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Abstract
Realization of the full potential of human pluripotent stem cells (hPSCs) in regenerative medicine
requires the development of well-defined culture conditions for their long-term growth and directed
differentiation. Current practices for maintaining hPSCs generally utilize empirically determined
combinations of feeder cells and other animal-based products, which are expensive, difficult to
isolate, subject to batch-to-batch variations, and unsuitable for cell-based therapies. Using a high-
throughput screening approach, we identified several polymers that can support self-renewal of
hPSCs. While most of these polymers provide support for only a short period of time, we identified
a synthetic polymer poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA) that supported
attachment, proliferation and self-renewal of HUES1, HUES9, and iPSCs over five passages. The
hPSCs cultured on PMVE-alt-MA maintained their characteristic morphology, expressed high levels
of markers of pluripotency, and retained a normal karyotype. Such cost-effective, polymer-based
matrices that support long-term self-renewal and proliferation of hPSCs will not only help to
accelerate the translational perspectives of hPSCs, but also provide a platform to elucidate the
underlying molecular mechanisms that regulate stem cell proliferation and differentiation.
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INTRODUCTION
In order to use human pluripotent stem cells (hPSCs) for the treatment of a variety of
debilitating diseases, it is necessary to harness their ability to differentiate into virtually all
mature cell types. Many challenges need be addressed before such therapies can become a
reality: (a) lack of well-defined xeno-free conditions for derivation and long-term expansion
of hPSCs, (b) insufficient systematic control over conditions that regulate hPSC behavior, and
(c) the inability to produce hPSCs on a large-scale in defined conditions. The derivation and
proliferation of hPSCs depend on their microenvironment, including the chemical and physical
properties of the extracellular matrix (ECM) and the presence of growth factors (GFs). We and
others have identified unique factors and signaling pathways that regulate hPSC self-renewal,
thus leading to the development of fully defined culture systems, free of animal factors for the
long-term self-renewal of hPSCs [1–8]. However, these culture systems rely on recombinant
or purified human proteins that are expensive, difficult to isolate, subject to batch-to-batch
variations, and hence are not suitable for large-scale expansion of hPSCs.

In contrast, synthetic polymers that are inexpensive and easily fabricated represent a reliable
alternative for in vitro hPSC expansion. Polymeric biomaterials have been utilized as substrates
for the growth of a variety of cell types [9]. Specifically, they have been used for the expansion
of many human adult stem cell and progenitor populations such as hematopoietic [10–13],
mesenchymal [14–18], and neural stem cells [19]. Although polymeric biomaterials have been
used extensively to support ex vivo expansion and differentiation of adult stem cells, their
application as artificial matrices to support self-renewal of hPSCs is only beginning to be
explored [20]. The identification of optimal polymer biomaterials for this application is a
daunting task with the conventional iterative approaches because of the large number of
biomaterials with varying properties to be explored and the lack of identification of a unique
set of physicochemical properties that control cell-material interactions.

Recent developments in high-throughput screening of combinatorial libraries of materials and
soluble factors offer a cost-effective tool to identify conditions and materials that support self-
renewal and differentiation of stem cells [21–28]. In this study, we modified our array-based
high-throughput approach[29,30] for systematic investigation of the effects of polymeric
biomaterials on hPSC self-renewal. Using this new technology, polymers with varying
chemical compositions, functional groups and molecular weights were screened for their ability
to promote hPSC proliferation while supporting pluripotency. These screening experiments
led to the identification of a number of candidate polymers that supported short-term hPSC
attachment, growth, and maintenance of pluripotency. Furthermore, one of these polymers,
poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA), supports long-term
maintenance of two human embryonic stem cell (hESC) lines, HUES1 and HUES9, and one
induced pluripotent stem cell line (iPSC) over 5 passages. This is the first example of long-
term maintenance of hPSCs on completely synthetic materials free from exogenous adhesion
molecules such as extracellular matrix proteins (ECMPs).
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MATERIALS AND METHODS
Polymer Array Fabrication

