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S ignals emanating from interactions at cell–cell
and cell–substrate interfaces complement
those resulting from the binding of soluble fac-

tors; together, they create a niche to define cellular fate
(1, 2). This interplay between soluble and immobilized
factors appears to control the proliferation and differen-
tiation of embryonic stem (ES) cells (3–6). Despite ad-
vances in our understanding of human ES cells (7–9),
the signals that promote human ES cell self-renewal are
unknown. As a result, a major challenge has been to de-
velop defined conditions for culturing human ES cells.
The cells can be propagated in a co-culture with mouse
embryonic fibroblasts (MEFs) (10). Feeder-free culture
conditions also exist; however, they typically involve ad-
hesive substrates of poorly defined composition or ex-
tracellular matrix proteins purified from animal or hu-
man sources (6, 11–14). For human therapies, an
important objective is to develop defined and reproduc-
ible conditions for culturing human ES cells that limit
their exposure to animal-derived components (15). The
development of stem-cell-based regenerative medicine
and the creation of therapeutically viable ES cell lines,
therefore, hinge on establishing defined culture condi-
tions that promote stem cell self-renewal (12, 16, 17).
We reasoned that multicomponent arrays could be used
to discover cell–substrate interactions with the requi-
site properties.

Developing an array strategy to expedite the identifi-
cation of conditions for human ES cell growth is chal-
lenging. Cell arrays have been used to capture popula-
tions of differentiated cells (18–21). Because their
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ABSTRACT Methods for the rapid identification of defined cell growth condi-
tions are lacking. This deficiency is a major barrier to the investigation and appli-
cation of human embryonic stem (ES) cells. To address this problem, we developed
a method for generating arrays of self-assembled monolayers (SAMs) in which
each element constitutes a defined surface. By screening surface arrays, we iden-
tified peptidic surfaces that support ES cell growth and self-renewal. The ability of
the active surface array elements to support ES cell growth depends on their com-
position: both the density of the peptide presented and its sequence are critical.
These findings support a role for specific surface–cell interactions. Moreover, the
data from the surface arrays are portable. They can be used to design an effective
3D synthetic scaffold that supports the growth of undifferentiated human ES cells.
Our results demonstrate that synthetic substrates for promoting and probing hu-
man ES cell self-renewal can be discovered through SAM surface arrays.
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potential has not been diminished, ES cells, however,
will be prone to undergo uncontrolled changes in re-
sponse to environmental cues. To obtain reproducible
results, we sought to design an array in which the ele-
ments differ in the ligands presented, not in topology,
elasticity, or other bulk properties. With such a surface
array, we anticipated that array elements that afford
the desired responses could be used in different con-
texts. For example, they could be used to elucidate the
target receptors or to design new materials that con-
trol cell behavior.

To generate array elements with the aforementioned
properties, we planned to employ self-assembled
monolayers (SAMs) of alkanethiols (ATs) on gold. ATs
form reproducible and well-ordered surfaces (22–25).
They can be patterned to generate array elements of any
size and shape; specific and nonspecific interactions
of cells with SAMs can be modulated simply by chang-
ing the chemical structure of the constituent AT. To
obtain reproducible results with human ES cells, we
wanted to present array elements that could allow for ex-
tended (�5 d) cell proliferation. To address this issue,
we presented peptides, which are expected to be more
stable than proteins (20, 26). Protein function can often
be achieved with shorter peptide fragments: peptide se-
quences are known that interact with adhesion (27)
and signaling receptors (28–31). Finally, we incorpo-
rated into our array design the understanding that cells
often interact with extracellular ligands via multivalent
binding (32); therefore, we generated our arrays using a
strategy that allows binding epitope density to be var-
ied. With these design criteria in mind, we set out to syn-
thesize SAM arrays.

