umol) was then
added to the reaction mixture and mixed overnight at 4 °C.
Unbound maleimide-containing reagents were removed by
extensive dialysis (100 kDa MWCO membrane) against 0.10 M
phosphate buffer (pH 7.0, 3 times per day, 2 days), followed by
DI water for another 2 days (3 times per day). Chemically
modified-MC (7, 8) was then lyophilized to afford amorphous
white solids. Quantification of the amount of amino acids present
in 7 and 8 was performed by amino acid analysis. Peptide-con-
taining MC polymers were dissolved in DD H,0 and hydrolyzed
with 6N HCI at 110 °C for 24 h. Excess HCI was removed by
evaporation and the hydrolyzed amino acids were then derivat-
ized at using phenylisothiocyanate (PITC). The phenyl-labeled
amino acids were then separated and quantified using HPLC
with the following parameters: Acquity UPLC BEH C18 column
(2.1 mm x 10 cm); 48 °C column temperature, UV detection at
254 nm. A known amount of streptavidin and GRGDS peptide
in a solution of unmodified MC was used as a standard.

Protein expression of rPDGF-A and biotinylation using biotin
ligase

A plasmid was constructed and purchased from Genscript that
coded for a hexahistidine tag and a BirA recognition sequence
(GLNDIFEAQKIEWHE)* at the N-terminus, followed by a
flexible spacer (EFPKPSTPPGSSGGAP)*” and the rat PDGF-A

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 19402-19411 | 19403



HO 0 SH

)__\ 0 ,'_q.[ " HNW(\/
OH ® f
OH oY 2‘ WS AN tNH X
MeQ MeQ
Q a o) b.c MeQ
O HO e o] - ,C 0
#eo/éy&,o o - MSOIS&.:@,O 0 — M‘%’ﬁ;’% o~
OMe n OMe n OMe
OMe OMe bme
1 2 4

185 umolgy / gram 4
(~ 1 thiol per 30 glucoside units)

de

o}
Streptavidin ) Biotin- rPDGF-A
N/\/( reptavi IHH 1 )
S
0

)
o} o =
O R O
NH s e NH s o
HN HN
ro
0 Q

H,'N (%) r(} HT}J 0
NH O o NH O
Me e

o, 0
o] T ; ?/M
0 b - - 0 Q o —
MSO/&.O o MeO 0 o
OMe n OMe
OMe

ome™ 1

(o]
~ -—Streptavidin
N

9 R=-OH 7
8

-OH
10 R=- GRGDS o

R
R =- GRGDS, 170 umol / gram g

0.79 g rpoGF-a / MY 9 o 10 185 nMol gyeptavidin / 9rAM 7 o7 8

Scheme 1  Synthetic scheme for the conjugation of biotin-rPDGF-A and GRGDS peptide to methyl cellulose (MC, 1). The hydroxyls of MC (1) were
derivatized to carboxylates (2), which were subsequently coupled with a dithiobis(propionic dihydrazide) linker (3). Free thiols (4, 185 pmolgy per gram)
were formed upon reduction with dithiothreitol (DTT) to enable covalent immobilization to maleimide-containing streptavidin (5, 185 nmol per gram)
and N-ethylhydroxy maleimide (6a) or bioactive GRGDS peptide (6b, 170 umol per gram). Conjugation of biotin-rPDGF-A to MC-streptavidin (7,8)
results in MC-rPDGF-A (9) and MC-GRGDS/rPDGF-A (10). Reagents and Conditions: (a) Bromo acetic acid (BrCH,CO,H, 10 equiv.), 1.5 M NaOH,
4°C, overnight; (b) [H,N-NHCO(CH,),S-]; (3,21 mM), DMT-MM (18 mM), 0.01 M PBS, pH 7.0, 22 °C, overnight; (c) DTT (43 mM), 0.01 M PBS, pH
8.0, 22 °C, 8 h; (d) maleimide-streptavidin (5, 0.1 mol%), 0.01 M phosphate buffer, pH 7.4, 4 °C, overnight; (e) N-ethylhydroxy maleimide (6a, 5.0
equiv.) or maleimide-GRGDS (6b, 5.0 equiv.), 0.1 M phosphate buffer, pH 7.4, 4 °C, overnight (f) biotin-rPDGF-A (8.0 equiv.), 0.05 M Tris, 0.154 M
NaCl, pH 8.5, 4 °C, overnight. DMT-MM = 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride; DTT = dithiothreitol; GRGDS =

gly—arg-gly—asp—ser peptide.