Glass slides were coated with acrylamide gels as previously described [29]. Briefly, glass slides
were cleaned, silanized, and then functionalized with a polyacrylamide gel layer. Polymers
were dissolved in the appropriate solvents (PBS, DMSO, DMF, or toluene) at five different
concentrations (40, 20, 10, 5, and 1 mg/ml) and placed in polypropylene 384-well plates.
Polymers 1–10 were synthesized by free radical polymerization, polymers 11–80 were
purchased from Sigma, and polymers 81–91 were purchased from PolySciences. A contact
arrayer (SpotArray 24; Perkin Elmer) was used to print the polymers. The printing conditions
were a 1000-ms inking time and a 250-ms stamping time. To control for variability, each
polymer was printed in replicates of 5 spots. Each spot had a diameter of 150–200 μm, and
neighboring microenvironments were separated by a center-to-center distance of 450 μm. A
single slide carried 6,400 spots arranged in sixteen 20×20 matrices so that one slide carried
1280 unique biomaterial conditions. Slides were inspected manually under a light microscope
for consistent and uniform polymer deposition. Prior to their use, slides were soaked in PBS
while being exposed to UVC germicidal radiation in a sterile flow hood for 10 min.

Cell Culture
The following media were used: H1299 (1X high glucose DMEM, 10% fetal bovine serum,
1% (v/v) L-glutamine, 1% (v/v) penicillin/streptomycin); iPSCs (1X DMEM-F12, 20% (v/v)
Knockout Serum Replacement, 1% (v/v) non-essential amino acids, 0.5% (v/v) glutamine, 120
μM 2-mercaptoethanol [Sigma]); HUES9 and HUES1 hESCs (1X Knockout DMEM, 10% (v/
v) Knockout Serum Replacement, 10% (v/v) human plasmanate (Talecris Biotherapeutics),
1% (v/v) non-essential amino acids, 1% (v/v) penicillin/streptomycin, 1% (v/v) Gluta-MAX,
55 μM 2-mercaptoethanol [Sigma]). All media components are from Life Technologies unless
indicated otherwise. HPSC lines were maintained on feeder layers of mitotically inactivated
mouse embryonic fibroblasts (2×104/cm2; Chemicon). All hPSC cultures were supplemented
with 30 ng/ml bFGF (Life Technologies). MEF-CM was produced by culturing the appropriate
hPSC medium on MEFs for 24 hr. StemPro consisted of the StemPro supplement (Invitrogen)
diluted in DMEM-F12 with 2% (v/v) BSA (Millipore) and 55 μM 2-mercaptoethanol. HPSCs
were routinely passaged as single cells by exposure to Accutase (Millipore) for 5 min, followed
by one rinse with media and centrifugation at 200 × g. Cells were then resuspended and plated.

H1299 were passaged (5.0 × 105 cells per slide) directly onto the array slides and allowed to
settle on the spots for 18 hr prior to rinsing with H1299 medium 3 times to remove residual
cells and debris. Prior to seeding onto the arrays, hPSCs were cultured for two passages on
Matrigel (BD Biosciences) with MEF-CM supplemented with 30 ng/ml bFGF to remove
residual feeder cells. hPSCs were then Accutase-passaged onto the array slides (1.5 × 106 cells
per slide) and allowed to settle on the spots for 18 hr prior to rinsing once with medium to
remove unattached cells and debris. Culture medium was replenished daily. Due to the non-
fouling nature of the polymerized acrylamide, cells were confined to the printed
microenvironment spots.

Array Slide Staining, Imaging and Quantification
Because fixing and staining protocols may cause cell detachment and alter the cell counts on
each spot, arrays were stained live for DNA with Hoechst 33342 (2 μg/ml; Invitrogen) for 5
min. The arrays were washed 3 times with the medium and then imaged. After live imaging,
the arrays were fixed in 4% PFA for 5 min at 4°C, followed by 10 min at room temperature.
Live imaging of slides was performed using an automated confocal microscope (Olympus
Fluoview 1000 with motorized stage and incubation chamber). Slides were imaged as 3 × 3
arrays at 10× magnification using a focus height that gave the maximum signal in the Z-
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direction for each channel at the center of the array. Images were then quantified using GenePix
software (MDS Analytical Technologies).

