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Combinatorial development of biomaterials for
clonal growth of human pluripotent stem cells
Ying Mei1†, Krishanu Saha2†, Said R. Bogatyrev1, Jing Yang3, Andrew L. Hook3, Z. Ilke Kalcioglu4,
Seung-Woo Cho5, MaisamMitalipova2, Neena Pyzocha2, Fredrick Rojas1, Krystyn J. Van Vliet4,
Martyn C. Davies3, Morgan R. Alexander3, Robert Langer1,6,7*, Rudolf Jaenisch2,8*
and Daniel G. Anderson1,6,7*

Both human embryonic stem cells and induced pluripotent stem cells can self-renew indefinitely in culture; however, present

methods to clonally grow them are inefficient and poorly defined for genetic manipulation and therapeutic purposes.

Here we develop the first chemically defined, xeno-free, feeder-free synthetic substrates to support robust self-renewal

of fully dissociated human embryonic stem and induced pluripotent stem cells. Material properties including wettability,

surface topography, surface chemistry and indentation elastic modulus of all polymeric substrates were quantified using

high-throughputmethods to develop structure–function relationships betweenmaterial properties and biological performance.

These analyses show that optimal human embryonic stem cell substrates are generated from monomers with high acrylate

content, have a moderate wettability and employ integrin αvβ3 and αvβ5 engagement with adsorbed vitronectin to promote

colony formation. The structure–function methodology employed herein provides a general framework for the combinatorial

development of synthetic substrates for stem cell culture.

H
uman pluripotent stem cells (both human embryonic stem
(hES) and induced pluripotent stem (hiPS) cells) hold
great promise for regenerative medicine1–4 and human-

disease modelling5. However, existing methods to grow human
pluripotent stem cells are not well suited for genetic manipulation
experiments and introduce animal components, increasing the risks
of immune rejection. Present methods to grow hES and hiPS
cells include growing them on a ‘feeder’ cell layer of mitotically
inactivatedmouse embryonic fibroblasts1–3,6 (mEFs), and on ‘feeder
free’ culture systems, composed of a variety of extracellular-
matrix/serum proteins coated onto tissue-culture dishes7–15 or
synthetic materials16–19 such as hyaluronic acid hydrogels. These
have been reported to promote hES cell self-renewal when seeded at
a suitably high cell density9,16,17 (for example,∼106 cellsml−1 for the
hydrogel) and have not been demonstrated to efficiently promote
clonal growth of single hES cells (efficiencies typically <10%).
However, gene targeting in pluripotent stem cells necessitates
clonal outgrowth of single cells to detect rare targeting events
(1 in 105–106 cells) and requires selective growth of a correctly
gene-targeted cell within a population of >105 cells20–22. Further,
current human culture methods use either animal products
or undefined components, which make it problematic for the
potential transplantation applications4. Here we employed a high-
throughput approach to engineer new culture substrates that could

1Department of Chemical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA, 2The
Whitehead Institute for Biomedical Research, 9 Cambridge Center, Cambridge, Massachusetts 02142, USA, 3Laboratory of Biophysics and Surface
Analysis, School of Pharmacy, The University of Nottingham, Nottingham, NG7 2RD, UK, 4Department of Material Sciences and Engineering,
Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA, 5Department of Biotechnology, Yonsei
University, Seoul 120-749, Korea, 6David H. Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, 45 Carleton Street,
Building E25-342, Cambridge, Massachusetts 02142, USA, 7Harvard-MIT Division of Health Science Technology, Massachusetts Institute of Technology,
45 Carleton Street, Building E25-342, Cambridge, Massachusetts 02142, USA, 8Department of Biology, Massachusetts Institute of Technology, 9
Cambridge Center, Cambridge, Massachusetts 02142, USA. †These authors contributed equally to this work. *e-mail: rlanger@mit.edu;
jaenisch@wi.mit.edu; dgander@mit.edu.

be used to clonally expand human pluripotent stem cells in a
chemically defined, xeno-free, feeder-freemanner.

To facilitate rapid synthesis and analysis of synthetic substrates,
wemanufactured cell-compatible, biomaterialmicroarrays23,24.Mi-
croarrays were prepared from 22 acrylate monomers with di-
versified hydrophobicity–hydrophilicity and crosslinking densities
(Fig. 1a). The arrays were prepared by copolymerization between
each of 16 ‘major’ monomers (numbered 1–16) and each of six
‘minor’ monomers (lettered A–F) at six different ratios (100:0,
90:10, 85:15, 80:20, 75:25, 70:30 (v/v)) (Supplementary Fig. S1).
In this way, arrays with 496 [16+ (16×5×6)] different combina-
tions were created, consisting of the major monomer (70–100%)
and minor monomer (0–30%). These monomer mixtures were
robotically deposited in triplicate on a non-cell adhesive layer
of poly(2-hydroxyethyl methacrylate) covering conventional glass
slides (75mm× 25mm), and then polymerized with a long-wave
ultraviolet source.