sequence at the C-terminus in a pET2la(+) plasmid. The
recombinant rat PDGF-A plasmid was transformed into BL21
E.coli, which were subsequently cultured in 1.8 L of Terrific
Broth media, 4 mL L~! glycerol and 100 pg mL ™! ampicillin at
37 °C to an optical density of 0.8. Protein expression was induced
with 190 pg mL~" isopropyl-1-thio-B-p-galactopyranoside for
6 h at 37 °C. Cells were harvested and lysed by mixing with
denaturing buffer A (6.0 M guanidinium chloride, 100 mM
NaH,PO,4, 10 mM Tris, 10 mM imidazole, pH 8.0) at room
temperature overnight. The mixture was centrifuged and to the
supernatant was added Ni-NTA resin (2 mL) to bind to hex-
ahistidine-containing rPDGF-A. The resin was washed several
times with denaturing buffer A to remove unbound protein, and
rPDGF-A was eluted from the resin using an acidic denaturing
buffer (6 M Guanidine HCI, 200 mM glacial acetic acid).
Denatured rPDGF-A was then refolded (via dialysis with a
2 kDa MWCO membrane in 0.05 M Tris, 0.154 M NaCl, 0.1 M
arginine buffer, pH 8.5, 4 °C, 2 times a day, 4 days) to yield 11 mg
rPDGF-A per 1.8 L of terrific broth media. Characterization of
the expressed protein was determined using MALDI-TOF.

Biotinylation was performed using a biotin-protein ligase kit (EC
6.3.4.15, Avidity) according to the manufacturer’s protocol with
the following modifications: excess D-biotin (0.47 pmol) and 18
ug of biotin ligase enzyme were added per mg of rPDGF-A, and
incubated in a 30 °C water bath overnight. Biotin-rPDGF-A was
purified by dialysis using the same conditions as for rPDGF-A.

Bioactivity assay of biotinylated-rPDGF-A

A 16-well chamber slide was coated with poly-p-lysine (50 pg
mL™") overnight. Wells were washed with sterile double de-
ionized (DD) water. Laminin (5 pg mL~!, from Engelbreth-
Holm-Swarm murine sarcoma basement membrane, Sigma) was
then added to each well and allowed to adsorb onto the well
surface overnight at room temperature. Excess unadsorbed
laminin was removed by washing with sterile PBS. Neurobasal
media (GIBCO) containing 2% B27 supplement (Invitrogen), 1%
L-glutamine (Sigma), 1% penicillin/streptomycin (Sigma), 3 ng
mL~! of epidermal growth factor (EGF), 3 ng mL™! basic
fibroblast growth factor (FGF-2), and 0.3 ng mL~! heparin were
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Fig. 2 Characterization of methyl cellulose functionalized with a thio-
lated linker."H NMR spectra of (A) carboxylated-methyl cellulose (2, in
D,0) and (B) 3,3'-dithio-dipropanylhydrazide (3, in (CD3),SO). (2) and
(3) were conjugated together using the coupling reagent DMT-MM to
afford sulfhydryl-methyl cellulose (4). (C) '"H NMR spectra of (4) in D,0,
showing the inclusion of the ethylene protons (2.84 and 2.69 ppm, black
arrows) of the hydrazide linker to the polysaccharide backbone.

added to each well. Biotinylated rPDGF-A or commercially
available recombinant rat PDGF-AA (R&D Systems) was then
added to each well at the desired concentration. Neural stem/
progenitor cells derived from the subventricular zone of adult
Wistar rat brain, as previously described,*® were then seeded at a
density of 5000 cells per well, and incubated at 37 °C and 95%
CO, for 5 days.