OCT4-GFP Reporter Line
The lenti construct that was used to generate the OCT4-GFP reporter line was kindly provided
by Dr. Alexey Terskikh. High titer lenti was produced as previously described [53,54]. HUES9
cells were infected overnight with lenti Oct4-GFP and single clones were isolated and screened
for (i) stable GFP expression levels, (ii) low GFP expression levels after EB formation, and
(iii) rapid decrease in GFP expression upon removal of MEF-CM.

Polymer-Coated Slide Preparation and Characterization
For studies in which hPSCs were cultured on polymers over multiple passages, acrylamide-
coated glass slides were fabricated with polymers having larger defined areas using the contact
arrayer. Slides were then dried on a hot plate (60°C) for solvent evaporation. The presence of
coated PMVE-alt-MA was verified by FTIR-ATR (Supplementary Figure 4). FTIR spectra
were acquired on a Nicolet 6700 with Smart-iTR using a N2 purged sample chamber. The
acquisition parameters were: 128 scan and 4cm−1 (spectra resolution).

Characterization of Long-term Culture of HPSCs on PMVE-alt-MA
hPSCs were cultured on Matrigel with MEF-CM prior to culture on PMVE-alt-MA. hPSCs
were passaged every 4–6 days depending on colony size and density onto fresh PMVE-alt-MA
coated slides. Characterization of hPSCs grown on PMVE-alt-MA was performed after five
sequential passages. PMVE-alt-MA acrylamide gel-coated slides were fixed in 4% PFA for 5
min at 4°C, followed by 10 min at room temperature. Immediately before staining, the cells
were permeabilized with 0.2% (v/v) Triton-X-100 and blocked with 1% (w/v) BSA and 3%
(w/v) nonfat dry milk for 30 min. The slides were stained with the primary antibodies rabbit
anti-Oct3/4a or rabbit anti-Nanog (Santa Cruz) diluted 1:200 in 1% BSA overnight at 4°C,
washed 3 times with TBS, and incubated with goat anti-rabbit Alexa 647 at 1:400 for 1 hr at
37°C. Nucleic acids were stained for DNA with Hoechst 33342 (2 μg/ml; Invitrogen) for 5 min
at room temperature. The slides were then washed 3 times with TBS and air dried immediately
before imaging. For the in vitro differentiation studies, hPSCs cultured on PMVE-alt-MA were
transferred to Matrigel-coated plates. For ectoderm differentiation, hPSCs were treated with 5
μM of ROCK inhibitor (Y27632, Sigma) 24 hr before embryoid body (EB) formation. Cells
were trypsinized, transferred into untreated V-shaped 96-well plate (5 × 103 cell/well) and
centrifuged at 950 × g to form compact colonies of cells. After 24 hr, the cell clumps were
transferred using a P1000 pipette to ultra-low binding 6-well plate. After 7 days, the EBs were
replated onto Matrigel-coated plates for an additional 14 days. During the entire duration, EBs
were cultured in 1X DMEM, 20% (v/v) FBS and 1% (v/v) penicillin/streptomycin. Cells were
fixed, permeabilized, and stained with mouse anti-beta III tubulin (R&D Systems) at 1:100
and donkey anti-mouse Alexa 546 (Invitrogen) at 1:250. For mesoderm differentiation, hPSCs
were cultured on Matrigel in 1X DMEM, 20% (v/v) FBS and 1% (v/v) penicillin/streptomycin
for 21 days. Cells were fixed, permeabilized, and stained with mouse anti-smooth muscle actin
(R&D Systems) at 1:500 and donkey anti-mouse Alexa 546 (Invitrogen) at 1:250. For
endoderm differentiation, hPSCs were cultured on Matrigel until confluency. The medium was
then changed to RPMI supplemented with 1% (v/v) Gluta-MAX and 100 ng/ml recombinant
human Activin A (R&D Systems). Cells were cultured for 3 days, with FBS concentrations at
0% for the first day and 0.2% for the second and third days. Cultures were supplemented with
30 ng/ml purified mouse Wnt3a for the first day. Cells were fixed, permeabilized, and stained
with goat anti-Sox17 (R&D Systems) at 1:200 and donkey anti-goat Alexa 546 (Invitrogen)
at 1:250.
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RNA Isolation and Quantitative PCR
RNA was isolated from cells using TRIzol (Invitrogen), and treated with DNase I (Invitrogen)
to remove traces of DNA. Reverse transcription was performed by means of qScript cDNA
Supermix (Quanta Biosciences). Quantitative PCR was carried out using TaqMan probes
(Applied Biosystems) and TaqMan Fast Universal PCR Master Mix (Applied Biosystems) on
a 7900HT Real Time PCR machine (Applied Biosystems). Taqman gene expression assay
primers (Applied Biosystems; Supplementary Table 3) were used. Gene expression was
normalized to 18S rRNA levels. Delta Ct values were calculated as Ct