RESULTS AND DISCUSSION
Fabrication of the Array for Human ES Cell

Screening. The properties of human ES cells offer chal-
lenges for the design of surface arrays. Specifically, hu-
man ES cells do not clone efficiently; thus, they cannot
be plated at low densities (6, 10, 12, 33). To obtain reli-
able data from the screens, the array element size must
allow for multiple population doublings. By evaluating
the behavior of human ES cells in culture, we concluded
that the array elements should be at least 500 �m in
length and width (Supplementary Figure 1). With array
elements of this size, hundreds of different conditions
can be screened in one square inch. We anticipate that
the assay throughput will be increased (i.e., array ele-

ment size decreased), as the limitations of current hu-
man ES cell culture conditions are overcome (34).

To compare ES cell proliferation on different array el-
ements, each array element must have the same size
and shape. High-throughput robotic spotting is gener-
ally employed for rapid fabrication of multicomponent
arrays. Application of this method, however, affords cir-
cular array elements whose size is governed by interplay
of liquid surface tension and surface adhesion. In such
a procedure, array element size will vary if different sol-
vents are used in fabrication. To avoid this limitation, we
developed a two-step fabrication strategy. First, the ar-
ray element size and shape are defined by photolithog-
raphy. Second, robotic or manual spotting delivers the
SAM precursors to each element surrounded by solvent-
repellent background to generate the appropriate SAM
array element. Perfluorinated ATs eschew interactions
with typical organic and aqueous solvents; therefore,
they bead common solvents. We reasoned that solu-
tions containing peptide-presenting ATs could be spot-
ted onto a perfluorinated surface patterned via photo-
lithography to create a surface array (Figure 1, panels a
and b) (35). As expected, this methodology is relatively
insensitive to both volume and type of solvent (Supple-
mentary Figure 2, panels a and b). Additionally, posi-
tional errors in spotting are corrected by the solvent-
repelling properties of the background (Supplementary
Figure 2, panel c) (36). The resistance of the fabrication
method to spotting errors allows rapid and reproducible
fabrication of arrays with a large number of array ele-
ments of any size and shape. Importantly, SAMs de-
rived from perfluorinated ATs resist nonspecific cell ad-
hesion; therefore, they can serve as an appropriate
background in subsequent cell-based assays (Figure 1,
panel c) (37, 38).

Screening Arrays That Present Peptide Ligands. Bio-
logical substrates that allow for human ES cell self-
renewal guided the design of our surface arrays. Specif-
ically, in the protein mixtures typically employed as
substrates for human ES cell growth, the major constitu-
ent is the extracellular matrix protein laminin (6, 12–
14). A number of laminin-derived peptides have been
shown to support adhesion of primary cells and immor-
talized cell lines, and laminin peptides have been
shown to interact with proteins that signal (e.g., inte-
grins). We therefore reasoned that biologically active
peptides derived from laminin might promote ES cell
growth. To test this hypothesis, we generated arrays that
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present laminin-derived peptides at uniform density
and with a defined peptide orientation (Figure 1,
panel b).

An array containing 18 different laminin-derived pep-
tides was screened to identify those surfaces that sup-
port the proliferation and self-renewal of two human ES
cell lines (H1 and H9) (Figure 1, panels c and d). In each
screening experiment, the surface array was exposed
to a suspension of human ES cells. Cell attachment and
growth on the array in the presence of media condi-
tioned by MEFs was allowed to proceed for 5–7 d. The
cells were fixed and stained for visualization and evalu-