Immobilization of rPDGF-A to streptavidin—methyl cellulose

MC-streptavidin (7 or 8) was dissolved in 0.05 M Tris, 0.1 M
NaCl buffer, pH 8.5 and cooled to 4 °C. A solution of bio-
tinylated-rPDGF-A was added and mixed overnight at 4 °C.
Upon completion of the reaction, unbound biotinylated-
rPDGF-A was removed by extensive dialysis (100 kDa MWCO)
in 0.05 M Tris, 0.1 M NaCl, 0.1 M arginine buffer, pH 8.5,
followed by several times with distilled water and then with DD

water to remove excess salts. The dialyzed mixture was sterile-
filtered through a 0.22 pum syringe filter and lyophilized. To
quantify the amount of biotinylated-rPDGF-A that was immo-
bilized to MC-streptavidin, biotinylated-rPDGF-A was fluo-
rescently labelled with N-hydroxysuccinimide-Alexa Fluor 633,
as previously described.* Fluorescently tagged biotinylated-
rPDGF-A was immobilized to MC-streptavidin as described
above. As an adsorption control reaction, fluorescent-rPDGF-A
was also incubated with unmodified methyl cellulose. After
extensive dialysis, the fluorescence was measured and the amount
of protein immobilized quantified.

Bioactivity assay for HAMC gels

Hyaluronan and methyl cellulose solutions were sterile-filtered
through a 0.22 um syringe filter and lyophilized. 0.6 wt% per
volume of each of HA and MC were dissolved overnight at 4 °C
in neurobasal medium with 3 ng mL~" each of EGF and FGF-2
and 0.3 ng mL™! of heparin. Cells in neurobasal medium were
added to the gels, resulting in a final concentration of 0.5 wt % of
each of HA and MC and an even distribution of cells within the
gel. 160 pL of this gel was transferred into 8-well chamber slides,
and allowed to incubate at 37 °C for 7 days. Cell viability and
immunocytochemistry for RIP* cells were performed and images
taken with an Olympus FV1000 confocal microscope. For each
sample, three images at 10x (for cell viability assay) and 20x (for
immunocytochemistry) magnifications were taken at random
locations in each well and counted using ImageJ. The number of
cells per well was calculated based upon the surface area covered
by the images and extrapolated to the surface area of the well.
Three replicates were performed for each sample.

Cell viability assay

Cell viability was determined using a LIVE/DEAD cell viability
assay kit (Life Technologies). Cells were cultured in HAMC gels
as described above. A solution containing calcein AM (1 : 500
dilution, for live cells), ethidium homodimer (1 : 250 dilution, for
dead cells) and DAPI (1 : 300 dilution, for cell nuclei) in PBS was
prepared, and 30 pL of this solution was added to each well
containing cells. Cells were then incubated for 30 min at 37 °C
and images were immediately taken.

Immunocytochemistry

For all immunocytochemical procedures, the appropriate
controls were obtained by omission of the primary antibody
(RIP, 1:5 dilution in 10% FBS, DSHB, University of Iowa,
Towa City).>® Cells were fixed with a solution of PBS containing
4% paraformaldehyde for 20 min (on glass) or 2 h (in the
hydrogel) at room temperature and then washed with PBS 3
times. Non-specific binding was then blocked by treating cells
with a solution of PBS containing 10% FBS at room temperature
for 2 h. A solution of the primary antibody in 10% FBS was
added for 1 h at room temperature (on glass) or overnight at 4 °C
(in hydrogel), followed by extensive washing with a solution of
PBS containing 1% of FBS. Samples were then treated with the
secondary antibody (Cy3 Jackson, 1 : 500 dilution in 10% FBS)
for 1 h (on glass) or 4 h (in hydrogel) and then washed extensively

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (A) Site-specific biotinylation of recombinant rat PDGF-A
(rPDGF-A) using biotin ligase. Biotin is conjugated specifically to a
single lysine residue (K*) within the BirA recognition sequence that is
incorporated into the N-terminus of expressed IPDGF-A. MALDI-TOF
spectra of (B) expressed rPDGF-A (Calculated for [b,_; + H,O + NH,]*
18 390.8 Da, found 18390.5 Da) and (C) biotinylated rPDGF-A
(Calculated for [b,_; + H,O + NH,4]" 18 617.1 Da, found 18 615.8 Da).
An increase in the mass of biotin-rPDGF-A with the loss of a water
molecule (226.3 Da) is observed between spectra B and C, indicating the
successful biotinylation of a single residue of rPDGF-A.

with 1% FBS. Finally, cell nuclei were counterstained with
Vectashield mounting media containing DAPI (Invitrogen).

