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ABSTRACT: Poor cell survival in vitro and in vivo is one of the key challenges
in tissue engineering. Prosurvival therapeutic proteins, such as insulin-like
growth factor-1 (IGF-1), can promote cell viability but require controlled
delivery systems due to their short half-lives and rapid clearance.
Biocompatible materials are commonly used for drug delivery platforms or
to encapsulate cells for increased viability, but few materials have been used for
both applications simultaneously. In this work, we present a dual-use platform.
A blend of hyaluronan and methylcellulose, known to promote cell survival,
was covalently modified with Src homology 3 (SH3)-binding peptides and
demonstrated tunable, affinity-based release of the prosurvival fusion protein
SH3−IGF-1. The material also significantly increased the viability of retinal
pigment epithelium cells under anchorage-independent conditions. This novel platform is applicable to a broad range of cells and
protein therapeutics and is a promising drug delivery/cell transplantation strategy to increase the viability of both exogenous and
endogenous cells in tissue engineering applications.

1. INTRODUCTION

Increasing cell viability both in vitro and in vivo is a major
challenge in regenerative medicine. Poor survival rates are
characteristic of both endogenous cells damaged by degener-
ative diseases and the exogenous cells used to replace them.
Protein therapeutics are an effective method to improve cell
viability, but many proteins suffer from short half-lives in vitro
and in vivo and are cleared quickly from the body, limiting their
efficacy.1,2

Implantable drug delivery systems made from a variety of
materials are commonly used to prolong the effects of protein
therapeutics.3−6 This is preferably achieved with materials that
provide tunable release of the therapeutic in order to maximize
its efficacy and applicability.7 A common strategy is the use of
nano- or microparticles embedded in a polymer matrix to
provide a diffusive barrier that attenuates protein release.8−11

However, these particle-based systems often suffer from poor
protein loading and denaturation during processing.12,13

Affinity release systems overcome these limitations by avoiding
the use of harsh chemicals;7 instead, they take advantage of the
interaction between the growth factors and matrix to attenuate
release, as has been shown with hyaluronan,14,15 heparin−
poly(lactic-co-glycolic acid) (PLGA),16 and alginate,17 among
others.

Cell transplantation has emerged as a compelling therapeutic
approach for neurodegenerative diseases that are currently
incurable.18 One of the most promising targets for such
regenerative therapies is the eye due to its immunoprivileged
nature and the clearly defined transplantation site.19−21 Retinal
pigment epithelium cells (RPE) are found at the posterior of
the retina, and their death and dysfunction are associated with
many degenerative diseases, including age-related macular
degeneration (AMD), the most common form of irreversible
blindness in the developed world.21−24 Transplantation of new
RPE cells to reverse AMD is currently being pursued in clinical
trials.25 Despite significant progress in the field, the efficacy of
cell transplantation is still hindered by low cell survival,
improper distribution, and minimal integration into the host
tissue.18 In the vast majority of studies, cell survival after
transplantation into the eye is in the range of 1−2%.18 In
addition, many of the surviving cells do not adopt the proper
tissue morphology and instead form multicellular aggregates
that prevent their integration into the functional circuitry of the
eye. We have shown that a hydrogel comprising hyaluronan and
methylcellulose (HAMC) can greatly increase the survival and
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integration of retinal stem cell-derived rod photoreceptor
progenitors into the host eye.25,26 RPE cells suffer from poor
survival on nonadhesive environments in vitro and in vivo,24,26,27

such as those found immediately after scaffold-free cell
transplantation. Increasing the survival of RPE in both in vitro
and in vivo environments is one of the major challenges of
current RPE treatments.27

Materials comparable or identical to those used in these drug
delivery systems can also be used to encapsulate cells and
improve their viability through cell interactions with covalently
attached growth factors or the material itself.28−31 However,
despite the use of similar or identical materials in both drug
delivery and prosurvival cell encapsulation platforms, few
materials have been designed for simultaneous use in both
applications. Such a material could potentially be used to
simultaneously improve the effects of protein therapeutics,
through sustained delivery, and the viability of encapsulated
cells via interactions with the biomaterial and localized drug.32