We next used fluorescence-activated cell sorting of transgenic
hES cells to ensure that hES cells were both dissociated from one
another and undifferentiated in our assays (Fig. 1b). A transgenic
green-fluorescent protein (GFP) reporter for Oct4 expression, a
marker of pluripotent cells (Supplementary Fig. S2), was knocked
in to the BG01 hES cell line and propagated under standard
hES cell culture conditions using mEFs25. GFP+ sorted hES
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Figure 1 |High-throughput screening of biomaterials for clonal growth. a, Monomers used for array synthesis were classified into two categories: ‘major’
monomers that constitute >50% of the reactant mixture and ‘minor’ monomers that constitute <50% of the mixture. Sixteen major monomers were
named numerically (blue), and six minor monomers were labelled alphabetically (orange). b, Schematic diagram of the screen. First, transgenic Oct4–GFP
hES cells were maintained on mEFs. Then flow cytometry enabled the isolation of high-purity undifferentiated hES cells from the completely dissociated
coculture of hES cells and mEFs. A flow-cytometry histogram during a representative cell sort is shown. GFP+ cells (right of the black gate) were seeded
onto the arrays, whereas the differentiated cells and mEFs (GFP−, left of the black gate) were not used. A photograph of the polymer microarray with 16
polymer spots is shown to illustrate dimensions and separation. Each polymer was also characterized using high-throughput methods to characterize its
surface roughness, indentation elastic modulus, wettability (water contact angle, θC) and surface chemistry. Finally, the cellular response on the polymer
array was quantified by using laser-scanning cytometry, and structure–function relationships were determined by numerical analysis of both the cellular
response and materials characterization data.
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Figure 2 |Diverse hES cell behaviour on primary polymer arrays. a, Single Oct4-GFP+ hES cells were seeded on the polymer arrays. White arrowheads
point to cells attached after one day of culture, indicating a near-clonal seeding density for each spot. Diverse cell behaviour was seen on the array on
subsequent culture in mEF-conditioned media. Representative images of cell nuclei (stained by Hoechst in blue) on three different polymers (shown are
two replicates of each): the 16E-30% polymer did not support either attachment or survival of dissociated hES cells; the 6F-30% polymer supported
moderate growth but also differentiation of hES cells; the 9 homopolymer (a hit polymer) supported robust growth of hES cells. b, Immunostaining of hES
cells propagated on hit polymer spots for cell nuclei (blue) and for pluripotency markers Oct4 (green) and SSEA4 (red). Owing to the raised centre of each
spot above the plane of the microscope slide, spot centres are not completely in focus, leading to lower intensity at the centre of each image. c–e, At the
near-clonal cell densities used for the polymer experiments, hES cells spread out on matrigel-coated tissue culture polystyrene (TCPS) (c), human
vitronectin-coated TCPS (d) and bovine serum-coated TCPS (e) substrates in mEF-conditioned media. f, In contrast, traditional means of culturing hES
cells by using mitotically inactivated mouse embryonic feeder cells grown on gelatin-coated TCPS (‘mEFs’) could support colony formation at these
near-clonal cell densities. In e and f immunostaining was carried out for nuclei (blue) and for pluripotency markers Oct4 (green) and SSEA-4 (red). See
also Fig. 6a for colony-formation efficiencies.

single cells (Fig. 1b, Supplementary Fig. S3) were seeded onto
the polymer arrays and cultured with mEF-conditioned medium,
because soluble growth factors secreted by mEFs help maintain the
undifferentiated hES cell state7,17 (Supplementary Fig. S2c).

Proteins can rapidly adsorb onto the surfaces of materials used
for cell culture26–28. The surface properties of cell-culture substrates
can modulate both the amount and the conformation of adsorbed
proteins, and thereby interact with cell surface receptors (for

