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Abstract

In this study 3-D poly(ethylene glycol) (PEG) hydrogel arrays were used to screen for the effects
of fibroblast growth factor-2 (FGF2), combined with multiple hydrogel matrix parameters, on
human mesenchymal stem cell (hMSC) viability and spreading. In particular, we examined the
effects of FGF2 while co-varying hydrogel matrix degradability, cell adhesion ligand type, and
cell adhesion ligand density. FGF2 significantly improved viability of hMSCs in a dose-dependent
manner in both non-degrading and degrading PEG hydrogels in the absence of extracellular matrix
(ECM)-derived cell adhesion ligands. The presence of a small molecule that inhibits
autophosphorylation of the FGF2 receptor blocked the effects of FGF2 on hMSC viability in PEG
hydrogels, both in the presence and absence of the RGDSP ligand. FGF2 effects on hMSC
viability were less pronounced when FGF2 was presented in combination with the RGDSP cell
adhesion ligand or the IKVAV cell adhesion ligand in non-degrading PEG hydrogels. Importantly,
spread hMSC morphologies were observed and quantified in a select subset of hydrogel networks,
which were degradable and included both FGF2 and RGDSP. These results indicate that the
hydrogel arrays described here can be used to efficiently study the influence of soluble and
insoluble hydrogel matrix parameters on stem cell behavior, and to identify synthetic, 3-D
environments that promote specific hMSC behaviors.

Keywords

extracellular matrix; mesenchymal stem cells; fibroblast growth factor; poly(ethylene glycol);
bFGF; tissue engineering

Introduction

A variety of recent studies in biomaterials science and tissue engineering have focused on
three-dimensional (3-D) culture of stem cells in hydrogels. A goal of these studies is to
determine the influence of extracellular matrix (ECM)-derived signals on stem cell behavior,
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and to ultimately generate materials in which stem cell phenotype is controlled. A subset of
these 3-D culture studies has focused on creating well-defined signaling environments
within stem cell-laden hydrogels. For example, poly(ethylene glycol) (PEG) hydrogels have
been used as a platform to present small molecules!, peptides?:3, polysaccharides?, or
proteins? to stem cells while minimizing non-specific interactions with other serum-derived
or cell-secreted biological molecules, as the PEG chains do not intrinsically interact with
proteins®. For example, Anseth and coworkers have used PEG hydrogels as a model to
demonstrate that the ECM-derived cell adhesion peptide Arg-Gly-Asp (RGD)S, the
polysaccharide heparin?, and the corticosteroid dexamethasonel can each influence the
viability and differentiation of mesenchymal stem cells. Therefore, PEG hydrogels, and
other similarly “bioinert” hydrogel networks (e.g. alginate’, agarose8), have served as
adaptable platforms to study the effects of ECM-derived signals on stem cell behavior in 3-
D culture. However, it remains a challenge to efficiently identify the optimal signaling
environments that encourage stem cell viability, lineage-specific differentiation, and tissue
formation.

A particular challenge facing 3-D stem cell culture studies is the large number of ECM-
derived signals and signal combinations that can influence stem cell phenotype. Previous
studies in 3-D culture indicate that cell adhesion ligands (e.g. RGDS, YIGSR?, IKVAV?),
growth factors (e.g. TGF-p310, TGF-p111, BMP212), and material degradation?3:14 each
influence hMSC viability and differentiation. Furthermore, combinations of these distinct
signals are likely to uniquely influence stem cell phenotype, as demonstrated recently in 2-D
cell culture studies that have simultaneously explored the effects of osteogenic induction
media and defined substrate compliance on hMSCs1°. Taken together, previous studies
indicate that a broad range of signals and signal combinations can affect stem cell
phenotype. However, due to practical limitations, hydrogel-based stem cell culture formats
have typically focused on examining the effects of only a single ECM-derived signal or a
small subset of signals. Although these previous studies provide important insights into the
signals that can influence stem cell behavior, they are not capable of exploring the broad
ranges of signal amplitudes or complex signal combinations that may be most relevant to in
vivo environments. Therefore, there is a need to develop experimental approaches that
enable investigators to rapidly examine complex, biologically-relevant signaling
environments.

To address current limitations in 3-D stem cell culture, we and others have recently
developed 3-D cell culture systems with enhanced throughput capabilities. One approach
has used photolithographic methods to generate spatially patterned hydrogel structures with
distinct regions that contain specific cell typesi®, cell adhesion ligands!’, or ECM
chemistries’. For example, Pishko and coworkers have used photopolymerization within
microchannels!” or spots!8 to generate PEG microstructures, and demonstrated that multiple
mammalian cell types remain viable in hydrogels for up to 7 days. Khademhosseini and
coworkers have used soft lithography to generate agarose or PEG microstructures loaded
with viable cells!®. Jongpaiboonkit et al. recently used an automated liquid handling
approach to generate PEG hydrogel arrays, which present an adaptable milieu of ECM-
derived signals to multiple cell types, including hMSCs%20. Taken together, these previous
studies demonstrate that it is possible to create spatially patterned hydrogels for 3-D stem
cell culture, and that these hydrogels are promising platforms for enhanced throughput stem
cell culture studies.