Statistical analysis

Data for cell studies were analyzed by one-way ANOVA with
Bonferroni-Holm post hoc analysis using Graph Pad. For all
studies, p-values of less than 0.05 were considered to be statisti-
cally significant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results and discussion

Chemical modification of methyl cellulose with streptavidin and
GRGDS peptide

Methyl cellulose (MC) of HAMC is resorbed more slowly than
hyaluronan (HA) in vivo,*" and thus MC was chemically modified
with GRGDS and streptavidin (for eventual modification with
biotin-rPDGF-A). To synthesize MC-GRGDS and MC-strep-
tavidin, MC was first modified to introduce a reactive thiol** that
would react with maleimide-GRGDS and maleimide—streptavi-
din by Michael-type addition. Methyl cellulose was first func-
tionalized with reactive carboxylates (2), which were then
activated with DMT-MM* and coupled to 3,3'-dithiobis(pro-
pionic dihydrazide) (Scheme 1). Reductive cleavage of the
disulfide bond with dithiothreitol (DTT) afforded the reactive
thiolated methyl cellulose (4). Solution state 'H NMR confirms
the presence of the ethylene groups of the propionyl hydrazide
linker (Fig. 2C). Using Ellman’s assay,** we determined that
there were 185 pumol of thiol per gram of methyl cellulose, which
correlates to approximately one reactive thiol group per 30
glucoside units.

Maleimide-streptavidin (5) was then conjugated to the thio-
lated methyl cellulose polysaccharide chain (4) (Scheme 1). To
enable the conjugation of multiple peptide/protein components
to the same polysaccharide chain, limiting amounts of strepta-
vidin (5, 0.1 mol%) relative to reactive thiols present in methyl
cellulose were used. Unreacted free thiols could then react with a
second desired maleimide-containing component in a second
subsequent step. For conjugation of streptavidin only (7),
unreacted free thiols were quenched with an excess of N-ethyl-
hydroxy maleimide (6a) in the second step to prevent polymer
precipitation or crosslinking via disulfide bonds. The terminal
hydroxyl groups had the added benefit of mimicking the
hydroxyl groups present in the unmodified methyl cellulose (1).
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For immobilization of the GRGDS peptide to the same streptavidin and GRGDS peptide in a solution of unmodified

polysaccharide chain as maleimide—streptavidin (5), maleimide— MC as a standard, we were able to quantify the amount of
GRGDS (6b) was added in excess in the second step to react with streptavidin and GRGDS peptide conjugated to the polymer
the remaining, unreacted thiols. Immobilized streptavidin and (185 nmol and 170 pmol per gram of MC, respectively). To
GRGDS peptide were detected and quantified using amino acid confirm that our results were due to the successful immobiliza-
analysis (Fig. 3). Fig. 3A and B show the presence of the desired tion reactions, we also performed an adsorption control:
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differentiation. (A) Number and (B) percentage of RIP* oligodendrocytes are shown, as determined by immunocytochemistry. Immobilization of
rPDGF-A to HAMC (9, [[]) show a greater number (***p < 0.001) and percentage (*p < 0.05) of RIP* cells compared to HAMC in the absence of
rPDGF-A ([). Similarly, HAMC with soluble rPDGF-A () had a significantly greater number (**p < 0.01) and percentage (*p < 0.05) of RIP* cells
compared to HAMC in the absence of IPDGF-A (). However, HAMC immobilized with rPDGF-A (D) was not significantly different than a mixture
of soluble rPDGF-A in HAMC (@) in terms of RIP expression. Values are shown as mean + standard deviation (n = 3). One way ANOVA was
performed for all samples. (C-F) Confocal images of rat NSPCs after encapsulation in 0.5/0.5 wt % HAMC gels for 7 days. Cells were stained for anti-
RIP (for oligodendrocytes, red) and counterstained with DAPI (for cell nuclei, blue). Immobilization of rPDGF-A to HAMC (C) shows distinct cell
morphology compared to HAMC in the absence of immobilized rPDGF-A (E and F).
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Fig.7 Effect of immobilization of GRGDS peptide to HAMC hydrogels on the differentiation of rat NSPCs. Cells were pre-mixed into the HAMC gel,
and then plated at 4 x 10* cells per well into an uncoated 8-well chamber slide for 7 days prior to characterization. Co-immobilization of rPDGF-A and
GRGDS to the same MC polysaccharide chain (10, l) further enhances the effects of rPDGF-A and promotes oligodendrocyte differentiation. (A)
Number and (B) percentage of RIP" oligodendrocytes are shown, as determined by immunocytochemistry. A physical mixture of rPDGF-A and
GRGDS immobilized on separate polysaccharide chains (El) showed a lower percentage of RIP* cells compared to HAMC co-immobilized with
rPDGF-A and GRGDS on the same chain (10, W), while the number of RIP* cells were not significantly different. Values are shown as mean =+
standard deviation (n = 3). One way ANOVA was performed for all samples; *p < 0.05, **p < 0.01, ***p < 0.001. (C-F) Confocal images of rat NSPCs
after encapsulation in 0.5/0.5 wt % HAMC gels for 7 days. Cells were stained for anti-RIP (for oligodendrocytes, red) and counterstained with DAPI (for

