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Abstract:



Understanding of stem cell-surface interactions and, in particular, long-term maintenance of stem
cell pluripotency on well-defined synthetic surfaces is crucial for fundamental research and
biomedical applications of stem cells. Here, we show that synthetic surfaces possessing
hierarchical micro-nano roughness (MN-surfaces) promote long-term self-renewal (>3 weeks) of
mouse embryonic stem cells (MESCs) as monitored by the expression levels of the pluripotency
markers octamer-binding transcription factor 4 (Oct4), Nanog, and alkaline phosphatase. On the
contrary, culturing of mMESCs on either smooth (S-) or nanorough polymer surfaces (N-surfaces)
leads to their fast differentiation. Moreover, we show that regular passaging of mESCs on the
hierarchical MN- polymer surface leads to an increased homogeneity and percentage of
Oct4positive stem cell colonies as compared to mESCs grown on fibroblast feeder cells.
Immunostaining revealed the absence of focal adhesion markers on all polymer substrates studied.
However, only the MN- surfaces elicited the formation of actin-positive cell protrusions, indicating

an alternative anchorage mechanism involved in the maintenance of mESC stemness.
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Pluripotent stem cells are able to differentiate into cell types of all three germ layers and possess
an indefinite self-renewal capacity, which makes them promising tools for regenerative medicine,
fundamental biomedical research and disease models.®* However, the maintenance of stem cell

pluripotency in vitro is a challenging task. The isolation of stem cells from their natural



environment usually leads to uncontrolled differentiation.* Long-term cultivation and maintenance
of pluripotency is, however, a prerequisite for bringing stem cell research closer to biomedical
applications. Underlying mechanisms which can help to maintain stemness in vitro are mostly
unknown. The golden standard for maintaining pluripotency is still the culture of stem cells on
feeder cell (fibroblast) layers® or the use of complex protein mixtures like Matrigel.® Cell adhesion-
mediating proteins like laminin or E-cadherin,”  as well as immobilized Leukemia Inhibitory
Factor (LIF)® 10 have also been reported to promote stemness. Major drawbacks of these systems
are that they are biologically complex and poorly defined, and can lead to an increased risk of
pathogenic or xenogeneic contamination.** Up till now, there are only a few completely synthetic
and chemically defined stem cell culture substrates that allow long-term maintenance of embryonic
stem cells (ESCs).1?1> For example Villa-Diaz et al. reported that poly[2-(methacryloyloxy)ethyl
dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH), a polymer-based zwitterionic
hydrogel, could sustain human ESC (hESC) stemness for over 20 passages.’® The underlying
mechanisms for the influence of zwitterionic surface functionality on maintaining stemness are
mostly unknown. For mouse ESCs (mESCs), a high throughput screening identified N-[3-
(dimethylamino)propyl] methacrylamide (DMAPMA) as synthetic monomer-based substrate
promoting mESC self renewal and pluripotency for at least 1 week.'® Chowdhury et al. reported
that stiffness of cell culture substrates could promote ESC pluripotency.l” Numerous studies
demonstrated the importance of substrate topography on the behavior and cell fate of different
stem cell types.t82! Thus, substrate topography could be another important physical property for
controlling embryonic stem cell maintenance.?® For instance, it was shown that noncoated, nano
rough gold layers promoted mESC pluripotency to a higher level than micro rough gold layers and
to a similar level as flat gold.?? Chen et al.?® demonstrated a higher expression of the stem cell
marker Oct3/4 in hESCs cultured on vitronectin-coated smooth glass surfaces compared to stem
cells cultured on a corresponding nano rough glass surface. Jeon et al.? reported that poly-D-lysine
(PDL)-coated, nanopatterned poly(dimethylsiloxane) (PDMS) culture substrates promoted self-
renewal of mESCs in comparison to flat PDL-PDMS substrates. Despite this research on the
influence of surface topography on ESC maintenance, the requirements for maintaining stemness

are poorly understood. Furthermore contradicting results about the influence of micro- versus



nanoscale surface topography on pluripotency exist. In addition, substrates are frequently coated
with proteins like gelatin or vitronectin which can cause synergistic effects and adds biochemical
and thus xenogeneic components to the topographically patterned surfaces. Therefore, the long-
term self-renewal and maintenance of stem cell pluripotency on a well-defined synthetic substrate
is still a major challenge. Here we investigate the influence of a hierarchical micro-nano scale
surface topography on the stemness maintenance of mESCs. Double scale micro-nano rough (MN-
) surfaces, nano rough (N-) surfaces and smooth (S-) surfaces composed of 2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate (HEMA-EDMA) were compared. We show that only a
hierarchical micro-nano surface roughness leads to enhanced long-term self-renewal (>3 weeks)
of mESCs. Moreover, regular cell splitting increased the homogeneity of mESC pluripotent
colonies on the MN-surface as compared to mESCs grown on a fibroblast feeder layer.
Immunostaining revealed the absence of focal adhesion markers on all HEMA-EDMA substrates.
Only MN-surfaces elicited the formation of actin-positive cell protrusions, indicating an
alternative anchorage mechanism that is involved in maintining the pluripotent character of
mMESCs.