In this study we used 3-D PEG hydrogel arrays to screen for the influence of the soluble
protein fibroblast growth factor-2 (FGF2) on human mesenchymal stem cell (nMSC)
phenotype (Fig. 1). FGF2 has been previously shown to promote survival and proliferation
of undifferentiated MSCs21-24  and has therefore been commonly used as a culture
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supplement for MSC expansion. In addition, previous studies have indicated a key role for
FGF2 in MSC migration?® and in maintenance of MSC differentiation potential26-28, Based
on the important role of FGF2 in defining MSC phenotype in 2-D culture and in vivo, we
hypothesized that FGF2 could have a significant, dose-dependent influence on hMSC
viability and morphology in 3-D hydrogel matrices. Therefore, this study examined the
effects of various concentrations of soluble FGF2 on hMSCs, while co-varying network
degradability, cell adhesion ligand type, and cell adhesion ligand density (Fig. 1). We
specifically examined the fibronectin-derived Arg-Gly-Asp-Ser-Pro (RGDSP) sequence and
the laminin-derived lle-Lys-Val-Ala-Val (IKVAV) sequence based on our previous
observation that these ligands promote hMSC viability in 3-D PEG hydrogels in a dose-
dependent manner2:14, The results presented here provide an initial demonstration that FGF2
influences hMSC viability and spreading in a 3-D hydrogel matrix.

Materials and Methods

Preparation of synthetic PEG hydrogel arrays

8kDa Poly(ethylene glycol) (PEG) was purchased from Sigma-Aldrich. The synthesis of
PEG-diacrylate (PEGDA) was performed as described elsewhere?®. PEG hydrogel arrays
were prepared as described previously?:20, First, hydrogel array “background” (Fig. 1) was
prepared by mixing 10 wt% PEGDA and 0.05%w/v photoinitiator Irgacure 2959 (12959,
BASF, Ludwigshafen, Germany) in serum free medium, and was passed through a 0.22 pm
filter (Fisher Scientific, Fair Lawn, NJ) for sterilization. Then the polymer solution was
added to a teflon mold containing 16 cylindrical posts (1 mm diameter, 1.25 mm depth), and
crosslinked via exposure to UV radiation (A = 365 nm, intensity = 4.5 mW/cm?) for 5 min.
The array spots were then automatically filled with the aforementioned polymer solution
using an automated liquid handler, with hMSCs and various biological molecules at various
concentrations (as detailed below).

In some experiments, PEG hydrogel arrays were designed to degrade hydrolytically over
time using an approach described elsewhere2:14:20, Briefly, 8kDa PEGDA chains were
reacted with 2.5 or 5mM of dithiothreitol (DTT, Fisher Scientific, Fair Lawn, NJ) in serum-
free medium at 37°C for 60 minutes to form water-soluble, acrylate-terminated (PEG-
DTT),-PEG conjugates. hMSCs were then added to the polymer solution, and the solution
was photocrosslinked by UV radiation as described above to create PEG hydrogels with
degradable “DTT bridges” included. The ester bonds adjacent to thioether groups in these
bridges degrade hydrolytically, and the concentration of the bridges therefore dictates the
hydrolytic degradation rate of PEG network?:1420, As a result, PEG hydrogel arrays
containing DTT bridges are referred to as “degrading” networks in subsequent sections of
this manuscript, while PEG hydrogel arrays without DTT bridges are referred to as “non-
degrading”.

In some experiments, acrylate-terminated PEG chains or (PEG-DTT),-PEG conjugates were
reacted with peptides containing the fibronectin-derived cell adhesion ligand RGDSP, or the
laminin-derived cell adhesion ligand IKVAV to generate cell-interactive hydrogels. In these
experiments a 10X excess of acrylate-terminated PEG chains (Mw=8kDa) or (PEG-DTT),-
PEG conjugates were incubated with a CGGRGDSP and/or a CGGIKVAYV peptide for 90
minutes in PBS (37°C, pH=7.4) to allow for Michael-type addition of the cysteine
sulfhydryl group to the acrylate group, as described previously4:30, The efficiency of the
reaction was quantified by measuring free thiol content in a 2.5mM CGGRGDSP solution
before and after its reaction with a 10X molar excess of 8k PEGDA using the Measure-IT
Thiol assay (Invitrogen, Carlsbad, CA). The resulting solutions contained PEG-diacrylate
and acrylate-PEG-CGGRGDSP and/or acrylate-PEG-CGGIKVAV molecules, which were
subsequently photo-crosslinked to form cell-interactive hydrogels.
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A standard protocol for solid phase peptide synthesis using Fmoc-chemistry was followed
for the synthesis of CGGRGDSP and CGGIKVAV. Peptides were synthesized on Rink
Amide resin (.72meq functional amine group/g) (Novabiochem, San Diego, CA) at a scale
of 0.2 mmol on a C036s automated peptide synthesizer (CSBio, Menlo Park, CA). First,
amino acid couplings were performed by introducing a 2.5X molar excess of Fmoc-
protected amino acids (Novabiochem, San Diego, CA) activated with N-
Hydroxybenzotriazole « H,O (Advanced Chemtech, Louisville, KY) and N,N-
diisopropylcarbodiimide (Anaspec, San Jose, CA) to the resin in sequencing grade
dimethylformamide (DMF) (Fisher Scientific, Fair Lawn, NJ). Prior to each coupling,
Fmoc-protecting groups were removed using a 20% solution of Piperidine by volume
(Sigma-Aldrich, St. Louis, MO) in DMF. Upon completion of synthesis, peptides were
cleaved from the resin using a solution of 95% Trifluoracetic Acid (Fisher Scientific, Fair
Lawn, NJ), 2.5% Triisopropylsilane (Aldrich, St. Louis, MO), and 2.5% H,0 and
precipitated into 4°C ethyl ether (Fisher Scientific, Fair Lawn, NJ). The peptides were
precipitated 3X in ethyl ether and left for two days to dry. The molecular weights of the
peptides were verified on a Bruker REFLEX Il MALDI-ToF mass spectrometer (Bruker,
Billerica, MA) and via HPLC (Shimadzu Scientific Instruments Inc., Columbia, MD). In
some experiments, hydrogel array spots were prepared in the presence of soluble FGF2 at
various concentrations. In these experiments, the FGF2 was added as a soluble component to
the hydrogel precursor solution.