cell nuclei, blue).

GRGDS, dialyzed in the same manner as above, and analyzed by
amino acid analysis. Only trace amounts of each were detected
(Fig. 30).

Biotinylation and bioactivity of rPDGF-A

To immobilize recombinant platelet-derived growth factor
(rPDGF-A) to the methyl cellulose polymer, we took advantage
of the orthogonal binding partners, streptavidin and biotin,
which have a k4 of 107'° M.52 With streptavidin covalently
conjugated to methyl cellulose (7, 8), we required the bio-
tinylation of rPDGF-A. Although non-specific biotinylation of
proteins is routinely performed using conventional chemistry, we
were interested in using a site-specific reaction to prevent non-
specific modification that could potentially hinder the bioactivity
of the expressed rTPDGF-A. To this end, we incorporated a 15
amino acid biotin-ligase recognition sequence within the
N-terminus of rPDGF-A (Fig. 4A). Upon incubation with the
enzyme biotin ligase and excess D-biotin, a biotin moiety was
selectively and covalently bound at a single lysine (K) residue
within this sequence. MALDI-TOF analysis of rPDGF-A
(Fig. 4B) and biotin-rPDGF-A (Fig. 4C) demonstrated the
success of the biotinylation reaction. It was observed that for
both biotinylated and non-biotinylated protein, the C-terminal
arginine residue was cleaved during the MALDI ionization

process, which is consistent with previous results of C-terminal
arginine residues.>

To ensure that the expression and biotinylation of rPDGF-A
yielded a bioactive product, its capacity to differentiate rat neural
stem/progenitor cells (NSPCs) into oligodendrocytes was
compared to that of commercially available recombinant rat
PDGF-AA, which has been previously shown to promote
differentiation to oligodendrocytes.?” Cells were seeded into wells
coated with poly-p-lysine and laminin at an initial density of 5000
cells per well, and allowed to grow for 5 days (Fig. 5). Immu-
nocytochemistry was used to quantify the number of cells that
expressed receptor-interaction protein (RIP), which is a specific
marker for oligodendrocytes. Fig. 5 shows that in the presence of
biotinylated rPDGF-A, the number of oligodendrocytes (7.5 +
1.5 x 10 per well) is comparable to commercially available
PDGF-AA (5.3 & 1.6 x 10? per well). Statistical analysis shows
that these values are not significantly different. Importantly,
these values are significantly higher than cells differentiated in
the absence of any PDGF-A in the media (1.1 + 0.7 x 10* per
well).

The ability of PDGF-AA to induce differentiation of NSPCs
into oligodendrocytes has been extensively studied,’*>® and
occurs via binding to PDGF receptor-o (PDGFR-a). This causes
receptor dimerization and triggers intracellular autophosphor-
ylation, which activates phosphatidylinositol 3-kinase (PI3K)*’
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and mitogen-activated protein kinase (MAPK)**® pathways,
and upregulation of Olig2 gene expression.>® As our results show
that the number of RIP* oligodendrocytes are comparable
between cells cultured in media containing biotinylated rPDGF-
A and commercial PDGF-AA, we can conclude that both the
expressed rPDGF-A is bioactive and the incorporation of
the biotin-ligase recognition sequence and biotinylation at the
N-terminus of rPDGF-A is unlikely to affect receptor-binding
and dimerization at 250 ng mL~! of rPDGF-A. Thus the
increased number of RIP* oligodendrocytes in the presence of
rPDGF-A (compared to cells cultured in the absence of any
PDGF) is attributed to increased differentiation of NSPCs.