HAMC is biocompatible, fast-gelling, and injectable,33,34 and
it promotes wound healing and reduces inflammation.35 It has
been shown to increase transplanted cell survival in the retina,
brain, and spinal cord31,36,37 and can be modified to allow the
sustained delivery of protein therapeutics.7,14 It is an excellent
candidate for use as a dual drug delivery and prosurvival cell
delivery material for RPE.
The choice of protein therapeutic for delivery is equally as

important as that of the cell type. A factor with strong trophic
effects on RPE as well as broad applicability to a wide variety of
cell types would be ideal. Insulin-like growth factor-1 (IGF-1) is
a potent therapeutic, which enhances the viability of many cell
types38−45 and has been shown to improve the survival,
proliferation, and migration of RPE in vitro and in vivo.46−51

There is also strong indirect evidence that IGF-1 reduces RPE
apoptosis under anchorage-independent conditions, such as
those found in advanced retinal degeneration.52−59 Tunable
release of IGF-160 is required to maximize its efficacy in a broad
range of applications, including cartilage growth,38,61,62

cardioprotection,39 and retinal cell proliferation and surviv-
al.51,63

Here, we present a HAMC hydrogel (Figure 1) that has been
covalently modified to provide tunable affinity release of IGF-1
while simultaneously increasing the viability of encapsulated
RPE under nonadhesive conditions in vitro.

2. EXPERIMENTAL SECTION
2.1. Materials. 3-Maleimidopropionic acid was purchased from

TCI America (Portland, USA). Modified pET32b vector was a gift
from Dr. Karen Maxwell (University of Toronto). Cloning of the SH3-
FGF-2 and IGF-1 vectors was done by GenScript (Piscataway, USA).
Sodium hyaluronate (1.4 × 106 to 1.8 × 106 g/mol) was purchased
from Kikkoman Biochemifa (Tokyo, Japan). Methyl cellulose (3 × 105

g/mol) was purchased from Shin Etsu (Tokyo, Japan). Sandwich
ELISA kit for human IGF-1 was purchased from Assaypro (St. Charles,
USA). All buffers were made with distilled and deionized water
prepared using a Millipore Milli-RO 10 plus and Milli-Q UF Plus at 18
MΩ resistance (Millipore, Bedford, USA). Artificial cerebrospinal fluid
(aCSF) was prepared as previously described.64 All other solvents and
reagents were purchased from Sigma-Aldrich and used as received.
Human embryonic stem cells were supplied from Dr. Andras Nagy
(University of Toronto).

2.2. Methods. 2.2.1. Synthesis of SH3−IGF-1 Gene. The IGF-1
gene was amplified from the IGF-1 gene (Genscript) by PCR using the
forward primer CTGGCGGTGCACCGATGGCCGGCCCGGAAAC
and the reverse primer GTGCGGCCGCAAGCTTTTATCA-
GGCCGATTTCGCCGG. The SH3-linker gene was amplified from
the SH3-FGF-2 gene using the forward primer TTCCAGGGCGCC-
ATGGCCCCGTGGGCTACCGCA and the reverse primer
TTCCGGGCCGGCCATCGGTGCACCGCCAGAG. Both genes
were purified using QiaGen PCR purification kit and combined into
the SH3−IGF-1 gene by PCR using the IGF-1 forward primer and the
SH3 reverse primer. The SH3−IGF-1 gene and modified pET32b
plasmid were digested with NcoI-HF and HindIII-HF, purified with
QiaGen PCR purification kit, and ligated using Clontech InFusion kit.
The resulting vector was used to transform chemically competent E.
coli BL21.