Biological characterization of hydrogel arrays

(i) Cell culture—hMSCs (Cambrex Bio Science, Walkersville, MD, passage 6) were
cultured in Minimum Essential Medium, Alpha (Mediatech, Manassas, VA) supplemented
with 10% fetal bovine serum (Cambrex), 2.2 g/l NaHCO3 (ACROS Organics, Morris Plains,
NJ), and 100 units/ml of penicillin/streptomycin. Cell cultures were maintained at 37°C/5%
CO» and media was replaced every 3-4 days. hMSCs were grown at low density using the
method described previously by Sotiropoulou et al.24 to maintain hMSC multipotential.

(i) Cell-seeding within PEG hydrogel arrays—Cells were photoencapsulated in a 10
wit% polymer solution (final concentration) in serum free media at a seeding density of
5x10° cells/ml. The cell/polymer solution (1pl) was pipetted in the wells of the hydrogel
array using a Gilson automated liquid handler (Model: 223 Sample Changer) and “Trilution
LH version 1.2’ control software (Gilson Inc., Middleton, WI1) at a rate of approximately 5
spots per minute. Upon ultraviolet light exposure for 3 min, PEG-based hydrogels were
cross-linked and cells were physically entrapped within the networks. The arrays were then
placed in media and cultured at 37°C and 5% CO,, replacing media every 2-3 days.

To provide insight into FGF2 diffusion out of hydrogel arrays over time, a protein transport
experiment was performed. The protein Lysozyme, chosen as a model protein due to its
similar molecular weight (14.7kDa) to FGF2 (17.2kDa), was fluorescently-labeled with
NHS-rhodamine using the manufacturer’s protocol (Pierce, Rockford, IL). Rhodamine
labeled lysozyme was placed in 10,000 molecular weight cutoff dialysis tubing (Pierce,
Rockford, IL) and dialyzed against ultrapure H,O (18 MQ resistivity). 100upM Rhodamine-
Lysozyme was loaded into hydrogel wells (n=4), which were then placed in phosphate
buffered saline. Fluorescent micrographs were acquired using an inverted, compound
fluorescence microscope (1X51, Olympus) at 40X magnification at predetermined times, and
the buffer was replaced after each image acquisition. The fluorescence intensity was
measured using ImageJ software (Freeware, NIH, Bethesda, MD).

To confirm that the effects observed in the presence of FGF2 were indeed due to FGF2
signaling, a subset of cell culture experiments were performed in the presence of a soluble
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inhibitor of FGF2 receptor autophosphorylation (PD 173074 molecule, Sigma-Aldrich,
Milwaukee, WI). The PD 173074 molecule inhibits FGF2 signaling by binding to the
receptor tyrosine kinase domain of FGF receptors (FGFRs), including FGFR131 and
FGFR332, and preventing their autophosphorylation33. PD 173074 has been shown to
specifically inhibit the effects of FGF2 on neural cell proliferation and differentiation34 and
adipose-derived mesenchymal stem cell proliferation and differentiation potential3®. In our
FGF2 inhibition experiments, 100nM of the soluble PD173074 molecule was included in the
culture medium used to make the background arrays as well as the medium bathing the
arrays. Fresh medium containing 100nM PD173074 was added to the arrays 1 and 3 days
post encapsulation. We chose 100nM as the concentration of the soluble inhibitor because
this concentration of inhibitor was above the 1C50 (5nM) of the PD 173074 molecule, but
below the concentration at which this inhibitor is toxic to cells based on our toxicity study
(see Supplementary Fig. 2 and associated text for details).