Immobilization of biotinylated-rPDGF-A to streptavidin—-methyl
cellulose

Recombinant PDGF-A-modified MC (10, 11) was synthesized
by incubating an excess of biotin-rPDGF-A with MC-strepta-
vidin (7, 8) (Scheme 1). For quantification purposes, Alexa Fluor
633-modified biotin-rPDGF-A* was immobilized to MC-
streptavidin. To ensure that predominantly covalently bound
rPDGF-A was quantified, unbound rPDGF-A was removed
from the MC polymer by extensive dialysis. Interestingly, the
addition of 0.1 M arginine in the dialysis buffer was important to
the effective removal of adsorbed rPDGF-A. Overall, 0.79 pg of
rPDGF-A was bound per mg of MC polymer. Previous efforts to
immobilize PDGF-AA to hydrogels yielded only 0.175 pg per mg
of agarose polymer,*” demonstrating the benefit of the current
approach for chemical conjugation.

Bioactivity of immobilized rPDGF-A in the HAMC gel

Previous work?® has shown that the physical blend of 0.5/0.5 wt%
HAMC biomaterial is not cytotoxic. To ensure chemical modi-
fications of methyl cellulose did not affect cell viability compared
to unmodified HAMC, a cell viability assay was performed to
compare the effect of chemical modification. There was no
significant difference between the percentage of live cells cultured
after 7 days between unmodified HAMC and HAMC-rPDGF-
A. Therefore, the growth factor modification did not affect cell
viability.

To assay for the ability of the chemically modified HAMC
hydrogels to induce differentiation of NSPCs into oligodendro-
cytes, an in vitro bioactivity assay was performed. NSPCs were
encapsulated within the HAMC-GRGDS/rPDGF-A hydrogel
for 7 days of incubation and then characterized for differentia-
tion to RIP* cells by immunocytochemistry. The RIP mono-
clonal antibody was used to specifically target both immature
and mature oligodendrocytes.*->%-6°

Fig. 6A and B show that NSPCs encapsulated within a 0.5/
0.5 wt% HAMC-rPDGF-A hydrogel differentiated into 2.4 +
0.3 x 10* RIP" cells per well and 40 + 1% RIP™" cells which is
significantly greater differentiation than NSPCs encapsulated in
unmodified HAMC (8.7 4 0.5 x 10° RIP* cells per well and 23 +
2% RIP* cells). Importantly, NSPCs that were cultured in
HAMC-PDGF-A showed comparable differentiation to
NSPCs cultured in unmodified HAMC hydrogels with the same
concentration of soluble rPDGF-A (2.1 &+ 0.2 x 10* RIP" cells
per well and 42 4 7% RIP* cells). This is consistent with results

from a previous study that reported rat NSPCs cultured with the
same concentration of soluble or agarose-immobilized PDGF-
AA exhibited the same oligodendrocyte differentiation.?” To
ensure that the differentiation observed resulted from chemically
immobilized rPDGF-A, we conducted an adsorption control
where we observed significantly fewer RIP* cells than in the
presence of either immobilized or soluble rPDGF-A: 7.1 £ 0.9 x
10% RIP" cells per well and 23 + 1% RIP™ cells.

In addition, confocal images (Fig. 6C) show that NSPCs
cultured in HAMC-rPDGF-A possessed web-like cellular
processes characteristic of oligodendrocytes, which are similar to
those NSPCs cultured in soluble rPDGF-A (Fig. 6D), yet
different from those cultured in adsorption controls (Fig. 6E)
and unmodified HAMC (Fig. 6F).*° Importantly, the immobi-
lized rfPDGF-A is as bioactive as soluble rPDGF-A, thereby
allowing us to pursue HAMC-rPDGF-A as a cell delivery
vehicle. Immobilization of rPDGF-A to the HAMC biomaterial
will ensure co-localization with cells within the injection site and
will prevent rPDGF-A from diffusing away upon trans-
plantation into the injury site.