example, integrins) to initiate signal transduction and alter cell
behaviour29. To investigate the potential of different adsorbed pro-
teins, fibronectin, laminin, bovine serum albumin, and fetal bovine
serum (FBS) were separately adsorbed onto the microarrays from
solution. In general, FBS was found to most effectively support the
propagation of hES cells across the entire array, whereas fibronectin
and laminin coatings led to more differentiation as indicated by
down-regulation of Oct4–GFP expression (Supplementary Fig. S4).
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Figure 3 |Mapping hES cell behaviour to polymer properties using primary arrays. a, Map of hES cell-colony formation and polymer composition for all of
the 496monomer combinations in the primary array. For the minor and major composition axes, the numbers and letters indicate the major and minor
monomer, respectively, as shown in Fig. 1a. Major monomers are listed in order, from left to right, of increasing colony formation, and minor monomers are
listed in order of increasing colony formation from bottom to top. Therefore, the region of the map corresponding to highest colony formation is the top
right corner, and the region with the lowest is the bottom left corner. Homopolymers are listed on the top row. The frequency of colony formation on the
primary polymer array was grouped into four categories, 0–0.25, 0.25–0.50, 0.50–0.75 and 0.75–1.0 per polymeric spot, as indicated by the intensity of
red. b, Surface roughness of primary array polymers coated with FBS in DMEM. A map indicating the root-mean-square roughness (see coloured legend
below) for all of the 496monomer combinations in the primary array. c, Indentation elastic modulus of primary array polymers hydrated in PBS. A map
indicating the indentation elastic modulus (see the coloured legend below) for all of the 496monomer combinations in the primary array. Grey indicates no
data obtained. d, Wettability of primary array polymers. A map indicating the water contact angle (see coloured legend below) for all of the 496monomer
combinations in the primary array. Note that polymers in the upper right corner of a with higher colony-formation frequencies (dark red) have moderate
water contact angles (black) in the upper right corner of d, whereas this region does not correlate to any specific ranges of roughness or elastic modulus in
the upper right corners of b and c.

Poor cell attachment was observed when arrays were coated with
bovine serum albumin. Therefore, FBS was used initially to coat the
polymer array to screen for the suitable polymers (‘hits’) that can
support hES cell growth from single cells.

The FBS-coated arrays were seeded at low cell density
(40 cellsmm−2), to best model the ability of cells to grow in
isolation. Two to ten non-contacting cells were observed on most
polymer spots after 24 h cell culture (see, for example, Fig. 2a and
Supplementary Fig. S5). At various time points during culture,

adherent cells were fixed and stained for cell nuclei and two
pluripotent stem cell markers, SSEA-4 and Oct4 (Fig. 2b). The
cellular responses were quantified with laser scanning cytometry30.
For each polymer, we defined the colony-formation frequency
as the number of polymer spots on which Oct4+ and SSEA-4+

hES cell colonies formed divided by the total number of replicate
spots of the same kind of polymer on each array (n = 3–18; see
Methods). After 7 days of culture, a range of cellular responses
was found on the polymer array (Fig. 2a): some polymers did not
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Figure 4 | Correlating hES cell behaviour to polymer properties using primary arrays. a–d, Using data in Fig. 3, regression was carried out for two
properties listed at the top of each plot: colony formation versus polymer roughness (a), colony formation versus polymer indentation elastic modulus in
the hydrated state (b), colony formation versus polymer wettability (c) and colony formation as a function of both polymer wettability and indentation
elastic modulus in the hydrated state (d). After carrying out linear regression, second-order polynomial regression and power-law regression, only the
regression with the highest R2 is shown in each plot (dashed line). The inset in b is in semi-log format to indicate the behaviour at low modulus values.
Data are sorted into groups of 20–25 spots as a function of increasingWCA, roughness or modulus. For the contour plot, interpolation between data points
(groups of 20–25 spots) was carried out in Matlab (see Methods). In a–c, abscissa error bars represent the standard error of the WCA, roughness or
modulus for a given group of 20–25 spots, and ordinate error bars represent the standard error of the mean of the colony-formation frequency of three
replicates for a given group.

support either survival or growth of dissociated hES cells, some
polymers supported the moderate growth of Oct4− differentiating
cells and potential ‘hit’ polymers supported both robust growth and
hES cell-colony formation (see also Supplementary Fig. S6). These
differences in cell response demonstrate that polymers can strongly
modulate hES cell behaviour between days 1 and 7 during colony
growth from individual cells.

To better understand the relationship between polymer
chemical composition and clonal growth of hES cells, a map
of colony-formation frequency on the FBS-coated arrays against
polymer monomeric composition has been generated. In Fig. 3a,
major monomers are organized in order, from left to right,
of increasing colony formation, and minor monomers are
organized from bottom to top in order of increasing colony

formation. This map indicates that the homopolymer formed
from monomer 5 poorly supported clonal growth of hES cells,
whereas most other homopolymers effectively supported cell
growth. Tertiary amine containing minor monomer E and
oligo(ethylene glycol) containing minor monomer A negatively
influenced colony-formation frequency (bottom half of Fig. 3a),
whereas minor monomers B, D and F could robustly support
colony formation.