(iii) Cell viability within hydrogel arrays—After photoencapsulation, the arrays were
removed from culture at various time points (1, 3, 5, and 7 days) and were stained using the
LIVE/DEAD assay (Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s
instructions. This assay identifies esterase activity in live cells via green fluorescence
emission from calcein AM and nuclear permeability in dead cells via red fluorescence
emission from ethidium homodimer-1. Cell viability was visualized using the micrographs
from the inverted microscope and the total percentage of viable cells was determined by
ImageJ software analysis of live and dead cells in photomicrographs for at least 4 images per
condition. In some conditions, cell morphology in hydrogel array spots was also
characterized qualitatively using the same fluorescence microscope. The results are
expressed as mean * standard deviations for 4 samples per condition. Differences between
data sets were assessed by one-way ANOVA analysis. In some cases, Tukey’s two-way
analysis was performed using the R software package. Regardless of the test, a p-value less
than 0.05 was considered a statistically significant difference.

(iv) hMSC Spreading within Hydrogel Arrays—hMSC spreading was quantified
using techniques used in previous studies to measure 3-D cell spreading: measurements of
hMSC area* and aspect ratio®6. First, h(MSC area was measured in four experimental
conditions: 1) OmM DTT+ OmM RGD+ Ong/ml FGF2, 2) 5mM DTT+ OmM RGD+ Ong/ml
FGF2, 3) 5mM DTT+ 2.5mM RGD+ Ong/ml FGF2, 4) 5mM DTT+ 2.5mM RGD+ 100ng/
ml FGF2. More than 15 LIVE/DEAD-stained hMSCs in 40X fluorescent micrographs were
analyzed per condition using ImageJ software and presented in histogram form. Next, hMSC
aspect ratio was quantified in conditions in which spreading was observed. Here the aspect
ratio is defined as the ratio between the longest end-to-end distance of each cell and the
distance of the perpendicular axis of the same cell. More than 5 LIVE/DEAD-stained
hMSCs in 200X fluorescent micrographs were analyzed per condition using ImageJ
software and are presented in histogram form.

Modeling FGF2 Diffusion out of Hydrogel Arrays

Lysozyme was used as a model protein to gain insight into the diffusion of FGF2 out of
individual spots in the hydrogel arrays. Lysozyme diffused out of the hydrogel arrays over
time, as expected (Supplementary Fig. 1). After 6 hours 44.1+5.1% of the original lysozyme
remained in the array spots, and after 7 days 14.9+1.2% of the original lyzozyme remained
(Supplementary Fig. 1). Due to the similarities between the molecular weights of lysozyme
(14.7kDa) and FGF2 (17.2kDa), it is likely that FGF2 diffusion out of hydrogel array spots
would follow a similar trend.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.
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FGF2 effects on hMSC viability

The presence of soluble FGF2 significantly enhanced hMSC viability in non-degrading PEG
hydrogels (Fig. 2). In the absence of FGF2, cell viability dramatically decreased from
82.1+1.9% at day 1 to 45.5+4.8% at day 7. The addition of 0.1, 1, 10, 100, and 200 ng/ml
FGF2 significantly enhanced viability at day 5 and day 7 of culture. The influence of FGF2
appeared to be most pronounced when either 10 or 100 ng/ml FGF2 was included, and this
dose-dependence is particularly evident at day 3. Importantly, the effects of 100 ng/ml FGF2
on hMSC viability were blocked in the presence of the PD 173074 (Sigma-Aldrich,
Milwaukee, WI) soluble inhibitor of FGF2 receptor autophosphorylation (Fig. 3). In the
presence of this inhibitor, h(MSC viability decreased to less than 40% after 5 days in culture,
both in the presence and absence of 100 ng/ml FGF2. A toxicity experiment confirmed that
this inhibitor is not toxic to hMSCs at the concentration explored here (Supplementary Fig.
2). The presence of soluble FGF2 also significantly enhanced hMSC viability in degrading
PEG hydrogels (Fig. 4). This enhancement was more substantial in degrading PEG
hydrogels (Fig. 4) when compared to non-degrading PEG hydrogels (Fig. 2). In addition, the
effect was clearly dose dependent in degrading hydrogels, as the influence of FGF2 was
significant at days 5 and 7 only when FGF2 was included at higher concentrations (10 or
100 ng/ml). Taken together, these results indicate that the presence of FGF2 enhances hMSC
viability in a dose-dependent manner in both degrading and non-degrading PEG hydrogels.

Conjugation of cell adhesion peptides to PEG-diacrylate

To ensure the cell adhesion peptides were efficiently incorporated into the hydrogel
networks, we quantified the free thiol content of 2.5mM CGGRGDSP before and after its
reaction with a 10X molar excess of 8k PEGDA — the same excess used in our hydrogel
array processing. 0.01+0.005% of the original thiol groups were present after the reaction,
indicating that the coupling of the peptide to the polymer was approximately 99% efficient.
This result suggested that nearly all of the peptide ligand was incorporated into the hydrogel
network.

Combined effects of FGF2 and cell adhesion ligands on viability in PEG hydrogels

The presence of soluble FGF2 significantly enhanced hMSC viability in non-degrading PEG
hydrogels containing the RGDSP cell adhesion ligand (Fig. 5). hMSC viability was less
pronounced than they were in the absence of CGGRGDSP, Cell viability remained relatively
high after 7 days in PEG hydrogels with 0.1mM (63.1+5.0%) or 2.5mM (69.5+3.4%)
RGDSP ligand, even in the absence of FGF2. In the presence of 10 or 100 ng/ml FGF2, cell
viability was significantly enhanced at days 5 and 7 in PEG hydrogels containing either
0.1mM or 2.5mM RGDSP. Optimal cell viability at day 7 was observed in the presence of
2.5mM RGDSP and 100 ng/ml FGF2 (82.7+5.2%), and this viability was not significantly
different when compared to the initial viability at day 1 (80.4+4.4%). Therefore, RGDSP
and FGF2 significantly enhanced hMSC viability within non-degrading PEG hydrogels
when presented either alone or in combination.