2.2.2. Expression and Purification of SH3−IGF-1. E. coli BL21
colonies were selected and grown in 20 mL of LB with 100 μg/mL
ampicillin for 18 h and used to inoculate large cultures in 1.8 L LB
flasks containing 100 μg/mL and 10 drops of Anti-Foam 204. The
large cultures were grown with air sparging at 37 °C until OD600 = 0.8.
Expression was induced using a final concentration of 0.8 mM IPTG
and maintained for 24 h at 16 °C. The cultures were centrifuged at
7000 rpm (Beckman Coulter centrifuge Avanti J-6 with rotor JLA-
8.1000) for 10 min and resuspended in 20 mL of 6 M guanidine
hydrochloride, 0.1 M NaH2PO4, 10 mM Tris, 10 mM imidazole, pH
8.0 (Buffer A). The resuspended pellets were incubated on a rotator at
4 °C for 16 h and centrifuged at 45 000g (Beckman Coulter centrifuge
Avanti J-26 with rotor JA-25.50) for 15 min, and the supernatant was
collected. The supernatant was incubated with 2 mL of Ni-NTA
agarose for 25 min and washed five times with 20 mL of Buffer A. The
protein was eluted by adding 50 mL of 6 M guanidine hydrochloride
containing 0.2 M acetic acid.

Purified SH3−IGF-1 was refolded by dialyzing (8 kDa MWCO) in
50 mM Tris, 125 mM arginine, 5 mM cysteine for 36 h at 4 °C. The

Figure 1. Schematic of hydrogel designed for combined tunable affinity release of protein therapeutics and cell encapsulation. (A) Hyaluronan and
methylcellulose hydrogel (HAMC) known to increase cell viability; (B) modified HAMC with SH3-binding peptide for the affinity release of SH3−
IGF-1 fusion protein; (C) modified HAMC hydrogel with encapsulated cells.
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protein was then dialyzed against 50 mM Tris, 0.5 mM EDTA, pH 8.0
(tobacco etch virus protease (TEV) cleavage buffer), for 36 h and
concentrated to 0.2−0.3 mg/mL. Three millimolar glutathione
(reduced), 0.3 mM glutathione (oxidized), and TEV at a 6:100
TEV/SH3−IGF-1 ratio were added, and the mixture was incubated for
24 h at room temperature to cleave the thioredoxin (Trx) domain. The
resulting mixture was incubated for 30 min with 2 mL of Ni-NTA and
filtered through a gravity filtration column. The eluent was collected,
passed through again, and collected as pure SH3−IGF-1. Pure SH3−
IGF-1 was dialyzed (3.5 kDa MWCO) against 50 mM Tris, 100 mM
NaCl, pH 8.0, buffer for 48 h, sterile-filtered, and stored at −80 °C for
future use.
2.2.3. SH3−IGF-1 Bioactivity. Two million MCF-7 cells were

seeded on a T-25 flask and grown for 24 h in DMEM/F-12 with 10%
FBS, 1% penicillin/streptomycin (P/S), and 1% insulin. Cells were
trypsinized, and 2 × 104 cells/mL (200 μL) were added per well in a
96-well plate and allowed to attach at 37 °C for 24 h. The cells were
serum-starved for 24 h, after which the media was replaced with either
serum-free media, serum-free media with 50 ng/mL commercial IGF-
1, or serum-free media with 50 ng/mL recombinant SH3−IGF-1. The
cells were cultured for 48 h, and proliferation was determined by
CellTiter 96 AQeous One Solution Cell Proliferation (MTS) assay
(Promega).
2.2.4. Preparation of MC Modified with SH3-Binding Peptide.

MC was covalently modified with SH3-binding peptide (either weak-
binding peptide (WBP) GGGKPPVVKKPHYLS, KD = 2.7 x10 −5 M,
or strong-binding peptide (SBP) GGGKKTKPTPPPKPSHLKPK, KD
= 2.7 × 10−7 M) as described previously.7 Briefly, carboxylated MC
was prepared using a Williamson ether synthesis and converted to
thiolated MC (MC-SH) by coupling with 3,3′-dithiobis(propionic
dihydrazide) (DTP) via 1-ethyl-3-[3(dimethlamino)propyl]-carbodii-
mide (EDC) and reducing with dithiothreitol (DTT). Michael
addition was then used to couple the MC-SH to maleimide-WBP or
maleimide-SBP. A schematic of the reactions is shown in Figure 2.