We characterized all polymeric substrates in the library using
high-throughput techniques31 to quantify several material proper-
ties: surface roughness (in air, PBS and culture medium after FBS
adsorption), indentation elastic modulus (in air and fully hydrated
in PBS) and surface wettability (Fig. 3b–d; Supplementary Fig. S7).
Surface roughness and elastic properties of bulk material substrata

772 NATUREMATERIALS | VOL 9 | SEPTEMBER 2010 | www.nature.com/naturematerials
© 2010 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/nmat2812
http://www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT2812 ARTICLES
can affect the behaviour of adult somatic and stem cells32–34. Surface
wettability, indicating the hydrophobicity–hydrophilicity of the
polymer surface (quantified as water contact angle,WCA), has been
correlated previously with protein adsorption and cell adhesion35.
To develop quantitative relationships between the colony formation
and material properties, we attempted to correlate these proper-
ties with colony-formation frequency using linear and nonlinear
regression (Fig. 4, where polymer spots of distinct composition are
clustered as a function of the property indicated on each horizontal
axis). These data indicate that polymer surface roughness in air
(root mean square, RMS∼ 0–25 nm; Supplementary Fig. S7a), in
PBS (RMS ∼ 0–50 nm; Supplementary Fig. S7b) and in culture
medium after FBS adsorption (RMS∼ 0–110 nm; Fig. 4a) did not
correlate strongly with colony-formation frequency. The standard
error of measurement of material properties was low for replicate
samples (for example, for WCA, < 0.9–6.9% in Supplementary
Fig. S8), such that error-bar heights in Fig. 4a are indicative of this
weak correlation of roughness with colony formation frequency. In
contrast, a positive power-law correlation was observed between
the indentation elastic modulus, Ei, of hydrated polymers and
colony-formation frequency (Fig. 4b, inset). However, we note
that polymers exhibiting a low indentation elastic modulus (that
is, high elastic compliance) also exhibited a low WCA (Sup-
plementary Fig. S9a). Many of these highly compliant polymers
contain hydrophilic major monomer 10 and hydrophilic minor
monomer A (Supplementary Fig. S10a), which is consistent with
our observation that themost compliant of these hydrated polymers
also exhibited the greatest change in Ei between the dry and fully
hydrated states (Supplementary Fig. S9b). This trend is consistent
with previous studies of cell adhesion and proliferation capacity
on swellable polymers, where decreased elastic stiffness correlated
directly with increased absorption of aqueous solvents36. Thus, the
power-law correlation between Ei and colony-formation frequency
(Fig. 4b) probably reflects the extent of polymer hydrophobicity–
hydrophilicity in the cases where a hydrophilic polymer swells
to create a compliant surface (Ei < 0.2GPa) that poorly sup-
ports colony formation. Figure 4b also demonstrates that, for
the present array of hydrated polymers, colony formation is not
strongly governed by polymer stiffness for Ei exceeding 0.2GPa.
In contrast, a moderate wettability (WCA ∼ 70◦) is associated
with optimal frequency of hES cell-colony formation (Fig. 4c). A
contour projection of colony-formation frequency as a function
of both Ei and WCA (Fig. 4d) shows clearly that the optimum
wettability (65◦ < WCA < 80◦) persists over a broad range of
polymer stiffness, even for Ei > 0.2GPa (see three-dimensional
plot in Supplementary Fig. S10b). Thus, together these data
indicate that colony-formation frequency of hES cells can be
modulated more strongly by the wettability of these polymers
than by variation in the elastic moduli of these polymers over
the range considered.

To further refine our understanding of how this combination of
material properties modulates colony formation, 48 polymers were
selected to generate a ‘secondary’ polymer array with 36 replicates.
This secondary array was designed to encompass a range of WCA
similar to the range in the primary array (Supplementary Fig. S11),
and the presence of 12 times more replicates significantly decreased
experimental error. In good agreement with the primary-array
data, a moderate wettability (WCA ∼ 70◦) again effectively
supported optimal hES cell clonal growth (Supplementary Figs
S11–S13). Surfaces of all polymers in the secondary array were
analysed using time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) in a high-throughput manner to provide molecular
information on the topmost layers (∼10 Å) of each polymer
surface37,38. ToF-SIMS spectra from two homopolymers generated
from similar monomers, 1 and 16 (Fig. 5a), were substantially
different, suggesting that the polymer surface chemistry cannot be

necessarily predicted from the monomer composition alone. Using
a chemometric technique (partial least-squares (PLS) regression on
ToF-SIMS spectra)31,38, we correlated surface chemistry contained
in the spectra to the colony-formation frequency observed on
each polymer in the secondary array (Fig. 5b). Good agreement
between measured colony-formation frequency and that predicted
from the ToF-SIMS spectra was found (R2 = 0.78). Each secondary
ToF-SIMS ion associated with functionalities in the polymer
structures could be listed with its regression coefficient, α, a
quantitative measure of its contribution to colony-formation
frequency (Fig. 5b and Supplementary Fig. S14a). The tertiary-
amine moiety (characteristic ions C3H8N+, C2H6N+, CN−) and
tertiary-butyl moiety (C4H+