MN-, N-, and S-surfaces were produced by UV-initiated free radical copolymerization of HEMA
with EDMA in the presence of a porogenic mixture (Figure S1 in Supporting Information). Such
polymerization leads to the formation of a biocompatible?” porous polymer layer with a defined
chemical composition. This method allows to precisely control the surface topography from micro-
to nanoscale?® where 2:1 and 1:4 ratios of 1-decanol to cyclohexanol in the porogenic mixture lead
to the MN- and N-surfaces, respectively. The nonporous S-surface was produced by polymerizing
a thin film of the methacrylate monomers in the absence of porogens. The MNsurface showed
large agglomerates up to 9 um in height with 919 + 22 nm average surface roughness (Sa) (Figure
1). The polymer microglobules also possessed a surface topography at the nanoscale as shown by
scanning electron microscopy (SEM) (Figure l1a, bottom row; Figure S2 in Supporting
Information). Due to this hierarchical topography at both nano- and microscale we term this
surface micro-nano rough (MN). The N-surface consisted of a porous, sponge-like nanostructure
with a roughness of Sa= 68 £ 30 nm, while the smooth surface was non-porous and flat with S,= 2
+ 0.4 nm (Figure 1b, Figure S2 in Supporting Information). Additionally, atomic force microscopy

(AFM) was performed to support the data obtained from SEM imaging and optical profilometry



(Figure S3, Figure S4 in Supporting Information). Because all three polymer surfaces are
composed of cross-linked HEMA-EDMA polymers, they are not soluble in most of organic
solvents or common buffers. We did not observe any visible degradation of the polymers stored in

cell culture media for at least 10 days.
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Figure 1. Surface characterization of HEMA-EDMA surfaces. a, Overview (top row) and high magnification (middle
row) SEM images of MN-, N-, and S- HEMA-EDMA surfaces of different roughness. Bottom row: magnified regions
as indicated (white frames in middle row). Scale bars: top row, 5 um; middle row, 500 nm; bottom row, 100 nm. b,
Surface topography and roughness visualized by an optical profilometer. The look-up-tables indicate the height profile
of the individual surface types. Graphs show representative line scans of the different surfaces. S, = average surface
roughness. Scale bars: 20 um for the MN- and N-surface; 100 um for the S-surface.

One of the main indications of ESC stemness in vitro is the number of mESC colonies expressing

the pluripotency marker Oct4?® whereas the outgrowth of single cells from ESC colonies is an



indication for differentiation.®® We used Oct4-EGFP mESCs (MESC-Oct4EGFP),%! to monitor the
Oct4-expression pattern during cultivation on different surfaces. This cell line stably expresses
EGFP fused to Oct4, allowing for live imaging and observation of pluripotency with the help of
the fluorescent EGFP-protein. The cells were cultured in LIFcontaining media on the three
HEMA-EDMA surfaces as well as on glass and feeder cells as negative and positive controls,
respectively. Of note, the surfaces were not coated with any celladhesive proteins.

We first assessed the distribution of Oct4-EGFP-positive (Oct4+), Oct4-EGFP-negative (Oct4-),
and mixed mESC populations on the various surfaces after 3 days of culture. The proportion of
Oct4+ mESC colonies to Oct4- and mixed colonies was significantly increased for the MNsurface
compared to the N-, S-surface, glass, and feeder cell surfaces (Figure 2a, b). The MNsurfaces
revealed the highest percentage (47 = 2.5 %) of Oct4+ mESC colonies while less such colonies
were detected on the N-surface (24 + 2.2 %), S-surface (14 + 6.8 %), glass (16 + 3.2 %), and feeder
cells (21 + 6.0 %) (Figure 2b; Chi? test, * p<0.01). About 4, 5.8, and 1.6 times more of Oct4+, and
thus nondifferentiated mESC colonies were found on the MN-surface in comparison to that on N-
, S-surfaces and on feeder cells, respectively (Figure 2c). Additionally, total mESC colony
numbers were equal between MN-surfaces, glass substrates and feeder cells, while significantly
less cell colonies were observed on N- and S-surfaces (Figure 2d). These observations indicate
that MN-surfaces efficiently support growth of mESC colonies. On the other hand, the single cell
number was highest on glass and N-surfaces (~10 and ~9 cells per mm?, respectively), while the
lowest single cell number (~4 cells per mm?) was determined for MN-surfaces (Figure S5 in
Supporting Information). Together these results suggest that HEMAEDMA alone was not
sufficient for stem cell maintenance, but MN-surface topography seemed to be a main factor for
stemness maintenance. Interestingly, when mESCs were cultured without LIF on the MN-surface,
the growth of mESC colonies was inhibited, while the expression of Oct4 was reduced on all tested

surfaces (Figure S6 in Supporting Information).
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Figure 2. mESC-Oct4-EGFP colonies on different surfaces. a, Oct4-EGFP expressing mESCs were cultured in
LIFcontaining media for 1 or 3 days on M-, N- and S-HEMA-EDMA surfaces and on glass surfaces (negative control)
or feeder cell layers (fc, positive control). Scale bars: 50 um b, Percentage of Oct4-EGFP-positive (Oct4+, black),
Oct4-EGFP-negative (Oct4-, white), and mixed (gray) mESC populations on various surfaces after 3 days of culture.
Chi? test; *, p < 0.01. b’, Examples of Oct4+ (green), Oct4- and mixed mESC populations on a glass surface after 3
days of culture. The cells were stained for their actin cytoskeleton (magenta). ¢, Total number of Oct4+ mESC colonies
on the different surfaces after 3 days of culture. Student’s t-test (two-tailed); not significant (n.s.), p > 0.05; *, p <0.05.
d, Total number of mESC colonies on the different surfaces after 3 days of culture. Student’s t-test (twotailed); not
significant (n.s.), p > 0.05; *, p <0.05. b,c, and d, N = 3; n > 200. All error bars represent standard error of the mean.