In contrast, the presence of soluble FGF2 resulted in a slight, but not significant, increase in
hMSC viability in non-degrading PEG hydrogels containing the IKVAV cell adhesion
ligand (Fig. 6). The presence of soluble FGF2 also did not significantly enhance hMSC
viability in degrading PEG hydrogels containing the RGDSP cell adhesion ligand (Fig. 7).
hMSC viability in degrading PEG hydrogels in the presence of RGDSP was either
unaffected (Fig. 7A-C) or negatively affected (Fig. 7D) by the presence of FGF2.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.
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hMSC spreading in PEG hydrogels

hMSC behavior in all PEG hydrogels without adhesion ligands and in all non-degrading
PEG hydrogels displayed a relatively small, rounded morphology; both in the presence and
absence of FGF2 (see Figs. 2, 4, 8). This rounded morphology is consistent with a variety of
previous studies of cell encapsulation in PEG networks (e.g. ref. 14). However, we observed
uncommon hMSC morphologies in a select subset of experimental conditions, in which cells
had a relatively large cross-sectional area and displayed extensions consistent with cell
“spreading” (See Figs. 8D+ 9). The spreading of hMSCs was more pronounced in PEG
hydrogels that were degrading and contained both 2.5mM RGDSP and FGF2, as
demonstrated by increased hMSC area and aspect ratio after 7 days in culture (Figs. 8-9).
hMSC spreading was observed at all time points studied in experimental conditions
containing 5mM DTT, 2.5mM RGD, and 100ng/ml FGF2 (Fig. 8D).

Discussion

FGF2 has been identified as a critical factor for survival and self-renewal of various stem
cell types, including neural stem cells3” and embryonic stem cells3® in standard cell culture
conditions. The influence of FGF2 on MSC proliferation and differentiation potential has
also been well-characterized in 2-D cell culture. Specifically, FGF2 has recently been shown
to promote expansion of undifferentiated hMSC populations?1:22:24 and suppress hMSC
senescence?3. Therefore, we hypothesized that FGF2 could be an important factor in
applications that require viable, undifferentiated hMSCs, including tissue engineering
applications. Here we demonstrate that hydrogel arrays formed via an automated approach
detailed previously2:20 can be used to screen the effects of FGF2 and various hydrogel
matrix parameters on hMSC viability and spreading.

Soluble FGF2 significantly enhanced hMSC viability in both non-degrading PEG hydrogels
(Fig. 2) and in degrading PEG hydrogels (Fig. 4). A PD 173074 inhibitor of FGF receptor
auto-phosphorylation blocked the effects of FGF2 on hMSC viability (Fig. 3), indicating
that enhanced hMSC viability can likely be directly attributed to FGF2 signaling. The
effects of FGF2 observed here are consistent with recent 2-D hMSC culture studies?3, which
have shown that FGF2 promotes hMSC survival and suppresses senescence. Other previous
studies in 2-D culture have also demonstrated that FGF2 controls hMSC migration2® and
promotes maintenance of chondrogenic?’, osteogenic2%, and adipogenic?® differentiation
potential. Therefore, FGF2 may be a particularly important factor in applications that require
high hMSC viability and multilineage differentiation potential. Further studies will be
needed to determine whether the previously observed effects of FGF2 on hMSC
differentiation potential can be extended to 3-dimensional culture systems such as the ones
explored in the current study.

In this and many other studies that have characterized the influence of exogenous growth
factors on cells, it is true that serum-derived components could influence cell behavior and
influence results. One possibility is that serum-derived FGF2 could have influenced hMSC
viability. Although batch-to-batch variations in serum component concentrations have been
widely reported, the FGF2 serum concentrations from other studies can help us to
approximate the potential influence of serum-derived FGF2 on hMSCs in our study. Hentges
et al. measured 0.014ng/ml FGF2 in DMEM-F12 media supplemented with 10% Fetal Calf
Serum3?, and Benoit et al. measured 0.003ng/ml FGF2 in hMSC proliferation media?. In our
experiments 0, 0.1, 1, 10, 100, and 200ng/ml FGF2 were exogenously added to hMSCs in
hydrogel array wells (Figs. 279). Therefore, the serum derived FGF2 likely constituted a
small fraction of the total FGF2 in the hMSCs’ microenvironment, and may have only a
restricted role in promoting hMSC viability and spreading. A second possibility is that other
soluble factors in serum may have influenced cell survival in combination with RGDSP-
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mediated integrin signaling. Many different soluble factors influence hMSC viability
including TGF-p310, TGF-p111, and BMP212, Additional 3-D cell culture studies in
enhanced throughput experimental formats will be necessary to characterize the roles of
these proteins in regulating hMSC survival in 3D matrices.