9 ) were identified by the PLS analysis to
be correlatedmost strongly with a low colony-formation frequency,
and hydrocarbon ions (C2H+

3 , C3H+
3 ), oxygen-containing ions

(CHO−
2 , C3H3O+, C2H3O+) from esters and ions from cyclic

structures (C6H−, C4H−, C2H−) had the largest effect on promoting
colony formation. The oxygen-containing ions and hydrocarbon
ions can be attributed to the acrylate groups (CH2 = CHCO−

2 ) in
each monomer, which form the backbone chain and the pendant
ester groups after polymerization. Monomers with di- and tri-
acrylates, which contain the most acrylate groups in our library,
indeed showed the highest colony-formation frequencies.

The refined quantitative relationships among surface chemical
structure and hES cell clonal growth generated from the secondary
array provide an integrated view of all the cell responses seen on
the primary array. On the primary array, the pendent functional
groups in mono-acrylates (4, 5, 7 and 10) have sizeable effects on
colony formation (Fig. 3a). For instance, the presence of tertiary
butyl, a large non-polar functional group (α < 0, Fig. 5b), in the
major monomer 5 resulted in low colony formation. For most
di- and tri-acrylate major monomers (1, 2, 8, 9, 11, 12, 13, 14 and
15) in the primary array, high acrylate content supported robust
clonal formation (Fig. 3a), as expected from the large positive α
(Fig. 5b). The exceptions (3, 6 and 16) can be attributed to the
presence of a long chain of propylene glycol or ethylene glycol (for
glycols, α < 0, Fig. 5b). Although the ethylene glycol moiety can
be found in the monomer chemistry of other di-acrylate major
monomers such as 1, 2, 9 and 11, ToF-SIMS analysis indicatedmuch
higher propylene/ethylene glycol content present at the surface
of homopolymers 3, 6 and 16 compared with 1, 2, 9 and 11
(Fig. 5a; Supplementary Fig. S14b). Further, the PLS model based
on the secondary-array data was used to predict hES cell-colony
formation of all 16 homopolymers in the primary array entirely
on the basis of their ToF-SIMS spectra (R2 = 0.7, Fig. 5b). This
demonstrates that the model can be used to quantitatively predict
hES cell clonal growth on a variety of acrylate polymers outside the
training set of the model39.

As polymers with a moderate WCA generated from multiple-
acrylate-group-containing monomers performed best in these
experiments, we chose the homopolymer of monomer 9, a di-
acrylate with phenyl groups, and the 15A–30% copolymer, a tri-
acrylate, to further validate the screening results. We fabricated ‘hit
arrays’ where the entire polymer array is composed of one ‘hit’
polymer (that is, 9 or 15A-30%). The colony-formation efficiency
of mEFs and hit polymer spots was quantified on the basis of the
ratio of hES cell colonies formed on day 7 per attached hES cell
on day 1 (Fig. 6a). About 20–25% of attached hES cells on day 1
created GFP+, SSEA4+ undifferentiated hES cell colonies after 7
days of culture on either the mEFs substrate or on the hit polymers.
In contrast, cells on vitronectin- and matrigel-coated tissue-culture
polystyrene (TCPS) exhibited predominantly differentiated growth,
had lower Oct4 expression (similar to Fig. 2e) and did not form
typical hES cell colonies with distinct borders (Fig. 2c–d). Further,
nearly all (>95%) spots on hit arrays can support the expansion of
Oct4+, SSEA-4+, Nanog+ and Tra-1-60+ cells after 7 day culture
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Figure 5 |Mapping cell behaviour to surface chemistry using secondary arrays. a, ToF-SIMS spectra of homopolymers 1 and 16, indicating that the surface
chemistry cannot necessarily be predicted from the monomer chemistry;m denotes the mass and z denotes the charge. Arrows delineate higher intensities
of hydrocarbon secondary ions (C3H5