target − Ct
18s. All

experiments were performed with three technical replicates. Data are presented as the average
of the biological replicates ± standard error of the mean.

Karyotype Analysis
For each cell line, cytogenetic analysis was performed on 20 metaphase cells using standard
protocols for G-banding (Cell Line Genetics).

Data Analysis
All values were presented as mean ± standard error of the mean unless otherwise noted.

RESULTS
Polymer Microarrays to Study Cell Fate

We used a contact DNA microarray spotting instrument to deposit nanoliter amounts of
polymer solutions onto glass microscope slides coated with a layer of acrylamide gel (~10
μm thick) (Materials and Methods; Figure 1a). Printing parameters such as inking and printing
times were optimized in order to create a uniform distribution of the polymer spots within the
array. Polymers were dissolved in the appropriate solvent (PBS, DMSO, DMF, or toluene) and
deposited onto the acrylamide gel-coated slides. The spotted polymer chains are mechanically
interlocked with the underlying acrylamide gels and anchored in place after solvent evaporation
(Figures 1b and 1c). In the spaces devoid of polymer, the acrylamide gel layer inhibited cell
growth. A single slide carried 6,400 spots arranged in sixteen 20×20 matrices. Each polymer
spot was 150–200 μm in diameter and each polymer solution was spotted in replicates of five
so that one slide could carry up to 1280 unique polymeric conditions. Polymer spots showed
consistent size between replicate spots and non-replicate spots (Figure 1b).

To determine the efficacy of the polymer array to support cell adhesion and growth, we first
tested the polymer array with an immortalized cell line (H1299, non-small-cell lung carcinoma
cells), which has been shown to be capable of robust growth on tissue culture treated
polystyrene. These cells were seeded onto polymer arrays, cultured for 48 hr after and analyzed
for adhesion and growth. Most of the polymers tested were found to support attachment and
spreading of H1299.

Polymer Microarray Screens with HESCs
Next, we utilized this array technology to screen for polymers that support hPSC adhesion,
growth, and pluripotency (Figure 2). Prior to seeding onto the array, hPSCs were cultured in
feeder-free conditions [31] and assessed for their characteristic morphology (Figure 1d),
maintenance of markers of pluripotency (Figures 1e and f), and normal karyotype (data not
shown). Polymeric biomaterials typically mediate cell adhesion through indirect, integrin-
dependent interactions between the cells and extracellular matrix proteins that have been
adsorbed from the surrounding media [32]. Recent studies have shown that conditioned media
from mouse and human feeder cultures contain several soluble ECMPs, including collagen I,
collagen IV, fibronectin, laminin, and heparin sulfate [33]. In order to eliminate undefined
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adsorption of these soluble ECMPs, we performed all of our experiments in the presence of a
defined medium, StemPro™ (Life Technologies), which contains bFGF, IGF1, Heregulin and
ActivinA, and no soluble ECMPs. Thus, any observed interactions between polymers and
hPSCs would be independent of exogenous soluble ECMPs.