FGF2 diffusion out of the hydrogel arrays may have also influenced hMSC viability and
spreading. To mimic the diffusion of exogenous FGF2 out of the hydrogels, we loaded
hydrogel array spots with a rhodamine-labeled lysozyme, and the array spots’ local protein
concentrations were measured at predetermined times (Supplementary Fig. 1). Lysozyme
was chosen as a model for FGF2 because 14.7kDa lysozyme, which has a hydrodynamic
radius of 19.5A%0, has a similar molecular weight to 17.2kDa FGF2, which has a
hydrodynamic radius of 28A%1. After 6 hours there was 44.1+5.1% of the original protein in
the wells. This level of protein diffusion out of the PEG based hydrogel arrays is consistent
with other studies in which growth factors were loaded into hydrogels*42. After 7 days of
protein diffusion out of the hydrogel arrays there was still 14.9+1.2% of the exogenous
protein remaining (Supplementary Fig. 1). This result suggests that in the case of array spots
originally loaded with 100ng/ml of FGF2 there would be approximately 15ng/ml FGF2 still
present in the array spots at the end of our cell culture studies. This FGF2 concentration is
greater than the 1ng/ml FGF2 concentration that Bianchi et al. have used to promote hMSC
survival and maintenance of telomere length in cell culture??, so it is unlikely that diffusion
alone will decrease the growth factor concentration enough to inhibit growth factor effects.
However, it is difficult to predict the active FGF2 concentration in hydrogel arrays over time
due to FGF2’s short half-life in serum containing media*3. Taken together, there are
multiple factors which could influence the active concentration of FGF2 over time in these
3-D hydrogel arrays.

The effects of FGF2 on hMSC viability were less substantial in PEG hydrogels containing
the RGDSP (Fig. 5) or IKVAYV (Fig. 6) cell adhesion ligands when compared to hydrogels
without ligands included. Although the effects of FGF2 on hMSC viability were statistically
significant in a limited subset of hydrogels containing RGDSP, the effects were only evident
at high FGF2 concentrations and at late time points (Fig. 5). In contrast, FGF2 did not
significantly influence hMSC viability in any hydrogels containing IKVAV (Fig. 6). Ina
previous study we demonstrated that each of these ligands enhances hMSC viability in a
dose-dependent manner in non-degrading PEG hydrogels?. Therefore, our results
collectively suggest that the effects of FGF2 are less significant when hMSCs are able to
interact with an adhesion ligand. This effect can potentially be explained by the
aforementioned propensity of FGF2 to serve as a survival factor. h(MSCs may be more
responsive to FGF2 when they are in an environment that is not conducive to cell survival,
such as a non-degrading PEG hydrogel devoid of cell adhesion ligands. Also, it is possible
that the effects of FGF2 are simply more difficult to detect in the presence of adhesion
ligands, since cell viability does not decrease as substantially over 7 days in ligand-
containing hydrogels when compared to ligand-free hydrogels.

One unexpected finding in this study was that FGF2 negatively affected cell viability in
degradable gels with RGDSP (Fig 7D). This observation could be attributed to the fact that
integrin signaling and FGF2 signaling are interrelated. For example, integrins interact with
FGF2 and fibroblast growth factor receptors (FGFRs) to influence their canonical signaling
pathway. Functional outcomes of integrin-FGFR interactions differ by cell type. Rusnati et
al. demonstrated that the asf3; integrin, the integrin that binds to RGDSP, interacts with
immobilized FGF2, and FGF2-induced angiogenesis can be blocked with asg integrin-
specific inhibitors#4. In addition, FGF2 has been shown to alter h(MSC integrin expression.
In one study, Varas et al. quantified the expression of ajgl31 and aq1/31 integrins on hMSCs
grown in chondrogenic induction media with and without 10ng/ml FGF2. The expression of
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ay0R1 integrin increased when hMSCs were cultured in chondrogenic induction media, but
its expression level was reduced by addition of FGF2 to the chondrogenic induction media.
FGF2 also increased the expression of a11R integrins?®. In this previous study the
expression level of the ag; integrin that binds to RGDSP was not quantified, but this
research is an important demonstration that FGF2 signaling can effect h(MSC integrin
expression.

It is noteworthy that hMSC viability was quantified in every cell culture condition with the
LIVE/DEAD assay. Therefore, our results do not explicitly indicate how hMSC proliferation
may have contributed to differences in hMSC viability. Previous studies have demonstrated
that there is no cell proliferation in PEG-based hydrogels that do not degrade®. Alternatively,
cells can proliferate in PEG gels that undergo extensive degradation®:36. Our previous
studies indicate that the PEG-DTT hydrogels explored in this study do not undergo
extensive degradation over 7 daysl4. Taken together, these results suggest that h(MSC
proliferation likely did not have a significant impact on the differences in viability observed
here.