ation of their state using markers of ES cell pluripo-
tency. Specifically, we tested for the presence of endog-
enous alkaline phosphatase and octamer-binding
transcription factor 4 (Oct4). Pluripotent human ES
cells produce these proteins, but their production is
down-regulated upon differentiation (10). When alka-
line phosphatase activity was visualized using a chro-
mogenic substrate those array elements that support ES
cell proliferation could be readily identified by visual in-
spection (Figure 1, panel c). Each element was evalu-
ated for activity in replicates of 4–8 within a chip; to
ensure the reproducibility of results, we also compared
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Figure 1. Surface array screen for ES cell growth and self-renewal. a) Structure of alkanethiols used for the assembly of the array. “R” denotes
amino acid side chains. b) A two-step process was employed to generate the arrays. A uniform SAM composed of perfluoro-AT was photopatterned,
and solutions of peptide-ATs were spotted onto the exposed gold areas to form peptide-terminated SAM array elements. c) A representative array
containing 18 different peptide–ATs was screened to identify surfaces that promote proliferation of ES cell line H9. The peptide-displaying SAMs
are arranged in a mirror-symmetric pattern (bottom and top halves of chip have identical array elements). Each half of the array contains 18
laminin-derived peptide–ATs spotted in groups of four (2 � 2 elements) arranged in a left-to-right horizontal comb pattern. The remaining array el-
ements are filled with nonadhesive glucamine–AT (35, 54) (see Supplementary Figure 3 for a map of the layout). The array was incubated with
media containing 20% FBS and thoroughly washed with serum-free media. Cells were grown on the array for 6 d in CM, fixed, and stained for alka-
line phosphatase (AP). The positions of cell growth are symmetric and emphasize the reproducibility of ES cell responses to the array elements.
The array was mounted onto a glass slide and scanned using a flatbed scanner. The phase-contrast 10� images reveal morphological differences
between AP-positive undifferentiated (left) and AP-negative differentiated ES cells (right). Array dimensions: 22 � 22 mm; each element is 0.8 mm.
d) Summary of results from multiple screens for 18 laminin-derived peptides and ES cell lines H1 and H9. Laminin chain origin is shown for each
peptide. Following 5–7 d of growth, substrates were categorized according to their ability to accommodate confluent (square-shaped) and undiffer-
entiated colonies, as judged by staining for alkaline phosphatase (purple) or Oct4 (green). Each synthetic substrate was tested four to eight times
in each screen; therefore, the fraction of array elements presenting square ES cell colonies serves as a convenient measure of substrate efficiency.
Representative results for one peptide in each category are shown, and the corresponding peptide sequences are underlined. The apparent higher
intensity of Oct4 around the edges of the array element can be attributed to differences in thicknesses of ES cell colony around the edges (41) or
differentiation of overcrowded cells in the middle of the array element. The latter is not observed when cells are cultured on large area substrates
that do not restrict colony growth (Figure 2).
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the activity of array elements between independently
fabricated chips and different ES cell lines.

Our surfaces were biased to present array elements
that could support cell adhesion, as we reasoned ES
cell adhesion would be critical for self-renewal. In sup-
port of this hypothesis, several of the array elements we
selected had some level of activity. We used a combina-
tion of growth efficiency and staining for markers of plu-
ripotency to identify the most efficient substrates sup-
porting proliferation of undifferentiated ES cells. Each
array element had uniform size and square shape;
therefore, array elements containing square-shaped
colonies of ES cells staining positive for a marker of plu-
ripotency were easily identified as “hits”. Every sub-
strate was tested in replicates in every array. Thus, for
every substrate, the ratio of the array element present-
ing “square colonies” to the total number of peptide-
displaying elements served as a simple measure of sub-
strate efficiency (Figure 1, panel d, and Supplementary
Figure 3). Of the 18 screened peptide sequences that ex-
hibit activity in cell adhesion assays, 5 were effective at

promoting ES cell proliferation in an undifferenti-
ated state (Figure 1, panel d). We focused on these
array elements because of their potential for yield-
ing defined conditions for ES cell self-renewal.

Human ES Cells Cultured on Peptidic Substrates
Remain Undifferentiated. It was critical to determine
whether the substrates yielding robust positive out-
comes in our screens would give rise to uniform
populations of undifferentiated cells. Although sur-
faces that support ES cell growth can be identified
by staining the arrays for ES cell pluripotency, this
analysis provides a semiquantitative measure. The
intensity depends on the number of cells within the
array element that stain positive for the marker;
cells that do not stain are not detected. Moreover,
staining intensity can be influenced by cell prolifera-
tion rates. Dual-color microscopy analysis (e.g.,
4=,6-diamidino-2-phenylindole (DAPI) and Oct4
stain) can resolve these problems for array ele-
ments with a small number of cells. We employed
flow cytometry as a means to evaluate individual
cells within a large population.