In order to distinguish between the influence of surface topography and surface chemical

properties on of the Oct4-expression in mMESCs, we functionalized the MN-surface either with

amine groups to form a positively charged hydrophilic MN-NH> surface (Ost 20+£3°) or with



decanethiol to fabricate a neutral superhydrophobic MN-decyl surface (Ost 160+4°) ( Table S1 in
Supporting Information). The topology of all surfaces was monitored using SEM, revealing no
difference between the MN-, MN-NH2. and MN-decyl surfaces (Figure S7 in Supporting
Information). Quantification of Oct4+, Oct4-, and mixed mESC colonies showed no significant
difference concerning the distribution of colony types between nonmodified and NH>.-modified
MN-surfaces, yet a slight decrease of the percentage of Oct4+ colonies on MN-decyl surfaces was
observed (Figure S7 in Supporting Information). Thus, chemical modification of HEMAEDMA
seemed to be less important for stem cell maintenance than the surface topography, as long as the
micro-nano rough substrate remained hydrophilic.

One of the most important properties of pluripotent stem cells is their capacity of indefinite
selfrenewal® but long-term cultivation of stem cells in vitro often leads to spontaneous
differentiation.* Therefore, one of the most important requirements for synthetic stem cell
substrates is the compatibility with long-term cultivation without differentiation of ESCs. In order
to compare the long-term behavior of mESCs on feeder cells with that on the MN-surface, we
cultivated Oct4-EGFP expressing mESCs on both surfaces for more than 3 weeks, including LIF
and regular splitting (Figure 3a). Interestingly enough, mESC colonies on the MN-surface showed
a more homogeneous Oct4-EGFP distribution within colonies over time. Additionally, the
circularity of the mESC colonies was determined, which represents another important indication
of pluripotency® (Figure 3b). Oct4+ mESC colonies on feeder cells showed an intermediate
circularity around 0.5 during the whole four-week culturing period, whereas the circularity of the
colonies cultured on the MN-surface even slightly increased from 0.4 to above 0.6 over the same
period (Figure 3b). We also investigated mESC growth during continuous cultivation on MN-
surfaces without splitting. The MN-agglomerates were removed locally to identify the same areas
over time and to observe mESC growth on detached MN-surfaces. Oct4+ mESC colonies grew
continuously over time and eventually fused to form large Oct4+ colonies on MN-agglomerates
(Figure 3c, white arrows). In contrast, mMESCs growing in detached regions lost their Oct4-EGFP
signal already after 3 days of cultivation (Figure 3c, red arrows). This important internal control
showed the ease and promptness of differentiation of mESCs which did not interact with the
hierarchical micro-nano rough surface topography.

To further assess the effect of MN-surfaces on mESC maintenance, we studied the expression
levels of the pluripotency markers Oct4 and Nanog in mESCs cultured on MN-surfaces, Petri



dishes, and on gelatin-coated Petri dishes (Figure 3d, e) after one to four cell splitting procedures
(S1-S4, passage 1-4, in Supporting Information). For these experiments, we used a second mESC
line, namely D3, to proof the suitability of MN-substrates for different mESC lines and to
investigate a cell system without genetic modification. Western-Blot analysis revealed that the
Oct4 protein expression levels of mMESCs on MN-surfaces increased over four passages (16 days).
The ratio of the Oct4 levels on the MN-surface to that on the gelatin-coated or plain Petri dish was
3.2- and 2.4-fold, respectively. The levels of Nanog slightly decreased with time when mESCs
were cultured on MN-surfaces, but to a much lower level as if they were cultured on gelatin or
plain Petri dishes (Figure 3d, €). Long-term maintenance of stemness on MN-surfaces was further
confirmed by FACS analysis. After four splitting procedures, we observed a significantly higher
percentage of SSEA1-positive D3 cells cultivated on MN-surfaces as compared to cells grown on
gelatin or plain Petri dishes (Figure S8 in Supporting Information). Additionally, we performed
staining of alkaline phosphatase (ALP), a membrane-bound hydrolase that is highly expressed in
ESCs and thus indicates the stemness of D3 mESC colonies.>® We observed a strong and
homogeneous ALP staining in D3 mESC colonies cultured on MN-surfaces and on feeder cells
and these colonies were highly circular. In contrast, mESC colonies grown in Petri dishes with or
without gelatin revealed irregularly shaped colonies as well as an inhomogeneous ALP staining
(Figure S9 in Supporting Information). Overall, this indicates that the D3 mESCs started to
differentiate in the Petri dish and on gelatin whereas MNsurfaces favored the mESCs growth and