hMSC spreading was dependent on FGF2 concentration. Spreading was not observed in
culture conditions with less than 10ng/ml FGF2. In contrast, 10ng/ml and 100ng/ml FGF2
promoted hMSC spreading equally (Figs. 8-9). This observation is potentially important, as
recent studies have correlated hMSC spreading with differentiation potential in 3-D
hydrogels. In particular, Levenston and coworkers recently demonstrated that chondrogenic
differentiation was inhibited and osteogenic differentiation was enhanced when hMSCs
were allowed to attach and spread within RGD-modified alginate?6 or agarose*’ hydrogels.
In contrast, hMSCs differentiated more efficiently down the chondrogenic lineage in
conditions that did not promote cell spreading®®. An interesting aspect of our findings is that
FGF2, which has been shown to preserve hMSC multipotency, promoted hMSC spreading.
Although hMSC spreading has been correlated with propensity of MSCs to differentiate
down the osteogenic lineage, hMSC spreading alone does not induce differentiation. For
example, Salasznyk et al. demonstrated that hMSCs spread on collagen I, collagen 1V,
fibronectin, and vitronectin coated surfaces. However, significant increases osteogenic
differentiations markers were only observed in the presence of pro-osteogenic supplements,
which induce differentiation. Therefore, further experiments will be needed to determine
whether the enhanced hMSC spreading observed here in response to FGF2 leads to
enhanced propensity for osteogenic differentiation.

Hydrogel degradability promoted hMSC spreading. Three different extents of degradation
were explored in these studies. Specifically, PEG hydrogel spots were formed either with no
DTT “bridges” included, 2.5mM DTT “bridges”, or 5mM DTT “bridges”. In previous
studies we have demonstrated that the concentration of these bridges significantly influences
degradation of PEG hydrogel networks!4. Specifically, in our previous studies the
equilibrium swelling ratio of 8k PEG hydrogels containing 2.5mM DTT did not significantly
change during the first 7 days of incubation in an aqueous solution, which indicated low
levels of network degradation. Equilibrium swelling ratios of 8k PEG hydrogels containing
5mM DTT increased significantly after 7 days in aqueous solution, indicating more network
degradation in hydrogel networks with 5mM DTT than networks with 2.5mM DTT. Bulk
hydrogel erosion — indicated by a decrease in dry mass - was not observed in either material.
Therefore, it is likely that the extent of degradation of the hydrogel spots over the culture
period examined in our current study was significant, but not substantial. However, these
changes in network degradability did significantly influence hMSC viability and spreading.
Taken together, these results suggest that extensive network degradation is not necessary to
promote hMSC spreading.
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An important current limitation of this approach is the analytical technique and its
throughput. Epifluorescence microscopy has several analytical limitations for observing
hMSCs in 3-D hydrogels. hMSC features adjacent to each other in the same x-y plane can be
resolved, but out-of-focus light may reduce the contrast between them. Also,
epifluorescence limits the ability to resolve features in overlapping planes-of-focus.
Confocal microscopy allows researchers to acquire images from specific planes and the
reconstruct the data to form 3-D cell representations without contrast concerns*, Therefore,
although this initial study did not incorporate more complex and detailed imaging
techniques, ongoing studies will benefit from the use of confocal microscopy to collect more
detailed information about cell morphology. In addition, the analyses described here and
elsewhere rely primarily on manual analysis of fluorescence emission, which requires a
fluorescent reporter, and it is not a high throughput process. Other studies have developed
fluorescent markers of MSC behavior, including osteogenic®® and chondrogenic®9
differentiation, and these markers may be useful in future studies using hydrogel array
format. In addition, there are several high-content image analysis techniques and software
tools available®:>1 that may be used in conjunction with this array format in future studies to
enhance analytical throughput.

Taken together, these results suggest that small changes in hydrogel network structure can
significantly influence hMSC viability and spreading. Importantly, the processing approach
used to generate hydrogel arrays in this study is readily adaptable. Taken together, the
current study and previous studies?:20 have demonstrated the ability to generate at least 5
distinct hydrogel matrices per minute while systematically varying the hydrogel type
(natural or synthetic), hydrogel degradability, cell adhesion ligand type, cell adhesion ligand
density, soluble factor location, soluble factor concentration, cell type, and cell seeding
density. Therefore, this general approach may be useful for screening the effects of a broad
range of parameters on cell behavior.

Conclusions

Hydrogel arrays formed via an automated liquid handling approach can be used to rapidly
screen for the effects of FGF2 on hMSC viability and spreading in various 3-D hydrogel
matrices. The presence of soluble FGF2 significantly enhanced hMSC viability in both non-
degrading and degrading PEG hydrogels devoid of cell adhesion ligands. FGF2 effects on
hMSC viability were significant in a subset of conditions, but less pronounced when
presented in combination with the fibronectin-derived RGDSP ligand or the laminin-derived
IKVAV ligand in non-degrading PEG hydrogels. Although hMSCs typically displayed a
rounded morphology in 3-D PEG hydrogels, we observed spread hMSC morphologies in
degrading PEG hydrogels which contained combinations of RGDSP and 100 ng/ml FGF2.
hMSCs were clearly spread in these particular environments at all time points studied. These
results indicate that FGF2 may be an important component of 3-D hMSC culture
environments which require high viability and cell spreading, including hydrogel matrices
for tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) 8kDa PEG hydrogel array “background” showing an array of 16 cylindrical spots. B)
Image demonstrating 24 hydrogel arrays within 24-well tissue culture plate. C) Schematic
demonstrating incorporation of stem cells, growth factors, peptide ligands, and
hydrolytically degradable DTT “bridges” into hydrogel array spots.
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Representative images of hMSCs incorporation into non-degrading PEG hydrogel arrays
with various FGF-2 concentrations A-D) 0 ng/ml, and E-H) 100 ng/ml. (Scale bar = 100
um). 1) Viability of hMSCs cultured in non-degrading PEG hydrogel array spots with
various FGF-2 concentrations. *Denotes significant difference from 0 ng/ml condition at the
same time point, ANOVA p<0.05.
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Figure 3.