To seed the arrays, hPSCs were trypsinized into single cells, and cell suspensions were allowed
to settle onto the polymer spots for 18 hr. Thereafter, the medium was replaced to remove non-
adhering cells and debris. Seeding the array slides with 1 × 106 cells allowed for the attachment
of 10–20 cells per spot and provided sufficient area for subsequent growth. After 5 days, hPSC
proliferation and pluripotency were quantified by automated microscopy (Figures 1g and 1h).

In order to have a real-time measure of pluripotency, we generated a hESC line (HUES9) with
a GFP gene under transcriptional control of an OCT4 promoter (OCT4-GFP; see Materials and
Methods). To validate our assay for detecting small changes in GFP expression, we seeded
arrays with defined mixtures of constitutively expressing GFP (CMV-GFP) hESCs and non-
fluorescent (NON-GFP) hESCs. After 5 days of culture, the hESC-seeded arrays were imaged.
The average GFP signal from an array increased in a linear manner as the proportion of GFP
cells in the mixture increased (Supplementary Figure 1). Specifically, we were able to detect
~10% changes in the CMV-GFP: Non-GFP hESC ratio, indicating sufficient sensitivity for
screening purposes.

Using this array technology, we next screened a library of diverse polymers (Supplementary
Table 1), each at five concentrations (40, 20, 10, 5, and 1 mg/ml). Matrigel was spotted as a
positive control. The screening was performed on three independent polymer array slides to
ensure reproducibility. The OCT4-GFP values and total cell number (estimated by Hoechst
stain) were analyzed and rank-ordered for repeated high hits. Of the 90 polymers tested, 16
polymers demonstrated the ability to support proliferation and maintenance of pluripotency at
similar levels as Matrigel (Figure 3 and Supplementary Table 2).

Polymer Molecular Weight Influences HPSC Proliferation
Since polymer molecular weight has been shown to influence cell behavior [34], we next
evaluated the effect of molecular weight of two of our hits, poly(methyl vinyl ether-alt-maleic
anhydride) (PMVE-alt-MA) and poly(acrylic acid) (PAA), on self renewal of hPSCs. HUES9
cells were cultured on arrays of PMVE-alt-MA and PAA with varying molecular weights and
concentrations for 5 days. In general, the PMVE-alt-MA and PAA polymers supported hESC
proliferation in a concentration-dependent manner with the highest amount of proliferation
typically occurring at the highest concentration of the polymer tested (Figures 4a and 4b).
Conversely, hESC proliferation exhibited a non-monotonic dependence on the molecular
weight of the polymer. PMVE-alt-MA supported the highest amount of hESC proliferation at
a molecular weight of 1.25 × 106 Da (Figure 4c), while PAA supported the highest amount of
hESC proliferation at a molecular weight of 4.5 × 105 Da (Figure 4d). Increasing or decreasing
the molecular weight of these specific polymers reduced the amount of hESC growth. On the
other hand, the molecular weight of the polymers did not elicit a significant effect on
proliferation of H1229 cells (Supplementary Figures 2a and 2b). Taken together these results
indicate that the polymer molecular weight influences hESC growth and that this effect is
unique to hESCs.

Long-term Culture of HESCS on Defined Polymers
We next tested whether the 16 polymers that were identified to support short-term hPSC self-
renewal could support hESC adhesion, growth, and maintenance of pluripotency over multiple
passages. Acrylamide gel-coated slides were designed with defined areas fabricated with the
hit polymers (see Materials and Methods). HUES9 cells were trypsinized from feeder-free
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cultures on Matrigel and passaged onto the polymer coated slides. Detachment or spontaneous
differentiation, as indicated by changes in morphology and reduced OCT4 and NANOG
immunofluorescence, respectively, was observed within the first two passages on all the hit
polymers with the exception of poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA;
Figures 5a and 5b).