pluripotency.
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Figure 3. Long-term cultivation of mESCs on different surfaces. a, Oct4-EGFP expressing mESCs were cultivated in
LIF-containing media on MN-surfaces or on feeder cell layers for 1 to 3 weeks. The mESC colonies were visualized
by phase contrast microscopy and fluorescence microscopy (green, Oct4+ cells). Scale bar: 50 um. b, Circularity of
Oct4+ mESC colonies on MN-surfaces and on feeder cell layers after 1, 2, 3, and 4 weeks of cultivation (including
LIF and regular splitting). N = 1; n = 15-20 colonies per time point and condition. Error bars represent standard
deviation. ¢, mESC-Oct4-EGFP were cultivated without splitting on a MN-surface for 11 days in LIF-supplemented
growth medium. The same area was imaged over time. White arrow, example of an Oct4+ colony on MN-substrate;
red arrows, example of a colony on detached part of the surface that eventually lost its Oct4signal. Scale bar: 50 um.
d, Western Blot of D3 mESCs, cultured in LIF-containing media on Petri dishes, MNsurfaces, or on gelatin-coated
Petri dish, respectively. The protein expression level of Oct4 and Nanog was analyzed after one to four cell splitting
procedures (S1-S4). Loading control: B-actin; negative control: D3 mESCs differentiated in the presence of retinoic
acid (RA); positive control, D3 mESCs passaged once on gelatin-coated Petri dishes (P1). e, Quantification of the
Western Blot shown in d. Nanog- (black) and Oct4-levels (green) were normalized to the p—actin signal.
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The results presented above demonstrate major differences between the MN- and N- and Ssurfaces
with respect to mESC self-renewal. Cell-surface interactions obviously are important players in
the maintenance machinery of ESC pluripotency. To obtain more insights about mESC
interactions with HEMA-EDMA and control surfaces we performed SEM imaging of mESCs
cultivated for 4 h on the surfaces. Single cells on MN-surfaces established thin protrusion-like
extensions anchoring to the polymer agglomerates while this was rarely observed for cells cultured
on the other surfaces (Figure 4a, Figure S10 in Supporting Information). Such extensions have
been described before in MESCs,3* but — to the best of our knowledge — have never been reported
to function in ESC anchorage. Confocal microscopy revealed that the protrusions of stained
mESCs on the MN-surface contained actin (Figure 4b, arrows) whereas the actin cytoskeleton was
otherwise diffuse in these cells. Actin-containing protrusions could also be observed in Oct4-
single mESCs (Figure S11 in Supporting Information), indicating, that they occur independently
of the Oct4-level. Oct4+ mESCs on all other investigated surfaces showed no distinct actin-
positive membrane extensions (Figure 4b).

It has been shown that the absence of integrin signaling favors pluripotency of ESCs.% 3¢ To obtain
more details about cell anchorage to the different substrates, single Oct4+ mESCs were stained for
paxillin as a marker for integrin-mediated focal adhesions, representing the most common cell-
matrix contacts.®” The paxillin staining was diffuse in mESCs cultured on MN-, N- and S-surfaces
and could not be detected in the membrane extensions of mMESCs on MNsurfaces, indicating that
HEMA-EDMA reduces focal adhesion formation. In contrast, dot-like paxillin-positive adhesion
sites were identified in mESCs grown on glass and on feeder cells (Figure 4b, arrowheads). Similar
results were achieved with vinculin, another cell adhesion marker (Figure S12 in Supporting
Information). After 3 days in culture on MN-surfaces, mESC colonies of the Oct4- and mixed
phenotype showed more prominent paxillin-clusters as compared to Oct4+ colonies (Figure S13
in Supporting Information). We additionally stained mESCs with markers for phosphorylated
paxillin (pPax) and phosphorylated focal adhesion kinase (pFAK), both indicators for activated
integrin signaling.3 Both markers show a pronounced clustering in cells growing on glass or feeder
cells (Figure S12 in Supporting Information, arrowheads), whereas cells cultivated on the three
different HEMA-EDMA surfaces reveal a diffuse labeling throughout the whole cytoplasm.
Regarding these results, it might be hypothesized that a reduced integrin signaling (indicated by

12



the absence of clustered cell adhesion markers in mESCs on HEMA-EDMA-surfaces), could help

maintaining mESC stemnesss.
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Figure 4. Analysis of single mESC-Oct4-EGFP morphology on HEMA-EDMA and control surfaces. a, Overview
(top row) and zoom-in (bottom row) scanning electron microscopy (SEM) images of single Oct4-EGFP expressing
mESCs adhering to HEMA-EDMA substrates of different roughness or to control surfaces (glass surface and feeder
cell layers). Scale bar: 1 um. b, Florescence microscopy images of single Oct4-EGFP expressing mESCs on different
culture substrates. The mESCs were stained for their actin cytoskeleton and paxillin (a marker or integrin positive cell-
matrix adhesion sites). Arrows indicate actin protrusions; arrowheads indicate paxillin clusters. Images show
maximum intensity projections of LSM-scans. Scale bar: 5 pum.

To assess this hypothesis, we functionalized MN-surfaces with fibronectin (FN) to induce integrin
signaling without changing the surface topography (Figure 5a). Interestingly, we observed the
expression of endogenous FN by mESC-colonies growing on uncoated MNsurfaces (Figure 5a),
which has been shown to be an additional factor favoring mESC plutipotency.®® FN-
functionalization significantly changed the proportion of Oct4+, Oct4-, and mixed mESC colonies
with a decreased percentage of Oct4+ colonies on the FN-functionalized surface (Figure 5b). In

line with this, we observed more pFAK clusters on FN-functionalized MN-surfaces compared to
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nonfuntionalized MN-surfaces, indicating, that integrin-signaling was upregulated on MN-FN-
surfaces (Figure 5c).

Overall, we speculate that a reduced integrin clustering in combination with actin-rich membrane
extensions observed for mESCs on MN-surfaces are involved in favoring the maintenance of
stemness. As the importance of stem cell anchorage, the actin-cytoskeleton and cytoskeletal
tension for stem cell behavior has already been shown,® 4! an involvement of the observed

actinextensions of mESCs on MN-surfaces could be quite possible.
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Figure 5. Induction of integrin-signaling on MN-surfaces. a, MN-surface was functionalized with fibronectin (FN)
(MN-FN-surface). SEM images showing similar topographies for MN- and MN-FN-surfaces. Oct4-EGFP
(white/green) expressing mESCs were cultured for 3 days on MN- and MN-FN-surfaces and the samples were stained
for Actin (red) and FN (magenta). Scale bars in the SEM images: 1 um; Scale bars in the cell images: 50 um. b,
Percentage of Oct4+ (black), Oct4- (white), and mixed (gray) mESC populations on MN- and MN-FNsurfaces after 3
days of culture. Chi? test; *, p < 0.01. N = 3; n > 200. Error bars represent standard error of the mean. ¢, Oct4-EGFP
(white/green) expressing mESCs were cultured for 4 h on MN- and MN-FN-surfaces and stained for phosphorylated
focal adhesion kinase (pFAK) as a marker for activated integrin signaling. pFAK clustering occurs predominantly on
the MN-FN-surface (arrows). Scale bar: 10 um.