+, C3H7
+) and ester ions (C2H3O+) in the homopolymer 1 spectra. In contrast, higher intensities of ethylene glycol

ions (C2H5O+) and propylene glycol ions (C3H7O+) were observed in the homopolymer 16 spectra. See the full analysis of ToF-SIMS spectra in
Supplementary Fig. S14. b, A multivariate PLS regression method was used to quantitatively analyse and predict the cell–material interactions by
correlating ToF-SIMS spectra of polymer spots to their biological performance (colony-formation frequency). The fidelity of PLS models can be quantified
by a linear correlation of predicted versus measured colony-formation frequency. Top: each point in the figure represent one of 48 different polymers in the
secondary array, and the inserted line represents the ideal situation when prediction match experiments completely. All ions and their regression
coefficients, α, are listed in Supplementary Fig. S14a. Middle table: functionalities and their associated characteristic ions supporting or inhibiting hES
colony formation. Ions were identified by correlating ToF-SIMS spectra to hES colony formation using PLS regression. Each ion was designated with a
regression coefficient, α, that characterizes the relative effect on hES cell-colony formation. Bottom: as in top plot, but the PLS model was developed on
ToF-SIMS spectra from the secondary array (with α values listed in the middle table) and was used to predict behaviour in the primary array.
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Figure 6 | Short- and long-term feeder-free culture on hit polymer arrays. a, Efficiencies of various culture systems to support undifferentiated growth of
dissociated hES cells. Two medium conditions were used, labelled at the bottom: mEF-conditioned medium (MEF-CM) or chemically defined medium
(mTeSR1). Several combinations of substrate and protein coating were used in conjunction with these media. Three substrates consisted of tissue culture
polystyrene (TCPS), hit-polymer 9 (9; see Fig. 1a for monomer structure) and hit polymer 15A-30% (15A; see Fig. 1a for monomer structures). Four protein
coatings consisted of matrigel, bovine serum, human serum and human vitronectin. Last, mEFs on gelatin-coated TCPS in regular hES medium were also
used. In each condition, efficiencies were calculated as the number of SSEA-4+ and Oct4+ colonies seen on day 7 normalized to the number of cells
attached on day 1. This metric specifically reflects the ability of substrates to promote undifferentiated clonal cell growth after correcting for any
differences in initial cell attachment. b, Immunostaining of dissociated hES cells propagated on hit FBS-coated 15A-30% polymer for 7 days against Nanog
(green) and Tra-1-60 (red), and on FBS-coated hit 9 polymer for 7 days against Oct4 (green) and SSEA-4 (red). c, Karyotypic analysis of hES cells
propagated on hit 9 polymer array for more than 2months (>10 passages). A normal 46XY karyotype was maintained on the hit array. d, Gene-expression
analyses through RT-PCR of various differentiation markers for the three germ layers generated through embryoid-body (EB) in vitro differentiation. Lane
labels are as follows: ‘M-EB’ for EBs generated from hES cells cultured on mEFs, ‘9-EB’ and ‘15-EB’ for EBs generated from hES cells cultured on 9 and
15A-30% hit polymer arrays respectively and ‘9-ES’ and ‘15-ES’ for hES cells cultured on 9 and 15A-30% hit polymer arrays respectively. e, Teratoma
formation in immunodeficient mice by cells cultured on 15A-30% hit arrays. H and E staining was carried out on the teratoma. The resulting teratoma
contained tissues representing all three germ layers: ectoderm, epidermal and neural tissue (rosette); mesoderm, bone and cartilage; and endoderm,
respiratory epithelium and intestinal-like epithelium. f, Fraction of adhered cells after 24 h of culture in mTeSR1 media on hit polymer arrays coated with
either human serum (HuSerum) or human vitronectin (HuVitronectin) and with the specified integrin-blocking antibody. Cell numbers shown here are
averages of 24 replicates of the following hit polymers: 15, 15B-10%, 15B-20%, 15B-25%, 15D-10 and 15D-20%. β1 blocking had minimal effect either alone
or in combination with αvβ5 and αvβ3 blocking, whereas both αvβ5 and αvβ3 blocking reduced adhesion.

from completely dissociated hES single cells (Fig. 6b), and similar
behaviour was seen with other pluripotent cell lines: an hiPS cell
line (Supplementary Fig. S15a,b) and a non-transgenic hES cell line
(Supplementary Fig. S15c,d).

The hit arrays were further evaluated for their capacity to
maintain pluripotency of hES cells after more than 2months
of culture (>10 passages). Cells after prolonged culture were
found to maintain an undifferentiated state with robust expression
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of hES cell markers, Oct4, Nanog, Tra-1-60 and SSEA-4 (as
in Fig. 6b). Clonal efficiency of cells after long-term culture
remained ∼20%. In addition, cells could be passaged immediately
tomEFs (Supplementary Fig. 16a), and such immediate attachment
and growth suggests that the hit polymers do not select for a
rare subpopulation in parental culture. Additionally, a normal
karyotype showed the capacity of both ‘hit’ polymers (9 and
15A-30%) to support genomic stability of hES cells after a long-
term culture (Fig. 6c). Gene-expression results (Fig. 6d) confirmed
robust differentiation of these hES cells into all three germ lineages
after 13 days of EB cultivation, and derivatives of all three
embryonic germ layers were seen in teratoma assays (Fig. 6e). These
results demonstrate that hES cells cultured on the polymeric hits
maintain their full pluripotent potential.