2.2.5. In Vitro SH3−IGF-1 Release from HAMC, HAMC-SBP, and
HAMC-WBP. HAMC and HAMC-peptide hydrogels were prepared by
adding 310 μg/mL SH3−IGF-1 (46.8 μL, 890 pmol) and sterile-
filtered aCSF (46.8 μL) to (i) 1.4 mg of HA and 5 mg of MC (HAMC
gel); (ii) 1.4 mg of HA, 2.91 mg of MC, and 2.09 mg MC-WBP (115
nmol WBP/mg MC, WBP/SH3−IGF-1 = 270:1, HAMC-WBP gel);
or (iii) 1.4 mg of HA, 4.49 mg of MC, and 0.51 mg of MC-SBP (88

nmol SBP/mg MC, SBP/SH3−IGF-1 = 50:1, HAMC-SBP gel) in
sterile 2 mL Eppendorf tubes. The samples were dispersed using a
planetary mixer, centrifuged at 16 162g (Sigma 1-14 microcentrifuge)
to remove air bubbles, and dissolved overnight at 4 °C. Samples were
gelled by incubation on an orbital shaker at 37 °C for 7 min, and 900
μL of sterile 37 °C aCSF was added to simulate in vivo dilution
conditions. At the specified time points (1, 3, 5, 8, 24, 48, 96, 168, 240
h), the aCSF was removed and replaced. Aliquots were frozen at −20
°C until used in a sandwich ELISA (Assaypro, human IGF-1 ELISA
kit) to determine SH3−IGF-1 concentration. The standard curve in
the ELISA was prepared using serial dilutions of the expressed SH3−
IGF1.

2.2.6. Gel Degradation Study. HAMC hydrogels were prepared by
adding sterile-filtered aCSF (115 μL) to (i) 1.72 mg of HA and 6.14
mg of MC (HAMC gel); (ii) 1.72 mg of HA, 3.57 mg of MC, and 2.57
mg MC-WBP (115 nmol WBP/mg MC, HAMC-WBP gel); or (iii)
1.72 mg of HA, 5.51 mg of MC, and 0.63 mg of MC-SBP (88 nmol
SBP/mg MC, HAMC-SBP gel) in sterile 2 mL Eppendorf tubes. The
Eppendorf tubes were weighed individually before the beginning of the
experiment. The samples were dispersed using a planetary mixer,
centrifuged at 16 162g (Sigma 1-14 microcentrifuge) to remove air
bubbles, and dissolved overnight at 4 °C. Samples were gelled by
incubation on an orbital shaker at 37 °C for 7 min, and 1105 μL of
sterile 37 °C aCSF was added to simulate in vivo dilution conditions.
The aCSF was removed immediately, and the gel-containing tubes
were weighed, which constituted the t0 weight. The aCSF was then
replenished, and the samples were incubated at 37 °C on an orbital
shaker. At the specified time points (1, 3, 5, 8, 24, 48, 96, 168, 240, 336
h), the aCSF was removed, the samples were weighed, and the aCSF
was replaced.

2.2.7. Effects of HAMC-SBP and HAMC-WBP with SH3−IGF-1 on
RPE Survival and Proliferation in Vitro. 96-well plates were coated
with poly(2-hydroxyethyl methacrylate) (poly(HEMA)) as described
by Phung et al.:65 60 μL of poly(HEMA) in 95% ethanol (5 mg/mL)
was added to each well of a 96-well plate under sterile conditions. The
plates were incubated at room temperature for 96 h with the lids on
and 1 h with the lids off, sealed with parafilm, and stored at 4 °C for 24
h before using.

RPE were derived from human embryonic stem cells as shown
previously.66 CA1 human embryonic stem cells were cultured on
Geltrex (Life Technologies) in mTESR medium (Stem Cell
Technologies). For differentiation, cells were grown to confluence
(12−14 days post plating), and the medium was then changed to
DMEM/F-12 containing 13% knockout serum replacement, 1%
nonessential amino acids, 1% Glutamax, 1% penicillin/streptomycin,
and 0.1% β-mercaptoethanol (all from Life Technologies). The cells
were fed every other day, and pigmented clusters started appearing 3−
4 weeks after the beginning of differentiation. The clusters were
allowed to enlarge for another 4 weeks (in total, 7−8 weeks of
differentiation) and were then manually picked using a scalpel under a
dissection microscope. The picked colonies were dissociated with
0.25% trypsin and plated on Geltrex in full media, consisting of
DMEM/F-12 containing 7% knockout serum replacement, 5%
Hyclone FBS (Thermo Scientific), 1% nonessential amino acids, 1%
Glutamax, 1% penicillin/streptomycin, 0.1% β-mercaptoethanol, and
10 ng/mL basic fibroblast growth factor (R&D Systems). After
allowing the picked cells to grow for 2 weeks, the centers of the
colonies, which exhibited uniform cobblestone morphology, were
repicked using the same method. These double-picked cells formed
monolayers with cobblestone morphology and uniformly expressed
RPE markers at the protein and RNA levels. For immunostaining, the
following antibodies were used: anti-RPE65 (Novus Biologicals,
1:200), anti-Bestrophin (Novus Biologicals, 1:200), and anti-ZO-1
(Life Technologies, 1:100).