Next, we tested the acrylamide-covered slides coated with PMVE-alt-MA at the optimum
molecular weight (MW= 1.25 × 106 Da) for its ability to support consistent expansion of two
hESC lines (HUES1 and HUES9) and one iPSC line over 5 passages. Under these conditions,
hESCs (Figures 5a and 5b) and iPSCs (Supplementary Figure 3) exhibited their characteristic
morphology and grew as tightly clustered colonies. Maintenance of pluripotency was assessed
by immunostaining (Figures 5c and 5d; Supplementary Figure 3) and quantitative RT-PCR
(Figures 5e and 5f) for stem cell markers such as OCT4, NANOG, and SOX2. HESCs grown
on PMVE-alt-MA maintained expression of these pluripotency markers at levels similar to that
of hESCs grown on Matrigel (Figure 5e and 5f). Cells grown on PMVE-alt-MA maintained a
normal karotype (Figures 5g and 5h). Finally, hESCs grown on PMVE-alt-MA were
differentiated into all three germ layers (ectoderm, mesoderm, and endoderm) (Figures 5i and
5j), thus confirming their pluripotency. Together, these results demonstrated the ability of
PMVE-alt-MA to support long-term culture of hPSCs in defined media conditions.

Culture of hESCS on PMVE-alt-MA Results in Increased Expression of Endogenous ECMPs
and Integrins

To determine whether culture of hPSCs on PMVE-alt-MA modulated endogenous ECMP and
integrin levels, we analyzed the expression levels of genes encoding ECMPs, including
collagen I (COL I), collagen III (COL III), collagen IV (COL IV), collagen V (COL V),
fibronectin (FN), laminin (LN), and vitronectin (VTN), and cell adhesion molecules, including
integrin α5 (ITGA5) and integrin αv (ITGAV), by quantitative RT-PCR. ECMPs have been
previously shown to be secreted by both hPSCs and supportive feeder cells and to play a critical
role in attachment and maintenance of pluripotency of hPSCs [35]. Similarly, it has been
demonstrated that ITGA5 and ITGAV are the primary integrins that mediate hPSC attachment
and interaction with these ECMPs and with Matrigel [35]. Expression levels of endogenous
ECMPs and integrins in hESCs grown for 48 hr of culture on PMVE-alt-MA are significantly
higher in comparison to hESCs grown on Matrigel for the same duration of time (Figure 6).
These data indicate that hPSCs cultured free of exogenous ECMPs on PMVE-alt-MA increased
the production and secretion of ECMPs to assemble a microenvironment that supports their
attachment, proliferation, and pluripotency.

DISCUSSION
Realization of the multitude of potential hPSC applications is dependent upon our ability to
design novel culture conditions which are chemically defined, robust, cost-effective, and
devoid of animal-derived components. Much of the research carried out on hPSCs thus far has
focused on soluble signals and their effects on hPSC self renewal [3,5,36], thus providing a
well-defined alternative combination of soluble factors to replace conditioned medium for
hPSC expansion [1–8]. Since signaling molecule responses are affected by interactions
between the cell and its surrounding matrix, we [29] and others [37–40] have investigated the
effect of the extracellular matrix components on influencing hPSC fate. Subsequently, various
ECMP combinations have been developed for the expansion of hPSCs [33,41–43]. However,
these approaches utilize purified or recombinant proteins, which are expensive, thus making
the use of these systems for large-scale expansion of hPSCs cost-prohibitive. Compared to
ECMPs and synthetic peptides, polymer biomaterials are inexpensive and provide a robust
platform to produce large numbers of hPSCs.
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In this study, we employed an unbiased high-throughput screening approach to systematically
screen in a concentration-varying manner, a library of synthetic polymers to develop a
chemically defined, cost-effective, robust culture system for in vitro expansion of hPSCs. From
our initial screens, we identified several polymers that were able to support short-term hPSC
proliferation and maintenance of pluripotency. Although most of these polymers could not
support long-term self-renewal of hPSCs, we identified one polymer, PMVE-alt-MA, that was
able to sustain the long-term culture of two hESC lines (HUES1 and HUES9) and one hiPSC
line, while maintaining their morphology, expression of stem cell markers, genetic integrity,
and in vitro pluripotency. Furthermore, we verified that this polymer substrate was compatible
with the defined medium StemPro™ (Life Technologies). Our results also show a molecular
weight-dependent effect of the polymer on hPSC growth supporting the notion that the
physicochemical properties of polymers play an important role in modulating cell-matrix
interactions. There could also be topographical changes associated with the molecular weight-
dependent entanglement of polymer chains and/or changes in interaction between the polymer-
coated matrix and its surrounding medium.