Hierarchically structured surfaces have been found to have pronounced effects in different areas,

ranging from geckos showing a very efficient anchorage mechanism via hierarchically organized

14



hairy structures on their feet %> *® to superhydrophobicity known to be enhanced using
hierarchically rough surfaces.** Here, we show another important biological effect of a surface
possessing hierarchical surface topography at the micro- and nanoscale. We show for the first time
that a hierarchical micro-nanoscale surface roughness favors the pluripotent character of mESCs
compared to a chemically identical nano rough or smooth surface. We achieved fabrication of stem
cell culture substrates that maintained stem cell self-renewal simply by their physical properties
(roughness), as long as the surface chemistry remained hydrophilic. Hydrophilic MN-HEMA-
EDMA surfaces efficiently supported the long-term maintenance of mESCs in LIF-containing
media in contrast to N- and S-HEMA-EDMA surfaces and similar to feeder cells. We hypothesize
that HEMA-EDMA surfaces restrict integrin signaling which induces mESC differentiation. 3%
Only the topography of MN-surfaces allowed the formation of actin-rich protrusions, which seem
to serve as an alternative and effective anchorage mechanism for mESCs into MN-HEMA-EDMA
agglomerates, showing the importance of topography on mESC behavior. Feeder cells generate a
complex environment including fibroblast growth factor release, noncontrolled matrix deposition,
and establishment of heterologous cell-cell contacts for stem cells.*® Our synthetic MN-HEMA-
EDMA substrates are chemically highly defined, are easy to fabricate and can be simply utilized
for stem cell studies to accomplish a less complex, feeder-free culture condition allowing more
precise control over stem cell maintenance and differentiation. Thus, these substrates can be
applied to gain more insights into the mechanism of stem cell pluripotency or differentiation and
will be, in the long term, beneficial for biomedical applications like tissue engineering,

regenerative medicine approaches, and stem cell-based therapeutics.
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Supporting Information Available: Fabrication scheme, additional SEM and AFM images of
HEMA-EDMA surfaces, additional quantifications of mESCs on different surfaces, images and
quantification of mESCs cultivated on modified MN-HEMA-EDMA surfaces, images of ALP
staining, further characterization of mESC morphology and adhesion on the different surfaces
(SEM- and LSM images), water contact angle measurements, experimental procedures. This
material is available free of charge via the Internet at http://pubs.acs.org.
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paxillin; SEM, scanning electron microscopy; S-surface, smooth surface
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Figure S1. Fabrication of topographical HEMA-EDMA surfaces. Porous polymer films (MN-, N-, and S-
surfaces) were fabricated by photo-polymerization of a polymerization mixture containing the monomer
2-hydroxyethyl methacrylate (HEMA), the cross-linker ethylene dimethacrylate (EDMA) and eventually
the porogens cyclohexanol and 1-decanol. The porogen presence and ratio determined the outcome of
surface roughness. The reaction was initiated by the photo-initiator 2,2-dimethoxy-2phenylacetophenon
(DMPA).
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Figure S2. Overview (left) and high magnification (right) SEM images of MN-, N- and S-surfaces. MN-
surfaces show a hierarchical roughness: the relatively large micro-globules are also textured at lower scale.
N-surfaces show a porous phenotype and S-surfaces are flat. All scale bars: 200 nm.
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Figure S3. Comparison of surface topographies of MN-, N- and S-surfaces analyzed by Atomic Force
Microscopy (AFM). a, AFM images, field of view 3 um x 3 um, tapping mode. b, Surface profiles (lines
are indicated in a). ¢, AFM images 3D representation, field of view 300 nm x 300 nm, tapping mode. d,
Number of events of different heights for MN-, N- and S-surfaces, measured by AFM.

Figure S4. Nanoscale surface topography of a micrometer sized polymer globule on the MN-surface. a,
AFM topography image, tapping mode, b, corresponding 3D representation, ¢, corresponding AFM phase
image showing 20-30 nm features on the micrometer-sized polymer globules more clearly. Similar features
are visible in SEM images.
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Figure S5. Count of single cells, total colony and Oct4+ colony number of Oct4-EGFP expressing mESCs
on HEMA-EDMA.-, modified HEMA-EDMA- and control surfaces. Evaluation was performed on fixed
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and stained cells (DAPI, Phalloidin) after three days of culture. 15 images were evaluated per experiment
and condition. Illumination times were equal per condition. A colony was defined by at least more than 10
connected cells. Error bars represent standard error of the mean.

Student’s t-test (two-tailed); not significant (n.s.), p > 0.05; *, p < 0.05. N = 3, n > 100.