To develop a more clinically relevant, defined culture system
for hES cells, long-term culture was conducted on human-serum-
(HS-) coated hit polymer arrays in mTeSR1 medium, a completely
chemically defined medium (Supplementary Fig. S17). HS-coated
hit polymer arrays supported the expansion of dissociated hES cells
in a similar manner to arrays coated with FBS (Fig. 6a). Further, the
HS-coated hit arrays could support long-term culture formore than
1month (>5 passages), with robust expression of hES cell markers
(Supplementary Fig. S16b). Last, the HS-coated hit polymers could
support the undifferentiated growth of hiPS and other hES cell lines
(Supplementary Fig. S15).

To investigate the potential pathways through which human
serum may be important for colony formation, we carried out
blocking experiments of several highly expressed integrins on
the hES/hiPS cell surface (Fig. 6f). Although there are multiple
integrins on the hES cell surface that can interact in a complex
manner to promote cell adhesion and self-renewal40,41, blocking
the vitronectin-binding integrins, αvβ3 and αvβ5, resulted in a
significant decrease in day 1 cell adhesion, whereas blocking
a matrigel-binding integrin41, β1, had no effect. Vitronectin is
also abundantly present in serum42, and we tested its capacity
to support colony formation when coated on the hit polymers.
Similar levels of hES cell adhesion at day 1 were observed on
HS-coated and vitronectin-coated hit polymers (Fig. 6f). Colony-
formation efficiency at day 7 on FBS/HS-coated hit polymer arrays
was identical to the efficiency on vitronectin-coated hit polymers
(Fig. 6a). The histogram of the cell number on the polymer spots at
day 1 (Supplementary Fig. S5c) indicated thatmost colonies formed
at day 7 are expanded from a single cell. Although vitronectin-
coated TCPS was recently reported to support the culture of hES
cells9, these surfaces were not demonstrated to support hES cell
clonal growth, and significant differentiation was observed during
clonal growth (see, for example, Fig. 2d). Our results indicate that
the surface chemistry of hit substrates interacts with vitronectin,
which engages with proper hES cell surface receptors (integrin
αvβ3 and αvβ5), to support the clonal, undifferentiated growth of
human pluripotent cells.

The biological activities of polymeric substrates can be con-
trolled by surface properties, which in turn can be determined by
chemical moieties present on the polymer surface. However, it may
be difficult to quantitatively predict the presence of certain chemical
functional groups at the polymer surface from the monomer
composition alone, as well as the effects of surface chemistry
on biological performance43. Here we employed high-throughput
material synthesis and analysis to rapidly establish quantitative
models between polymer-surface chemical structures and hES cell
clonal growth. Using surface chemical structure information of
the adsorbed protein layer (for example, vitronectin) did not
result in more predictive models of hES cell-colony formation
(Supplementary Fig. S18), indicating that ToF-SIMS can resolve
surface-chemistry differences on polymers leading to colony for-
mation but is less likely to resolve protein structural information

leading to colony formation. Our analysis suggests that adsorbed
proteins from our initial protein coating (but potentially also
from culture media or hES cell secretion) need to interact with
the appropriate polymer surface chemistry to be in the proper
conformation to optimally promote colony formation. In addition
to surface chemistry, which was demonstrated to have a controlling
effect on stem cell behaviour, the geometry of the spot may
influence self-renewal of hES cells as well, potentially by enhancing
autocrine or juxtacrine signalling44,45. Last, the combination of
human-vitronectin-coated hit polymers andmTeSR1medium pro-
vides an attractive platform to develop a fully chemically defined,
xeno-free, feeder-free culture system, as the only animal compo-
nent, bovine serum albumin from the mTeSR1 medium, can be
replaced by human serum albumin. Together, these advances may
permit the facile growth of clinically relevant hES/hiPS cells from
fully dissociated single cells, thereby enabling more straightforward
genetic manipulation.

Methods
Combinatorial array preparation. Polymers were printed in a humid
Ar atmosphere on epoxy-monolayer-coated glass slides (Xenopore
Xenoslide E, Hawthorne, New Jersey), which were first dip-coated in 4w/v%
poly(2-hydroxyethyl methacrylate), using modifications of robotic fluid-handling
technology as described previously23. Spots were polymerized through 10 s exposure
to long-wave ultraviolet radiation (365 nm), dried at <50mtorr for at least 7 days
and coated with 20% serum or other proteins. See also SupplementaryMethods and
Figs S1 and S11a for the composition of primary and secondary arrays.

Surface-roughness measurements. Using an atomic force microscope (Digital
Instruments Dimensions 3000A) in tapping mode, 5-µm regions of each polymer
were measured and the root mean squared roughness was calculated. See also
Supplementary Methods.