The specific mechanism by which PMVE-alt-MA supports self-renewal of hPSCs is not
entirely clear. Cell surface integrins of the hPSCs play an important role in their interactions
with the surrounding matrix and thus playing a role in their self-renewal [35,44]. The hPSCs
cultured on PMVE-alt-MA exhibited higher expression levels of integrin α5 and αv. These
integrins have been shown to mediate adhesion of hPSCs to various ECMPs and Matrigel
[35,44]. It has also been shown that synthetic peptides designed to engage these integrins and
cell surface heparan sulfates support self-renewal of hESCs in vitro [45].

We also found that hPSCs cultured free of exogenous ECMPs on PMVE-alt-MA show
increased expression of several endogenous ECMPs. This suggests that although PMVE-alt-
MA fosters initial hPSC adhesion independent of non-specific adsorption of proteins from the
surrounding medium, there are additional contributions of proteins secreted by the growing
hPSCs. Even though a defined medium free of exogenous ECMPs was used in these
experiments, growth factors in the medium, such as bFGF can bind to the polymer. In an
aqueous environment, PMVE-alt-MA undergoes hydrolysis and forms poly[(methyl vinyl
ether)-alt-(maleic acid)] [46]. Such anionic polymers bearing carboxyl and sulfonyl groups
have been shown to mimic functional features of heparin [47–49]. Heparin-mimicking
polymers have been shown to bind to various growth factors, such as bFGF, mainly through
favorable energetic interactions [49,50]. In fact, maleic acid-based heparin-mimetic polymers
have been used in vivo for regulating various heparin binding growth factors [51]. Furthermore,
heparin is an important component of the microenvironment, which has recently been
recognized for its role in regulating self-renewal of hESCs [52]. Taken together, these findings
suggest a possible mechanism by which PMVE-alt-MA promotes proliferation of hPSCs while
maintaining their undifferentiated state in a manner similar to heparin in MEF-coculture or
MEF-conditioned medium.

A recent report by Villa-Diaz et al. demonstrated the use of synthetic polymer coatings for the
growth of hESCs [20]. The authors observed five polymer coatings that were able to support
short term self-renewal of hESCs while only one polymer, poly[2-(methacryloyloxy)ethyl
dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH), was able to sustain long-term
growth of hESCs without inducing differentiation. Although we did not test PMEDSAH in our
screen, we did test several chemically similar polymers containing sulfonyl groups, and found
that two of these polymers, poly(acrylamido-methyl-propane sulfonate) (PAMPS) and poly
(sodium 4-styrenesulfonate) (PSSS), were able to support short-term self-renewal of hPSCs.
However, unlike PMVE-alt-MA, PSSS and PAMPS were unable to support long-term culture
of hPSCs. Nonetheless, like PMVE-alt-MA, PAMPS, PSSS, and PMEDSAH are anionic
polymers which may assist in hPSC self renewal by mimicking heparin activities, such as bFGF
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binding. Our study distinguishes itself from that by Villa-Diaz et al. in several ways: 1) PMVE-
alt-MA was identified from an unbiased screening approach in which we analyzed a large
number of polymers at varying concentrations. 2) PMVE-alt-MA is available off the shelf with
controlled molecular weights. As seen from our findings, polymer molecular weight plays a
significant role in hPSC attachment and growth. 3) PMVE-alt-MA supports the long-term
maintenance of hiPSCs in addition to hESCs.