MN-surface -LIF glass -LIF feeder cells -LIF

Figure S6. mESC growth and maintenance on MN- and control surfaces depends on LIF. Oct4-EGFP
expressing mESCs were cultured in LIF-deprived medium for one, two, three and four days on a
MNsurface, on glass or feeder cells. mESCs on glass and feeder cells lost their Oct4-level, cells on

MNsurfaces failed to grow or to build large colonies and also lost Oct4-EGFP. Arrows: examples of
Oct4negative cell clusters. Scale bar: 50 pm.
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Figure S7. Oct4-EGFP expressing mESCs on modified MN-surfaces. a, The pristine
hydroxylfunctionalized (-OH) MN-surfaces were chemically modified with amine (-NH:) or decyl
terminal groups. Scanning electron microscopy (SEM) images show that the same surface roughness was
maintained for non-modified, and amine or decyl-modified MN-surfaces.. Oct4-EGFP (white/green)
expressing mESCs were cultured for three days on MN-, MN-NH.., and MN-decyl surfaces and stained
for their nuclei (DAPI) and actin cytoskeleton (magenta). Scale bars in the SEM images: 2 um; scale bars
in the cell images: 100 um. b, Percentage of Oct4+ (black), Oct4- (white), and mixed (grey) mESC
populations on non-modified, NH2- or decyl-modified MN-surfaces after three days of culture. Chi? test;
not significant (n.s.), p >0.01; *, p < 0.01. N =3, n > 200. Error bars represent standard error of the mean.
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Figure S8. FACS analysis of D3 mESCs. a, D3 Cells (P1) were cultured for up to four passages (five days
each) on micro-rough surfaces, Petri dishes or Petri dishes coated with gelatin. The cells were harvested,
incubated with an antibody against SSEA1 and subsequently with an Alexa488-coupled secondary
antibody. Cells were then analyzed by flow cytometry. D3 cells (P1) without addition of the secondary
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antibody, or D3 cells differentiated by retinoic acid for five days (RA) served as negative control while
D3 cells (P1) were used as positive control. b, The percentage of SSEA1-positive cells was quantified and
plotted. Error bars represent standard error of the mean. Student’s t-test (twotailed); *, p < 0.05. N = 3.
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Figure S9. Alkaline phosphatase staining of D3 mESCs. The mESCs were cultivated for 5 days on a MN-
surface, feeder cells and in a Petri dish with or without gelatin (two passages). They were fixed and stained
for the pluripotency marker alkaline phosphatase (ALP). Colonies on the MN-surface exhibited round
morphologies and were highly and regularly stained. On feeder cells, mESC colonies were less round, but
showed a homogeneous ALP staining. In the non-coated Petri dish and on gelatin mESCs lost their ALP
activity and migrated out of the colony formation; colonies also exhibited irregular and non-circular
shapes. Furthermore, ALP staining was inhomogeneous with a strong staining at colony edges and a weak
staining inside the colonies and in surrounding single cells. Scale bars: 50 pum.
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Figure S10. mESCs cultivated on MN-surfaces exhibit thin protrusions reaching into the MN-
HEMAEDMA agglomerates. Scanning electron microscopic (SEM) images of the contact zone between
Oct4-EGFP-expressing mESCs and MN-surfaces. Cells had been cultivated for 4 hours on the surfaces
before fixation and imaging. Scale bars: 500 nm.
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Figure S11. Example of an Oct4-positive (upper cell) and Oct4-negative (lower cell) cell of the Oct4EGFP
mESC line, cultivated for 4 hours on a MN-surface. The cells were fixed and stained for actin (gray/red)
and paxillin (gray/magenta). Actin protrusions and the absence of paxillin clusters occur in both cell types.
Images show maximum intensity projections of LSM-scans. Scale bar: 10 um.
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Figure S12. Analysis of single cell morphology and adhesion on HEMA-EDMA and control
surfaces. Confocal images of single Oct4-EGFP expressing mESCs on different culture
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substrates. The mESCs were stained for their actin cytoskeleton and vinculin (a marker for
integrin-positive cell-matrix adhesion sites), phosphorylated paxillin (pPAX) or phosphorylated
focal adhesion kinase (pFAK). pPAX and pFAK are markers for activated integrin signaling.
Arrows indicate actin protrusions; arrowheads indicate vinculin-, pPAX- or pFAK-clusters,
respectively. All images are maximum intensity projections. Scale bars: 5 pm.

Oct4-EGFP Actin Paxillin

Figure S13. mESCs of the Oct4-EGFP line, cultivated for 3 days on a MN-surface. The cells were fixed
and stained for their actin cytoskeleton and paxillin. Oct4+ colonies exhibit relatively large, ringshaped
actin ruffles (inset) at the cell surface interface but rarely show paxillin clustering, whereas mixed and
Oct4- colonies exhibit distinct paxillin clusters (arrows), especially on colony edges. Images show
maximum intensity projections of LSM-scans. Scale bars: 20 pum.
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Table S1. Static and dynamic water contact angles (WCAs) of HEMA-EDMA surfaces. WCA values were
obtained by a sessile drop measuring method. Dynamic WCA values were obtained by constantly pipetting
and withdrawing milliQ on a polymer surface. 8.4y = advancing WCA, 6rec = receding WCA, Ostatic = Static
WCA, CAH = contact angle hysteresis. Values represent mean + standard deviation. N > 3.

MN-surface | N-surface S-surface MN-NH:2 MN-decyl
surface surface
NA 27+3° 60+2° 27+3° 164+3°
Oadv
_ <5° 15+3° 57+2° 20+3° 160+4°
0stat|c
NA 13+2° 39+2° 17+3° 148+4°
0rec
CAH NA 14° 21° 10° 16°

Experimental procedures

Fabrication of the MN-, N- and S- HEMA-EDMA surfaces

All chemicals and reagents for the production of HEMA-EDMA surfaces were purchased from
Sigma-Aldrich at purity >97% if not designated differently in the text.