HAMC gels (0.9% HA/0.9% MC (w/v)) were made in 1.25 mL
bulk gels of HAMC alone (11.25 mg of HA and 11.25 mg of MC),
HAMC-WBP (11.25 mg of HA, 8.25 mg of MC, and 3 mg of MC-
WBP), or MC-SBP (11.25 mg of HA, 10.13 mg of MC, and 1.12 mg of
MC-SBP) by adding 614 μL of serum-free DMEM/F-12 and 614 μL
of 50 mM Tris, 100 mM NaCl, pH 8 (HAMC gels) or 614 μL of 53.4

Figure 2. Schematic for the preparation of MC-peptide from
unmodified MC.
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μg/mL SH3−IGF-1 in 50 mM Tris, 100 mM NaCl, pH 8 (HAMC-
WBP and HAMC-SBP gels). The samples were dispersed using a
planetary mixer, centrifuged at 16 162g (Sigma 1-14 microcentrifuge)
to remove air bubbles, and dissolved overnight at 4 °C. RPE cells (1.6
× 105 cells/mL) were diluted 1:6 in serum-free DMEM/F-12,
DMEM/F-12 + 10% FBS, or the appropriate 0.9% HA/0.9% (w/v)
HAMC gel (final composition 0.75% HA/0.75% MC w/v). The cells
in were plated on the poly(HEMA)-coated plates at 75 μL per well
and incubated for 10 min at 37 °C to allow gels to form. Serum-free
media (125 μL) was then added (final cell concentration of 1 × 104

cells/mL). Prestoblue fluorescence was used to measure RPE viability
at 0, 48, and 96 h.
2.2.8. Statistical Analysis. Statistical analysis was done in Graphpad

Prism, version 5. Unpaired Student’s t test was used to compare two
groups, and one-way ANOVA with Tukey’s post hoc test was used to
compare multiple groups. Graphs are annotated with p values
represented as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

3. RESULTS AND DISCUSSION

The SH3-linker gene (228 base pairs (bp)) and IGF-1 gene
(216 bp) were PCR-amplified from their source vectors and
ligated together to create the SH3−IGF-1 gene (444 bp) as
detected by agarose gel electrophoresis (Supporting Informa-
tion Figure S1). The gene was successfully ligated into the
pET32b plasmid, which appends a thioredoxin (Trx) sequence
to the N-terminus to aid with protein refolding and
solubilization, and transformed into E. coli BL21. Trx−SH3−
IGF-1 was expressed at high levels in BL21 E. coli and
successfully purified (Supporting Information Figure S1B),
after which the Trx domain was cleaved by TEV protease and
removed using Ni-NTA chromatography (Supporting Informa-
tion Figure S1C). The mass of the final product was confirmed
by mass spectrometry (Supporting Information Figure S2).
To verify the bioactivity of our SH3−IGF-1, we compared it

to commercially available IGF-1 in terms of MCF-7 cell
proliferation.67,68 SH3−IGF-1 was found to stimulate MCF-7
proliferation to the same degree as commercially available IGF-
1, as determined by the MTS metabolic assay after 48 h (Figure
3). There was a significant difference (p < 0.001) in the number

of live cells between serum-free conditions and both
commercially available IGF-1 and SH3−IGF-1. There was no
significant difference (p > 0.05) in the formazan absorbance
signal between cells treated with commercial IGF-1 and SH3−
IGF-1.
In order to investigate affinity release of SH3−IGF-1,