To generate a sizable population (105�106

cells), we cultivated human ES cells on gold-coated
glass slides (22 � 22 mm) containing a SAM pre-
senting a single peptide sequence. The resulting
cells were analyzed for the presence of the tran-

scription factor Oct4 and the cell surface marker stage-
specific embryonic antigen-4 (SSEA4), both of which are
produced by undifferentiated human ES cells (10). We
evaluated ES cells that had been cultured on Matrigel for
comparison (13). The synthetic surfaces are as effec-
tive as Matrigel at supporting cell proliferation (Figure 2,
panels a and b). They also appear to maintain cells in
the undifferentiatied state: the percentages of cells pro-
liferated on the synthetic surface that test positive for
both ES cell markers are similar to those of cells grow-
ing on Matrigel (96–99% for Oct4 and 84–90% for
SSEA4). To confirm that our analysis can detect ES cell
differentiation, we proliferated cells in unconditioned
growth medium containing fetal bovine serum (FBS) (6).
After 6 d, we analyzed the cells by flow cytometry and
found that the level of Oct4 expression decreased to
�20% (Supplementary Table 1). Additionally, micros-
copy analysis indicates that the cells proliferating un-
der conditions known to induce differentiation have a
different morphology (compare Figure 2, panels c–e and
f) and level of Oct4 expression (compare Figure 2, pan-
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Figure 2. Proliferation efficiency and production of markers of pluripotency for human ES
cell lines H1 (a) and H9 (b) grown on synthetic SAM substrates are similar to those
grown on Matrigel. The graphs summarize the results from two independent experi-
ments. The number of Oct4 and SSEA4 (�) cells is a product of averaged cell count and
averaged percentage of Oct4 and SSEA4 positive cells obtained. Error bars represent 1
standard deviation between two flow cytometry experiments and do not include the stan-
dard deviation of cell counting. Cells proliferated on SAM substrates for 6 d display
morphology (c, d) and level of Oct4 expression (g, h) similar to those of undifferentiated
ES cells on Matrigel/CM (e, i). As a control, ES cells were proliferated on Matrigel in un-
conditioned medium (UM), which contains 20% defined FBS to induce differentiation.
The morphology (see higher magnification insets) of the differentiated cells (f) is differ-
ent from that of ES cells (c, d, e). Additionally, differentiated cells give rise to little to no
Oct4 staining (j). Images were obtained with an epifluorescence microscope using an
identical acquisition time for each image. For each of the four images depicted, the
brightness and contrast were adjusted simultaneously. Scale bar � 0.2 mm. Inset scale
bar � 60 �m.
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els g–i and j) than those of undifferentiated ES cells.
These findings indicate that our array strategy can yield
synthetic, defined surfaces appropriate for proliferation
of undifferentiated human ES cells.

Evaluation of the Specificity of the Identified
Substrates. Our surface array was designed not only to
discover surfaces that give rise to desired cellular re-
sponses but also to identify the receptors responsible
(35). If the peptide ligands presented by the surface act
via a specific receptor, their ability to support ES cell pro-
liferation should depend on the specific sequence dis-
played. In probing the selectivity of the interactions, we
examined an active peptide from our screen, RNIAEIIKDI.
Although the receptor has not been identified, this se-
quence had been shown previously to promote neurite
extension (39, 40). Because cells can adhere to charged
surfaces, we tested whether the net charge (�1) of this
peptide is important for the activity of the resulting sur-
face. When the peptide N-terminus is acetylated (Ac-
RNIAEIIKDI), there is no net charge (Figure 3, panel a).
SAMs presenting either RNIAEIIKDI or Ac-RNIAEIIKDI at

various surface densities exhibit similar
activities (Figure 3, panel b). This result
suggests that the ability of the ES cells to
proliferate on these surfaces is not due
to charge-dependent nonspecific adhe-
sion. Stronger support for the impor-
tance of the specific peptide sequence
comes from analysis of a surface display-
ing a scrambled sequence: no detect-
able cell adhesion occurs at surface den-
sities �100% (Figure 3, panel b, bottom
row). Thus, the peptide sequence pre-
sented is critical for the ability of the ar-
ray element to support cell growth. These
results indicate that specific interac-
tions critical for cell proliferation can be
imparted by array elements.