To create very thin micro-nano rough (MN-) surfaces a porous polymer was made by
photopolymerization of a mixture containing 24wt% of the monomer 2-hydroxyethyl
methacrylate (HEMA), 16wt% of the cross-linker ethylene dimethacrylate (EDMA), and 1wt%
of the photoinitiator 2,2-dimethoxy-2-phenylacetophenon (DMPAP)in the presence of porogenic
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solvents, 40wt% 1-decanol and 20wt% cyclohexanol. For covalent attachment of the polymer to
the glass surface, the glass plates (Schott NexterionB) were modified with
3(trimethoxysilyl)propyl methacrylate (TMSPHA). The polymerization mixture was pipetted in
a mold between two modified glass plates with 75 um thick Teflon spacers define polymer
thickness. After 15 min UV-light irradiation (260 nm, 8mW/cm?) the two glass plates were
separated by a scalpel. The hardened polymer broke into two polymer films attaching to both
glass plates. The thin polymer layer attached to the bottom plate was washed with ethanol and
acetone and dried with nitrogen. The samples were stored in methanol. For FNfunctionalization,
MN-HEMA-EDMA surfaces were covered with 1 ml of a 10 pg/ml fibronectin solution (diluted
in 1xPBS pH 7.4) and incubated for 1 hour. Afterwards slides were rinsed with PBS.

Nano rough surfaces (N-surfaces) were prepared by photo-polymerization of a mixture containing
24wt% of the monomer HEMA, 16wt% of the cross-linker EDMA, 1 wt% of the photoinitiator
DMPARP in the presence 12wt%1-decanol and 48wt% cyclohexanol porogenic solvents. To ensure
that the polymer attached only to the modified, glass slides were exposed to trichloro(1H, 1H, 2H,
2H-perfluorooctyl)silane in an evacuated desiccator overnight. The mixture was injected into a
mold made of modified glass plate and a fluorinated glass plate, which were separated by two
12.5 um Teflon spacers. The mold was irradiated with UV-light (260 nm, 8 mW/cm?) for 15 min.
Afterwards, the glass slides were opened with a scalpel and washed with methanol.

Smooth surfaces (S-surfaces) were prepared by photo-polymerization of a mixture containing
60wt% of the monomer HEMA, 40wt% of the cross-linker EDMA, and 1 wt%. of the
photoinitiator DMPAP without any porogens and the substrates were processed like the N-
surfaces.

Modification of MN-surfaces

Alkyne-modified polymer layers were prepared by coating two glass plates with MN-
HEMAEDMA surfaces. They were then immersed into 50 ml dichloromethane solution
containing 1.14 mM4-pentynoic acid and 0.46 mM 4-(dimethylamino)pyridine (DMAP)). 1.14
mM N,N'-diisopropylcarbodiimide (DIC) were added and the solution was cooled to 0°C. Then
the solution was stirred at room temperature (RT) for 4 hours. The plates were washed extensively
with acetone and were dipped into ethanol for several min. with subsequent air drying.

For amine (NH>.)-modified MN-surfaces, an alkyne polymer layer was wetted with a Cysteamine
hydrochloride (15 wt% in ethanol) solution covered with a fluorinated quartz slide (25x75x1
mm?3, widthxlengthxthickness), and irradiated with UV-light for 15s (12 mW/cm2, 260 nm). The
samples were washed extensively with acetone and dried with nitrogen.

For the decyl-modified MN-surfaces the alkyne polymer layer was wetted with a 1decanethiol (5
vol% in acetone) solution covered with a fluorinated quartz slide (25x75x1 mm,
widthxlengthxthickness, developed with Autodesk Inventor 2011 software and manufactured by
Rose Fotomasken), and irradiated with UV-light for 15s (12.0 mW/cm?, 260 nm) under ambient
laboratory conditions. The samples were washed extensively with acetone and dried with
nitrogen.
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Characterization of the HEMA-EDMA surfaces

Scanning electron microscopy (SEM): The surface morphologies of HEMA-EDMA polymer
films and its derivatives were analyzed using the ZEISS Leo 1530 (Carl Zeiss NTS GmbH,
Germany; (INT, KIT)) scanning electron microscope after gold sputtering (15 nm) using the
Balzers Union MED 10 (INT, KIT).

Surface roughness measurements: Surface area profile was measured using Sensofar S neox (IAl,
KIT). As the light source blue light was used (460 nm) and samples were analyzed using a 50x
objective (NA 0.8, optical resolution 0.17 um, vertical resolution 3 nm).

Water contact angle measurements: Water contact angles (WCA) were evaluated with a UK1117
camera (EHD imaging GmbH, Germany), 5 ul syringe (Hamilton, Switzerland) by a sessile drop
measuring method. The advancing and receding WCAs were determined by consecutive addition
and subtraction of MilliQ water to the droplet. The measurements of WCAs were repeated at least
three times. The calculation of WCA was performed using ImageJ Drop Analyzer plug-in
(http://imagej.nih.gov/ij/).

Atomic Force Microscopy (AEM): All AFM measurements were performed using a Dimension
Icon (Bruker, Karlsruhe, Germany) with HQ:NSC15/AL BS tips (1uMasch) in tapping mode.

Oct4-EGFP expressing mESCs

Oct4-EGFP expressing mouse embryonic stem cells were kindly provided by Prof. Rolf Kemler
(MPI, Freiburg). Briefly, homozygous mice of the Oct4-EGFP mouse strain® were crossbred with
female C57BL/6 mice. Animal housing conditions fulfilled the animal welfare guidelines.
Morulae were isolated at day 2.5 post-fertilization and cultivated in KSOM mouse embryo
medium under standard cell culture conditions. Morulae were enzymatically dissociated and
resulting cells and cell clusters were initially cultivated on mitotically inactivated feeder cells in
the presence of a MEKS inhibitor to prevent differentiation. Experiments were performed
according to European (Council Directive 86/609/EEC) and German (Tierschutzgesetz)
guidelines for the welfare of experimental animals.