maleimide-conjugated SH3-binding peptides were successfully
bound to thiolated MC via Michael addition. Two binding
peptides were immobilized: either weak-binding peptide
(WBP) GGGKPPVVKKPHYLS, KD = 2.7 × 10 −5 M, or
strong-binding peptide (SBP) GGGKKTKPTPPPKPSHLKPK,
KD = 2.7 × 10−7 M. By amino acid analysis, substitution was
determined to be, on average, 130 nmol for WBP/mg MC and
89 nmol for SBP/mg MC with no detectable protein
adsorption on dialysis controls of maleimide-peptide with
nonthiolated MC.
The release of SH3−IGF-1 from HAMC, HAMC-WBP, or

HAMC-SBP was compared. After 24 h, approximately 67% of
SH3−IGF-1 was released from HAMC, 40%, from HAMC-
WBP, and 19%, from HAMC-SBP (Figure 4A). HAMC and
HAMC-WBP released SH3−IGF-1 for 4 and 10 days,
respectively, whereas HAMC-SBP gels appeared to stop
releasing SH3−IGF-1 after 24 h, with only nanogram quantities
of SH3−IGF-1 (0.03% of total) released over subsequent time
points.
To ensure that the release profile was indeed due to the

reversible binding of SH3 with its weak and strong binding
partners and not due to changes in degradation profiles, the
mass of the gels was measured over the same time frame as that
followed for release. We observed no significant change in the
degradation profiles of HAMC vs HAMC-WBP and HAMC-
SBP (Figure 4B), thereby confirming the reversible binding
with SH3 and its binding partners as the mechanism for the
different release profiles.
The rates of SH3−IGF-1 release from HAMC, HAMC-WBP,

and HAMC-SBP were significantly different. Release rates were
compared using a plot of cumulative fractional protein release
against the square root of time (Figure 5). This was done by
assuming unidirectional diffusion from a plane sheet, as has
been previously done for this affinity system,7,14 using the
equation

=
∞

M
M

ktt 1/2

where Mt is the mass of drug released at time t, M∞ is the mass
of drug released as time approaches infinity, and k is the
diffusion constant and slope of the line in the graph. The linear
fit of the data is indicative of Fickian diffusion (Figure 5A), and
the slopes of the curves are proportional to the protein
diffusivity within the gel.69 All k values were significantly
different among HAMC (k = 2.59 × 10−3), HAMC-WBP (k =
1.35 × 10−3), and HAMC-SBP (k = 7.92 × 10−3) (p < 0.001
between HAMC and HAMC-WBP or HAMC-SBP; p < 0.001
between HAMC-WBP and HAMC-SBP) (Figure 5B). HAMC
and HAMC-SBP showed Fickian diffusion release (applicable
for the first 60% of protein release) for the first 8 h, whereas
HAMC-WBP showed extended Fickian diffusion to 48 h. (Note
that these values are expressed as the square root of time in
seconds in Figure 5.)
Interestingly, HAMC-WBP gels were able to release up to

25% more IGF-1 than a similar, nontunable IGF-1 affinity
release system over a similar time scale.62 Notably, comparable

Figure 3. SH3−IGF-1 has equivalent bioactivity to that of
commercially available IGF-1. MCF-7 cells were cultured on 96-well
plates in DMEM/F-12 with 10% FBS and 1% P/S for 24 h and then
serum-starved for 24 h. The cells were incubated in serum-free media
containing SH3−IGF-1 (50 ng/mL) or commercial IGF-1 (50 ng/
mL) for 48 h. Proliferation was measured using an MTS colorimetric
assay. Both SH3−IGF-1 and commercial IGF-1 caused significantly
different proliferation from that of the control, but they were not
significantly different from each other (n = 3; mean ± standard
deviation plotted; *** indicates p < 0.001, ANOVA, Tukey’s post hoc
test).
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amounts of total protein were released from the HAMC and
HAMC-WBP systems, an effect that is not commonly seen in
affinity release systems as slower releasing platforms often
release lower amounts of detectable protein.14,62,70−72