Our data suggest that the ES cell–
substrate interaction results from recep-
tor–ligand interactions. The data
(Figure 3, panel b) also indicate that the
ligand must be presented at relatively
high density on the surface to support
human ES cell proliferation. This finding
is consistent with the need for human ES
cells to adhere to an array element with
sufficient avidity and in sufficient density

to give rise to a viable colony. We surmise that the need
for a relatively high density presentation of ligands
stems from a low concentration of the target receptor
on the cell surface.

To illuminate how the ligand density on a surface
and cell surface receptor concentrations influence cell
adhesion, we tested the binding of cell lines that display
different levels of target receptors (�v integrins) to sur-
faces substituted with different levels of RGD peptides
(Supplementary Figure 4). Using a battery of five cell
lines that display different levels of the integrin recep-
tor, we found those with low receptor levels adhere only
to surfaces with a high ligand density. Our results are
in accord with the preference of ES cells for biomateri-
als presenting a high density of RGD epitopes (41). In
contrast, cell lines with a high level of receptors can ad-
here to surfaces presenting both high and low densities
of specific ligands. Because the levels of receptors impor-
tant for ES cell binding or self-renewal cannot be antici-
pated, our results indicate that it is beneficial to use sur-
faces substituted with a relatively high epitope density in
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Figure 3. Testing the specificity of the identified peptide epitopes in array
format. a) Peptide–ATs can be synthesized with either a free or acetylated
N-terminus to control the net charge of the peptide–AT and, therefore, the
overall surface charge density of the resultant SAM. The peptide surface
density and charge surface density can be tuned independently by forming
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charge, peptide density, and peptide sequence to assess the specificity of
interactions. The array was fabricated by spotting solutions containing
mixtures of corresponding AT–peptide with a glucamine–AT. The percent-
ages are the mole fractions of the active peptide–AT included in the spot-
ted mixture. Depicted is a mosaic phase-contrast image of live human ES
cell line H1 after 7 d of proliferation. The size of each array element is 0.8
� 0.8 mm.
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preliminary screens. With this approach, ligands that in-
teract with either high- or low-abundance receptors can
be identified. Moreover, our data suggest that the recep-
tor for RNIAEIIKDI is present only at a low level.

In the course of long-term interactions of cells and
growth substrates, extensive remodeling of the sub-
strates by cells occurs. Although we have demonstrated
that the peptide sequence is important for human ES
cell interaction with the synthetic surface, we cannot
eliminate contributions from adsorption of ES-cell-
secreted proteins or proteins from the growth media.
Dissecting the role of surface-sequestered proteins in
ES cell growth on complex substrates (e.g., a MEF feeder
layer (10) or Matrigel (13)) is a challenge because of
their inherent complexity. Because SAMs are chemi-
cally defined, they can provide a platform for the identi-
fication of surface-captured proteins that promote desir-
able cellular responses.

Portability of the Information from the Screen:
Fabrication of Biomaterials. Because ES cell prolifera-
tion depends on the peptide sequence presented by
the array element, we reasoned that the peptide se-
quences identified should be portable; they should
function as recognition elements in other contexts.
One application for such sequences is in the design
of biomaterials that could serve as substrates for the
growth of human ES cells (24, 41–46). We reasoned
that a tailored hydrogel could provide an attractive and
convenient alternative to SAMs. Moreover, the benefits

of 3D over 2D matrices for
culturing cells are often
substantial (47–49).