CONCLUSION
In summary, we demonstrated that polymeric biomaterials can be used as an artificial matrix
to support ex vivo expansion of hPSCs while maintaining their undifferentiated state.
Specifically, we found that one inexpensive polymer, PMVE-alt-MA, can support long-term
self-renewal and proliferation of hPSCs. PMVE-alt-MA is available off the shelf, thus avoiding
complications associated with synthesis and purifications. PMVE-alt-MA supports the long-
term culture of both hESCs and hiPSCs despite the reported differences between the two cell
types, suggesting that this polymer could be widely used for expansion of hPSCs. Furthermore,
the described array-based high-throughput screening technology can be used for investigating
and characterizing large numbers of polymer biomaterials and culture conditions for
proliferation and/or directed differentiation. The use of polymeric biomaterials along with
defined medium conditions to support in vitro expansion of hPSCs not only reduces the risk
of contamination with animal derived pathogens and transmission of cell secreted components
from the feeder cells but also offers a cost-effective, scalable, robust platform to generate large
number of hPSCs. The completely synthetic nature of polymers avoids batch-to-batch
variations, and the physical and chemical properties of polymers can be precisely controlled
and tuned.
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Figure 1.
Schematic representation of polymer array assay. (a) Polymers were printed using a contact
microarray spotter onto glass slides that have been coated with polyacrylamide gels. Cells were
globally seeded onto polymer arrays consisting of spotted polymers arranged in 16 subarrays
consisting of a 20 × 20 matrix of spots. (b) Each polymer was printed in five replicates (scale
bar = 450 μm). (c) Each polymer spot had a diameter of 150 μm (scale bar = 75 μm). Prior to
seeding onto the array, hPSCs were cultured in feeder-free conditions and assessed for their
(d) characteristic morphology and (e, f) maintenance of markers of pluripotency. hESCs were
grown on the polymer arrays for 5 days and imaged in real time by automated microscopy.
hESCs were assessed for their (g) characteristic morphology and proliferation (Hoechst) and
(h) maintenance of pluripotency (OCT4).
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Figure 2.
Screening paradigm for identification of polymers that support hPSC attachment, growth, and
maintenance of pluripotency.
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Figure 3.
Hit polymers and their chemical structures.
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Figure 4.
Polymer molecular weight influences hESC proliferation. Hues9 cells were cultured on arrays
of (a) PMVE-alt-MA and (b) PAA with varying molecular weights and concentrations for 5
days. Quantitative analysis (relative Hoechst staining) reveals that hESC proliferation on (c)
PMVE-alt-MA and (d) PAA is influenced by the polymer’s molecular weight. Data are
representative of 3 independent array experiments. All values are presented as mean ± standard
error of the mean of 5 replicate spots.
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Figure 5.
PMVE-alt-MA supports long-term culture of hESCs in defined medium. (a) Hues1 and (b)
Hues9 were cultured on PMVE-alt-MA for 5 passages in StemPro™. Immunofluorescence of
(c) Hues1 and (d) Hues9 cultured on PMVE-alt-MA showing expression of markers of
pluripotency, NANOG and OCT4. Quantitative RT-PCR of (e) Hues1 and (f) Hues9 cultured
on PMVE-alt-MA demonstrates similar expression levels of markers of pluripotency compared
to hESCs cultured on Matrigel. Delta Ct values were calculated as Ct

target − Ct
18s. Data

presented as mean ± standard error of the mean of three independent experiments. Karyotype
analysis reveals a normal euploid karyotype of (g) Hues1 and (h) Hues9 cultured on PMVE-
alt-MA. Immunofluorescence of in vitro differentiation of (i) Hues1 and (j) Hues9 cultured on
PMVE-alt-MA shows expression of ectoderm (beta III tubulin; B3T), mesoderm (smooth
muscle actin; SMA), and endoderm (Sox17) cell derivatives.
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Figure 6.
Culture of hESCs on PMVE-alt-MA leads to increased expression of endogenous ECMPs and
integrins. Hues9 cells were cultured on Matrigel and PMVE-alt-MA for 24, 48, and 72 hr.
Quantitative RT-PCR of expression levels of ECMPs (collagen I:COL I, collagen III: COL III,
collagen IV: COL IV, collagen V:COL V, fibronectin: FN, laminin: LN, and vitronectin: VTN)
and integrins (integrin alpha 5: ITGA5, integrin alpha V: ITGAV) was performed. Data are
displayed in a heat map where each block represents (Delta Ct

PMVE-alt-MA − Delta Ct
Matrigel)

at the same time point.

Brafman et al. Page 18

Biomaterials. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