The plateau in release from HAMC-SBP gels had not been
previously observed at this early time point with this system.7,14

It may be a result of aggregation and possible denaturation

from high local protein concentration, as well as an artifact of
freeze−thawing of samples rendering some fraction of the
release samples undetectable by ELISA. The apparent reduction
in released quantities of proteins from this affinity system due
to sample freezing and thawing has been observed before and is
much more significant in release samples with low protein
concentration, such as those from HAMC-SBP after 24 h.7,73

Figure 4. (A) In vitro cumulative release profile of SH3−IGF-1 delivered from HAMC, HAMC-weak binding peptide hydrogels (HAMC-WBP,
270:1 molar ratio of WBP/SH3−IGF-1), and HAMC-strong binding peptide (HAMC-SBP, 50:1 molar ratio of SBP/SH3−IGF-1). SH3-binding
peptides attenuate release such that different release profiles are achieved (n = 3; mean ± standard deviation plotted). (B) To ensure that the release
profile is unaffected by degradation, the mass loss of HAMC vs HAMC-WBP and HAMC-SBP was compared: conjugation of these SH3-binding
peptides to MC did not alter the degradation profile of the HAMC gels (n = 3; mean ± standard deviation plotted; p > 0.05, ANOVA, Tukey’s post
hoc test).

Figure 5. Cumulative release of SH3−IGF-1 from HAMC, HAMC-WBP (270:1 molar ratio WBP/SH3−IGF-1, and HAMC-SBP (50:1 molar ratio
SBP/SH3−IGF-1) against the square root of time. (A) The slope of SH3−IGF-1 release from HAMC, HAMC-WBP, and HAMC-SBP hydrogels
against the square root of time. The slope is representative of Fickian diffusion coefficient, k, for each gel. (B) Graphical representation of the slopes
of SH3−IGF-1 release from each hydrogel and with significance indicated (**p < 0.01 and ***p < 0.001, ANOVA, Tukey’s post hoc test; n = 3;
mean ± standard deviation plotted).
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This phenomenon can potentially disguise a slow release rate,
giving the appearance of a plateau.
RPEs, derived from human embryonic stem (hES) cells, were

pigmented and exhibited typical morphology and marker
expression (Figure 6A), in agreement with what has been
reported by others.74 RPE viability in HAMC gels was then
tested on nonadhesive poly(HEMA)-coated plates. RPEs
encapsulated in HAMC-SBP/SH3−IGF-1 showed increased
viability at day 4 in comparison to RPEs in HAMC alone (p <
0.01) or serum-free media (SFM) (p < 0.001; Figure 6B).
Interestingly, the addition of soluble SH3−IGF-1 to SFM led to
increased RPE viability on days 2 and 4 (p < 0.001) compared
to that with SFM alone (Figure 6C). Cells under all conditions
either maintained or experienced decreased viability after day 4,
possibly due to depleted nutrients in the same SFM. There
were no significant differences in viability between RPEs in
HAMC-SBP and HAMC-WBP with or without SH3−IGF-1 at
any time point (p > 0.05; Figure 6AB). In addition, RPEs in
HAMC exhibited similar survival to that of RPEs in HAMC-

WBP or HAMC-SBP in the absence of SH3−IGF-1 (p > 0.05;
Figure 6B).
Despite, or possibly because of, the plateau phenomenon in

HAMC-SBP gels, these hydrogels demonstrated the most
potent effects on RPE viability, with 2- and 4-fold greater cell
viability than that of cells in HAMC alone or SFM alone,
respectively, based on the Prestoblue signal. When SFM was
supplemented with SH3−IGF1, the 4-fold increase in RPE
survival was observed on day 2, which is earlier than that in the
HAMC-SBP/SH3−IGF-1 hydrogels, and maintained until day
4. This could indicate increased availability of IGF-1 in SFM at
the earlier time points compared to that with HAMC-SBP,
potentially because of the delayed release of IGF-1 in the gels.
RPE viability in the HAMC-WBP/SH3−IGF-1 gels was
significantly (3-fold) greater than that with SFM alone;
however, it was not statistically different from that with
HAMC alone. This may be attributed to the quicker release of
SH3−IGF-1 from HAMC-WBP, from the gels into the media,
where it becomes unavailable to the cells. Thus, the tunable,