In our design of a 3D scaf-
fold, we were guided by the
data from our array. Specifi-
cally, our experiments sug-
gested that a high-density pre-
sentation of the active peptide
sequence RNIAEIIKDI might
prove effective. Stupp and co-
workers (50) had shown that
amphiphiles possessing alkyl
and peptide groups form nano-
fibers. Like SAMs, these cylin-
drical nanofibers present li-
gands at a high density: they
display �7 � 1014 epitopes/

cm2 with a single, defined orientation (Figure 4, panel a)
(51, 52). Thus, we hypothesized that the resultant hy-
drogel would mimic the display of peptides identified
using SAM arrays and, therefore, support ES cell growth.
To test this hypothesis, we synthesized the amphiphile
containing the RNIAEIIKDI sequence. After exposure to
conditions that lead to assembly and gel formation,
transmission electron microscopy (TEM) confirmed that
the resulting material was composed of nanofibers
(Figure 4, panel b). This material supports the adhesion
and proliferation of ES cells. Moreover, the cells growing
in its presence remain undifferentiated, as judged by
flow cytometry analysis using an anti-Oct4 antibody
(Figure 4, panel c). These cells also exhibit normal ES
cell morphology; they are tightly packed with a high
nucleus-to-cytoplasm ratio (Supplementary Figure 5).
These results demonstrate that the specific epitopes
identified using surface arrays can serve as recognition
elements in different contexts. Thus, a major benefit of
our surface arrays is their ability to provide an avenue for
the design of biomaterials that support ES cell self-
renewal.

Our results indicate that SAM arrays can facilitate
the discovery of appropriate substrates for human ES
cell growth. A distinguishing feature of these arrays is
their ability to afford recognition elements that func-
tion in different contexts. The portability of these rec-
ognition elements suggests that they can be used to
identify receptor–ligand pairs critical for stem cell self-
renewal. Thus, SAM arrays offer a rich and flexible
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Figure 4. Assembly and utility of 3D substrates presenting identified peptides. a) The structure of the peptide
amphiphile used for the hydrogel fabrication and the schematic illustration of the assembly of peptide am-
phiphiles into peptide-presenting nanofibers. A cross section of nanofiber is shown to illustrate the similarity
of ligand presentation to that in SAMs. b) TEM data confirming nanofiber morphology for gel formed from the
peptide–amphiphile containing RNIAEIIKDI sequence. c) Oct4 flow cytometry analysis of human ES cell line
H9 proliferated for 4 d on RNIAEIIKDI-presenting hydrogel. The Oct4 histogram is characteristic of undifferen-
tiated ES cells (Supplementary Table 1, panel d).
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foundation for the high-throughput identification of
surfaces that support ES cell growth. We note that
such arrays could also be used to explore how sur-
face interactions influence cell migration, prolifera-

tion, and differentiation. All of these are processes
valuable for cell-based therapeutics. The approach
we have outlined can therefore be used to facilitate
advances in regenerative medicine.

MATERIALS AND METHODS
Reagent Synthesis. Peptide–ATs were synthesized using re-

ported procedures (35, 53). Briefly, a peptide sequence of inter-
est was assembled via automated peptide synthesizer (Pio-
neer, PerSeptive Biosystems) using a PAL-polystyrene resin
(Applied Biosystems) and standard Fmoc chemistry. The iden-
tity of the synthesized peptide sequence was confirmed by
cleaving the peptide from a small amount of resin and analyz-
ing it by MALDI-TOF mass spectrometry (MS). To generate the
peptide–ATs, a trityl-protected alkanethiol containing a carboxy-
lic acid was conjugated to the free N-terminus of resin-bound
peptides (35, 53). Cleavage of peptide–ATs from the resin and
side-chain protecting group removal was carried out in 92.5%
trifluoroacetic acid, 2.5% H2O, 2.5% triisopropylsilane, and
2.5% ethanedithiol for 2 h. The resulting material was purified
by HPLC. The identity and purity of each AT–peptide were con-
firmed using LC/MS. Supplementary Table 2 depicts LC/MS
traces of representative AT–peptides.