Several studies have demonstrated the importance of co-
immobilizing cell-adhesive and cell-differentiating factors to a
biomaterial substrate to guide cell fate;3”°' however, only
recently has the importance of the proximity of these factors been
elucidated.?”*® To gain further insight, we immobilized both
GRGDS and rPDGF-A to the HAMC hydrogel and compared
NSPC differentiation in HAMC where both GRGDS and
rPDGF-A were immobilized on the same MC (10) (HAMC-
GRGDS/tPDGF-A) vs. HAMC where GRGDS and rPDGF-A
were immobilized on separate MC chains (8 and 9) that were then
simply mixed together with HA (HAMC-GRGDS/MC-
rPDGF-A). By conjugating GRGDS and rPDGF-A to separate
MC polysaccharide chains, we expected that the average distance
between these two components would be increased.”” We ques-
tioned whether a change in the proximity between the peptide
and growth factor would affect cell differentiation. NSPCs
cultured within HAMC-GRGDS/rPDGF-A yielded 3.1 £ 0.4 x
10* RIP* cells per well and 53 & 10% RIP" cells whereas NSPCs
cultured in HAMC-GRGDS/MC-rPDGF-A yielded 2.1 4 0.6 x
10* RIP" cells per well and 33 & 6% RIP" cells (Fig. 7A and B,
respectively). While the numbers of oligodendrocytes for these
two formulations were not statistically different, the percentage
of oligodendrocytes was significantly higher when both GRGDS
and rPDGF-A were conjugated to the same polysaccharide
chain. Moreover, HAMC-GRGDS/rPDGF-A had significantly
greater numbers and percent of RIP™ cells compared to HAMC—
GRGDS, where we observed 1.1 £ 0.2 x 10* RIP™ cells per well
and 26 + 0%.

These data suggest that decreasing the distance between
GRGDS and rPDGF-A enhances the differentiation of NSPCs
into oligodendrocytes. The close association between the cell
surface receptors for these ligands (integrin®* and PDGFR-a,%®
respectively) may cause a synergistic signal activation® to
increase cell differentiation.>*57¢¢® Ffrench-Constant and co-
workers have previously reported®”-%%¢7 that the proliferation of
oligodendrocyte precursor cells is promoted by an adhesion-
dependent phosphatidylinositol 3-kinase (PI3K) pathway, which
is stimulated by integrin activation in an integrin-PDGF-AA
receptor complex. Our results are also consistent with recent
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work?” published by Hubbell and co-workers, who reported that
the use of fibrin hydrogels containing an integrin-binding and a
growth factor-binding domain on the same polypeptide chain
significantly increased sprouting and bone regeneration of
smooth muscle cells and mesechymal stem cells, respectively,
compared to hydrogels that incorporated these two components
together, but on separate polypeptide chains. Synergistic signal
activation between peptide and differentiating factor may
account for the increased differentiation of rat NSPCs to oligo-
dendrocytes observed for HAMC-GRGDS/r-PDGF-A where
GRGDS and rPDGF-A are immobilized on the same MC chain
vs. HAMC-GRGDS/MC-rPDGF-A where they are immobi-
lized on separate MC chains.

Herein, we demonstrated that immobilization of both cell
adhesive peptide, GRGDS, and oligodendrocyte-differentiating
factor, rPDGF-A, to an injectable hydrogel composed of HA
and MC significantly increased the number and percent of
NSPCs that preferentially differentiated to RIP" oligodendro-
cytes compared to unmodified HAMC and HAMC-GRGDS.
Previous reports have demonstrated increased cell viability of
transplanted stem cells into the subretinal space when delivered
in HAMC vs. in saline.?® Together, these properties suggest that
HAMC is a promising cell delivery vehicle for stem cell therapy.
As demyelination is a major pathological consequence following
spinal cord injury, we hypothesize that HAMC-GRGDS/
rPDGF-A will enhance both survival and control the differen-
tiation of transplanted NSPCs into oligodendrocytes which will
promote functional repair.

Conclusions

By taking advantage of thiol maleimide and biotin—streptavidin
bioorthogonal chemistry, we designed a methodology to immo-
bilize peptides and proteins to an injectable hydrogel for use as a
cell delivery vehicle. We demonstrated that the immobilization of
both the cell-adhesive peptide, GRGDS, and the cytokine
platelet-derived growth factor, rPDGF-A, to the HAMC
hydrogel increases the differentiation of rat NSPCs into oligo-
dendrocytes. This lays the framework for future studies of these
biomaterials for cell delivery.
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