Figure 6. (A) RPEs derived from hES cells exhibited typical RPE morphology, were pigmented, and uniformly expressed the tight junction marker
ZO-1 and the RPE markers Bestrophin-1 and RPE65. The scale bar is 30 μm. (B) HAMC-SBP with SH3−IGF-1 significantly increased the
proliferation of RPEs in vitro at day 4 relative to that with HAMC (p < 0.01) and SFM (no HAMC, p < 0.001). RPEs were suspended in serum-free
DMEM/F-12 or encapsulated in (0.75%/0.75% (w/v)) HAMC, HAMC-WBP with 10 μg/mL SH3−IGF-1 (270:1 molar ratio WBP/SH3−IGF-1),
or HAMC-SBP with 10 μg/mL SH3−IGF-1 (50:1 molar ratio SBP/SH3−IGF-1) hydrogels. (C) SH3−IGF-1 alone significantly increased the
proliferation of RPEs in vitro. RPEs were suspended in serum-free DMEM/F-12 with or without 10 μg/mL SH3−IGF-1 or encapsulated in HAMC,
HAMC-WBP, or HAMC-SBP. The cells were plated on poly(HEMA)-coated nonadhesive 96-well plates and incubated for 0, 2, and 4 days. Cell
viability was measured by the Prestoblue metabolic assay. RPEs in serum-free media with SH3−IGF-1 showed significantly increased viability
compared to that of RPEs in serum-free media alone (p < 0.001) at days 2 and 4 (n = 6 for HAMC and no HAMC conditions; n = 3 for all other
conditions; mean + standard deviation plotted; **p < 0.01 and ***p < 0.001, one-way ANOVA, Tukey’s post hoc test).
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controlled-release IGF-1 hydrogel is coupled with RPE cell
viability under anchorage-independent conditions.
To confirm that the effects of RPE proliferation can indeed

be attributed to SH3−IGF-1, we ran a series of controls (Figure
6C), where only SFM supplemented with SH3−IGF-1 had a 4-
fold increase in RPE survival on days 2 and 4. None of the
other vehicle controls, where SH3−IGF-1 was absent, showed
any cell proliferation. This series of controls was important, as
HAMC itself can promote cell survival and proliferation.75−77

The CD44 receptor, which binds to HA and promotes cell
survival,78 is upregulated in proliferating RPEs.79 The
proliferative effects of IGF-1 on RPEs may increase the
prosurvival and proliferative effects of CD44 on RPEs,
increasing the beneficial effects of the material. However,
since we did not observe a significant difference in survival
between RPEs in HAMC alone and SFM conditions, we
attribute the difference in the number of viable cells to IGF-1.
We acknowledge that our hES-derived RPEs are more
representative of fetal human RPEs rather than primary adult
human RPEs. The latter may respond differently to our gels
and/or IGF-1.

4. CONCLUSIONS
HAMC hydrogels modified with SH3-binding peptides were
able to attenuate the release of SH3−IGF-1 fusion protein over
several days in comparison to that with HAMC gels alone. The
rate of release of SH3−IGF-1 is slower from HAMC-SBP gels
than from HAMC-WBP gels, thereby reflecting the difference
in equilibrium binding between the strong and weak binding
peptides and SH3. This system was able to release a greater
proportion of IGF-1 than other IGF-1 affinity systems on a
similar time scale. Encapsulation of RPEs within the HAMC-
IGF-1 release system was shown to increase cell viability under
anchorage-independent conditions in vitro in comparison to
that with serum-free media or HAMC alone. This work shows
that tunable protein delivery improves cell viability and that
IGF-1 promotes RPE cell viability under anchorage-independ-
ent conditions. This new type of multifunctional material is
efficacious in vitro to simultaneously extend the benefit of
protein therapeutics on cells through sustained delivery while
increasing the viability of encapsulated cells via interactions
with the biomaterial and localized biomolecule. This system
lays the foundation for future in vivo studies where we
anticipate that this combined cell and biomolecule delivery
system will enhance cell survival after transplantation, thereby
overcoming one of the key barriers to success.
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