The peptide amphiphile for the hydrogel formation was syn-
thesized using a procedure similar to that reported (50). Briefly,
the peptide sequence CCCCGGGRNIAEIIKDI was synthesized
using an automated peptide synthesizer and Fmoc chemistry
starting from preloaded Fmoc-L-Ile-PEG-PS resin (Applied Biosys-
tems). Following Fmoc removal from the final residue, pentade-
canoic acid (Aldrich) was conjugated to the free N-terminus. Pep-
tide cleavage from resin was performed as described above.
The peptide was precipitated three times from ether and lyoph-
ilized to yield the peptide–amphiphile as white flakes. The am-
phiphile was characterized by LC/MS (Supplementary Table 2)
and high-resolution MS (electrospray ionization) to afford
1007.5057, which corresponds to [MHNa]2� (calculated for
C85H151N22O24S4Na 	 1007.5026). The hydrogel was as-
sembled directly in the wells of a 6- or 12-well plate from a 1%
aqueous solution of the peptide–amphiphile. Filter paper
soaked in concentrated HCl was attached to the plate lid, and
the plate was closed for 20–40 min to allow slow diffusion of
HCl vapor into the amphiphile solution. The assembled gel was
treated with saturated aqueous iodine solution for 20 min and
gently washed with ethanol to eliminate the traces of iodine (re-
petitive washes were conducted until no color was observed).
All subsequent manipulations were done in the laminar-flow
hood with sterile reagents.

Array Fabrication. Gold-coated glass coverslips were pur-
chased from EMF Corp. Gold surface was inspected by scan-
ning electron microscopy and atomic force microscopy (Supple-
mentary Figure 6). Coverslips were immersed in a 1 mM solution
of perfluoro-AT in absolute ethanol. After �48 h, substrates
were rinsed with ethanol and dried under a stream of nitrogen.
The resultant perfluorinated SAMs were characterized via con-
tact angle goniometry (Supplementary Figure 6). Coverslips were
irradiated with 1 kW 4�4 beam Deep UV Illuminator (Spectra-
Physics) through a quartz photomask (Photo Sciences) for 2 h.
Irradiated samples were rinsed thoroughly with ethanol and
dried under a steam of nitrogen. Spotting of AT solutions onto
the bare gold areas was performed within 2 h of the photolithog-
raphy. Solutions of peptide–ATs (or glucamine–AT) (1 mM) in
1:10 (v/v) DMF/water were used to fabricate arrays outlined in
Figure 1 and Supplementary Figure 3. Solutions of peptide–AT

and glucamine–AT (1 mM) in 1:10 (v/v) DMF/water were mixed
in 4:1, 3:2, 2:3 and 1:4 (v/v) ratio, and these solutions were
used to fabricate the mixed SAMs in the arrays outlined in
Figure 3. Spotting was performed manually using a P2-Pipetman
in a generic humidity chamber. Spotted arrays were stored in
the humidity chamber for 12 h and washed repeatedly with etha-
nol and water. Arrays placed in wells of a six-well plate (Nunc),
sterilized by brief incubation with 70% ethanol, and dried under
UV light for 1 h in a laminar-flow hood.

Cell Culture. Human ES cell lines, H1 and H9, were grown on
Matrigel-coated plates using MEF conditioned media (CM)
supplemented with 4 ng/mL bFGF (Invitrogen). To produce CM,
MEFs were seeded at a density of 2.12 � 105 cells/mL and
grown using medium consisting of Dulbecco’s modified Eagle’s
medium with F-12 nutrition supplement (DF-12), 20% Knockout
serum replacement, 2 mM L-glutamine, 1% nonessential amino
acids (Invitrogen), and 0.1 mM 
-mercaptoethanol (Aldrich).
Both cell lines (ES and MEF) were maintained at 37 °C/5% CO2

with CM collected and cells fed approximately every 24 h. Cell
suspensions were made by treating with dispase (2 mg/mL) for
5–6 min. The cells were scraped from the surface and sus-
pended in CM.

The arrays in six-well plates were incubated with DF-12 con-
taining 20% defined FBS overnight at 36 °C and washed thor-
oughly with DF-12 (3 � 5 min). ES cell suspensions were plated
in the well atop the chip (2.5 mL of media, �(3–7) � 105 cells/
chip) and allowed to adhere overnight. Media exchange to fresh
CM (with removal of floating and nonadherent cells) was per-
formed daily.