Viability of hMSCs in non-degrading PEG hydrogel arrays containing 100 ng/ml FGF-2
inhibitor with variable concentrations of FGF-2. *Denotes a significant difference compared
to 0 ng/ml condition at the same time point. tDenotes a significant difference from the D1
value for the same experiment condition, ANOVA p<0.05.
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Figure 4.
Quantitative analysis of hMSC viability within degrading PEG hydrogel arrays with variable

degradability and variable soluble FGF-2 concentration. A) hMSC viability in degrading
PEG hydrogel arrays prepared with 2.5mM DTT with variable concentrations of FGF-2, B)
hMSC viability in degrading PEG hydrogel arrays prepared with 5mM DTT with variable
concentrations of FGF-2. *Denotes significant difference from 0 ng/ml concentration at the
same time point, ANOVA p<0.05. (C-H) Representative live/dead images of hMSC cultured
in degrading PEG hydrogel arrays containing 100 ng/ml FGF-2, C-E) 2.5mM DTT, and F-
H) 5mM DTT. (Scale bar = 100 um).
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Figure 5.

Viability of hMSCs cultured in non-degrading PEG hydrogel array spots containing A)
0.1mM RGDSP ligand with variable concentrations of FGF-2, and B) 2.5mM RGDSP
ligand with variable concentrations of FGF-2. *Denotes a significant difference compared to
0 ng/ml condition at the same time point, ANOVA p<0.05.
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Viability of hMSCs cultured in wells of non-degrading PEG hydrogel arrays containing A)
0.1mM IKVAYV ligand with variable concentrations of FGF-2, and B) 2.5mM IKVAV
ligand with variable concentrations of FGF-2. *Denotes a significant difference compared to
0 ng/ml condition at the same time point, ANOVA p<0.05.
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Figure 7.

Viability of hMSCs cultured within hydrogel arrays with varying degradability, RGDSP
concentration, and FGF2 concentration. A) 2.5mM DTT + 0.1mM RGDSP; B) 2.56mM DTT
+2.5mM RGDSP; C) 5mM DTT + 0.1mM RGDSP; D) 5mM DTT + 2.5mM RGDSP. *
Denotes a significant difference compared to 0 ng/ml condition at the same time point.
tDenotes significant difference from D1 value for the same condition, p<0.05.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.



1dussnueln Joyny vd-HIN 1dussnuein Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Page 21

A) OmMDTT +0mM RGD + Ong/ml FGF2 B) 5mMDTT+0mM RGD + Ong/ml FGF2

. Ao 100%
00% - Day 1 o | Day 1
80% Day 3 80% gay g
- Day5 © ... ay
8 60% Dag 7 g 0% Day 7
o [
= 40% ° 409%
e &
20% 20%
0% . 0%
0-300 300-600 600-900 S00-1200 1200-1500 0-300 300-600  600-800 800-1200 1200-1500
hMSC Area (pm?) hMSC Area (jun?)
C) 5mM DTT +2.5mM RGD + Ong/ml FGF2 D) 5SmMDTT +2.5mM RGD + 100ng/ml FGF2
100% mDay1 O =Day 1
80% Day 3 0% Day 3
® Day5 — Day 5
5 60% Day7 ¢ 0% Day 7
o 40% P ao0%
S =

20% I 20% I I

0% — — 0% - — —_—
0-300 300-600 600-900 900-1200 1200-1500 0-300 300-600 600-800 900-1200 1200-1500
hMSC Area (nm?) hMSC Area (um?2)
OmM DTT+ OmM RGD+ Ong/ml FGF2
o
Figure 8.

The relative frequency of hMSCs within specified ranges of projected cell area. Data are

presented for hMSCs grown in array spots with A) 0OmM DTT+0mM RGD+ Ong/ml FGF2
B)5mM DTT+ OmM RGD+ Ong/ml FGF2 C) 5mM DTT+2.5mM RGD+ Ong/ml FGF2 and
D) 5mM DTT+ 2.5mM RGD+ 100ng/ml FGF2. Representative live/dead images of hMSC
cell areas in array spots containing OmM DTT+ OmM RGD+ Ong/ml FGF2 E) 1 day and F)

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

King et al.

Page 22
7 days post encapsulation. Also included are representative live/dead images of hMSC cell

areas in array spots containing 5mM DTT+ 2.5mM RGD+ 100ng/ml FGF2 G) 1 day and H)
7 days post encapsulation.
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B) Aspect Ratio
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The relative frequency of hMSCs within specified ranges of cellular aspect ratio. Data were
collected after A) 1 day and B) 7 days in 3-D cell culture environments that promoted hMSC

spreading.
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