Elastic-modulus measurements. Using a pendulum-based instrumented
nanoindenter (NanoTest, Micro Materials), experiments were conducted in
ambient air or using a modified platform for in situ liquid experiments46. Samples
were indented with a spherical ruby indenter of radius R= 500 µm (n= 3 locations
for each polymer spot) with loading and unloading rates of 0.5mN s−1, a dwell
of 10 s and a maximum load of 3mN or a maximum depth of 600 nm. Loading
rates were chosen such that the reduced elastic modulus inferred from indentation
could be calculated from the initial unloading slope47,48. The indentation elastic
modulus presented in the manuscript was calculated from the measured reduced
elastic modulus, assuming a Poisson’s ratio of 0.49 for all polymers. See also
Supplementary Methods.

Water-contact-angle measurements. Measurements were of the sessile-drop
type and made using ultrapure water on a Kruss DSA 100 apparatus fitted with a
piezo-doser head. See also SupplementaryMethods.

Time-of-flight secondary-ion mass spectroscopy. A secondary-ion mass
spectrometer (ION-TOF, IV, UK) was operated using a Bi3+ primary-ion source at
25 kV and in ‘bunched mode’. A 1 pA primary-ion beam was rastered at an area of
100×100 µm. Secondary ions were collected from the same area of each polymer
spot on the microarray over 10 s acquisition time. Ion masses were determined
using a high-resolution TOF analyser, and the typical mass resolution (at m/z
41) was just over 6,000.

Cell culture. hES cell lines BG01 and WIBR3 were maintained on mitomycin
C-inactivated mEF feeder layers in standard medium. hES BG01–Oct4–GFP cells
were made by introducing a Oct4–GFP–puro construct into hES cells25. hiPS
C1 cells were derived through lentiviral infection of Oct4, Sox2 and Klf4 and
cultured on mEFs as described previously49. For EB-induced differentiation, hES
cell colonies were cultured for 13 days in non-adherent suspension culture dishes
(Corning) in DMEM supplemented with 15% FBS.

For fluorescence-activated cell sorting, hES or hiPS cell lines were cultured in
10 µMRho-associated kinase inhibitor (Calbiochem; Y-27632) for 24 h in standard
mEF conditions before sorting. Cells were harvested enzymatically with 1mgml−1

collagenase and then with 0.05% trypsin for 5min at 37 ◦C. hiPS cells were
immunostained using SSEA-4. Cells were collected in media with Rho-associated
kinase inhibitor and sorted on a FACSAria Flow Cytometer (Becton Dickinson, San
Jose, California). Cells were subsequently plated on various surfaces in medium
supplemented with Rho-associated kinase inhibitor for the first 24 h of culture to
reduce initial apoptosis of completely dissociated hES cells50. For HS-coated hit
arrays, culturing occurred in mTeSR1 media (Stemcell Technologies). Long-term
culture on hit arrays occurred inmTeSR1media and by passaging 1:3 every 5–7 days
using collagenase. See also SupplementaryMethods.
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Biological assays. For teratoma formation, hES cells were injected subcutaneously
in the back of severe combined immunodeficient mice (Taconic) and tumours
generally developed within 4–8 weeks. After sectioning, teratomas were
diagnosed on the basis of haematoxylin and eosin staining. For karyotype
analysis, chromosomal studies were carried out by Cell Line Genetics (Madison,
Wisconsin) using standard protocols for high-resolution G-banding. For
immunocytochemistry, cells were fixed in 4% paraformaldehyde in PBS and
immunostained according to standard protocols. See also SupplementaryMethods.

Numerical methods. Principal component analysis and PLS regression were
carried out using the Eigenvector PLS_Toolbox 3.5 using the SIMPLS algorithm.
For linear and nonlinear least-squares regression, Excel (Microsoft) was
used. Contour and three-dimensional plots were generated in MATLAB4
(Mathworks) using the v4 griddata method of data interpolation. See also
Supplementary Methods.

Efficiency measurements. Using a low (1.6 cellsmm−2) seeding density, day 1 cell
and day 7 colony numbers on mEFs and matrigel were normalized per scanned
surface area and on ‘hit’ polymer spots as per ‘hit’ array (1,875mm2, 1,728
replicates). For experiments on TCPS, single cells were sorted individually directly
into each well of a coated 96-well plate. Day 1 cell and day 7 colony numbers
were measured by manually counting stained wells. For vitronectin-coated,
matrigel-coated and HS-coated TCPS in mEF-conditioned media, no GFP+

colonies were observed: in about 30% of cases we observed only differentiated cell
growth. See also Supplementary Methods.
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