Hydrogel-coated wells were thoroughly washed with DF-12
to eliminate the traces of ethanol. To ensure the absence of
any toxic agents in hydrogel, the hydrogel-coated wells were in-
cubated with DF-12 � 20% FBS for 12 h and washed thor-
oughly with DF-12. ES cell suspensions were plated at �(3–7)
� 105 cells/well. Media exchange to fresh CM (with removal of
floating and non-adherent cells) was performed daily for 5–6 d
prior to analysis by flow cytometry.

Test for Alkaline Phosphatase Activity. After propagation of
the ES cells, the media was removed from the wells containing
the chips. The cells were fixed with 1% formaldehyde. Chips
were stained using a BCIP/NBT substrate kit (Vector Labs) ac-
cording to the manufacturer’s procedure. The chips were
washed with phosphate-buffered saline (PBS) and distilled wa-
ter, dried in air, and permanently mounted using VectaMount
(Vector Labs). Images of the whole array were obtained using a
flatbed scanner or dissecting microscope with 1� objective and
color CCD camera.

Cell Immunostaining with Oct4 Antibody. After propagation of
the ES cells, the medium was removed from the wells. The cells
were fixed with 3% formaldehyde for 10 min, permeabilized
with 0.1% Triton-X in PBS for 20 min, and blocked with 5% non-
fat milk and 0.1% Triton-X in PBS for 30 min. A 1:200 dilution
of Oct4 antibody in 0.1% Triton-X in PBS was added, and the ar-
ray with cells was incubated for 1 h at RT. Cells were washed
two times with 0.1% Triton-X in PBS and incubated with 1:500
of goat–anti-mouse Alexa488-labeled IgG for 1 h at RT. Arrays
were washed and mounted using VectaShield (Vector Labs) and
imaged using an epifluorescent inverted microscope with a 5�-
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objective using automated mosaic imaging (9 � 11 images per
one array). Individual colonies growing on Matrigel or one-
component SAMs (Figure 3) were imaged using an epifluores-
cence inverted microscope with 10� objective.

Flow Cytometry Analysis for Pluripotency Markers. After propa-
gation of the ES cells, the medium was removed from the wells
containing the SAM substrates or Matrigel control. Human ES
cells were treated with the protease dispase (2 mg/mL, 5 min).
The dispase-containing solution was removed. Adherent ES
colonies were gently washed three times with DF-12 and de-
tached by purging with media and scratching. Cells were fur-
ther separated by treatment with 1� trypsin–EDTA solution for
5 min. Cells were fixed with aqueous 1% formaldehyde for
10 min at 36 °C. For Oct4 immunostaining, cells were permeabi-
lized with ice-cold methanol for 30 min. Cells were treated with
100 �L of 1:100 solution of the Oct4-recognizing antibody
(Santa Cruz) or mouse IgG isotype antibody in fluorescence ac-
tivated cell sorting (FACS)/Triton buffer (10% FBS, 1% NaN3,
0.1% Triton-X in PBS) overnight at 4 °C. Cells were washed in
FACS/Triton buffer and treated with 100 �L of 1:400 dilution of
rabbit–anti-mouse Alexa488-labeled antibody (Molecular
Probes) for 1 h at RT.

For SSEA4 immunostaining nonpermeabilized cells were in-
cubated with 100 �L of 1:100 dilution of SSEA4 antibody
(Chemicon Intl.) or isotype IgG antibody in FACS buffer (10%
FBS, 1% NaN3 in PBS) overnight at 4 °C. Cells were washed in
FACS buffer and stained with 100 �L of 1:400 dilution of rabbit–
anti-mouse Alexa488-labeled antibody for 1 h at RT. The
samples were analyzed using FACSCalibur (Becton Dickinson)
using 530/30 band pass filter. The percentage of Oct4-positive
(SSEA4-positive) cells was assessed by comparing the cell num-
ber determined with Anti-Oct4 with that obtained using the cor-
responding isotype IgG antibody. The threshold was defined
with respect to the cells from that same growth conditions
stained with isotype IgG antibody. The threshold staining inten-
sity was assigned to 1% of cell population in the isotype control
population.
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