Routine culture of mESCs

Oct4-EGFP expressing mESCs were cultured in high glucose DMEM supplemented with 15%
PANSsera ES (PAN Biotech), 1 mM sodiumpyruvate, 2 mM L-glutamine, 1x NEAA, 0.1 mM -
mercaptoethanol, LIF (80 ul cell culture supernatant of HEK293 cells stably transfected with a
LIF expression plasmid per 5 ml of mMESC culture media) and 1-3% penicillin/streptomycin on a
confluent layer of primary mouse embryonic fibroblasts (obtained from Doris Wedlich, KIT) that
had been mitotically inactivated with 10 pg/ml Mitomycin C for 2 to 3 hours and seeded in culture
flasks coated with 0.1% porcine gelatin in PBS. Cells were cultivated at 37°C, 7% COzand 95%
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humidity and passaged every second day. For experiments, cells with passage numbers below 20
were used.

The mouse embryonic stem cell line D3 (derived from a 129S2/SvPas mouse from ATCC) was
cultured in GlutaMAX™-1 medium (Invitrogen) supplemented with 15% ES FBS (PAA), 0.1mM
B-mercaptoethanol, 1% penicillin/streptomycin and 1000 units/ml LIF at 37°C/5% CO2/95%
humidity. Mouse embryonic fibroblasts (MEFs) that had been irradiated with 6.3 Gray served as
feeder cells. Medium was changed every day and cells were split at least every second day.

Pre-plating of Oct4-EGFP expressing mESCs

In order to separate mESCs from MEF-feeder cells prior to experiments the mixture of cells was
transferred into non-coated cell culture flasks with 5 ml of stem cell medium supplemented with
LIF. The flasks were incubated in 37°C to let feeder cells adhere to the surface. The mESCs which
adhere much slower to non-coated cell culture flasks, were collected after 30 to 60 min and
transferred to a new culture flask coated with 0.1% gelatin and incubated for a maximum of two
days before usage in experiments.

Cultivation of mMESCs on HEMA-EDMA surfaces

For cultivation of mMESCs on MN-, N- and S-HEMA-EDMA surfaces, the surfaces were sterilized
by rinsing with 70% ethanol and dried in a clean bench. The polymer-coated glass plates and
control surfaces (glass coverslips, with and without mitotically inactivated feeder cells) were
transferred into a six-well plate with 2 ml of medium per well supplemented with LIF. 5x10% -
8x10* of the pre-plated and singularized stem cells were transferred to the substrates and
incubated between 4 hours (for single cell analysis) and 5 days (for time series) with a medium
change every second or third day. For long term cultivation, mESCs on MNsurfaces were
passaged every third or fourth day by trypsinizing them with Trypsin/EDTA, diluted 1:1 in Hank’s
Buffered Salt Solution (HBSS) for five minutes with subsequent shaking to get the strongly
adhering cells off the surface. They were then cultivated on new sterilized substrates. In case of
mESCs adhering to feeder cells, a 1:4 dilution of Trypsin/EDTA in HBSS applied for 3 minutes
was sufficient to passage the cells.

Image acquisition of living mESCs

Stem cell colonies (of the Oct4-EGFP line) on different surfaces were imaged regularly at an Axio
Imager.Z1 equipped with an Achroplan 20x/0.50W Ph2 dip-in objective (Carl Zeiss) and an
AxioCamMRm (Carl Zeiss). The medium was changed after each imaging session in order to
avoid contamination.

For long term cultivation images were taken immediately before passaging.
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Alkaline phosphatase staining of mESC line D3

Cells of the mESC line D3 were washed twice with PBS and fixed by 2 ml of 4%
paraformaldehyde in PBS for 20 min. Thereafter, cells were washed three times with 5 ml Tris-
maleat buffer (1 M maleic acid, 0.02 M Tris, pH 9.0) for 5 min. The activity of alkaline
phosphatase was developed by incubation with the reaction buffer (0.1% Fast Red TR Salt,
0.02% Naphtol AS-MX Phosphate, and 0.08% MgCI2 in Tris-maleat buffer) for 10-20 min.

The positive clones (stained in red) were visualized by light microscopy.

Flow cytometry of mESC line D3

4x10° cells of the mESC line D3 were harvested in a 1.5 ml Eppendorf tube and washed twice
with 500 pl ice-cold FACS buffer (0.1% FCS in PBS). Cells were then suspended in 200 pl
solution of primary antibody SSEA1 (monoclonal mouse anti-SSEA1 (Santa Cruz, 1:100 dilution
in 5% BSA/PBST), and incubated overnight at 4°C. Cells were washed three times by
centrifugation at 400 g for three min in ice cold FACS buffer. Afterwards, cells were resuspended
in 200 pl solution of Alexa Fluor 488-labeled secondary antibody (Alexa Fluor 488 goat anti-
mouse 1gG (Invitrogen)) (1:100 dilution in 5% BSA/PBST), and incubated overnight at 4°C in
the dark. Cells were fixed with 100 ul 3.7% paraformaldehyde for 10 min, and then filled up with
1.2 ml FACS buffer. Cell suspension was stored immediately at 4°C in the dark until they were
measured by Attune Acoustic Focusing Cytometer (Life Technologies).

Western blotting of mESC line D3

D3 mES cells were washed with PBS, and lysed in NP40 lysis buffer (50 mM Tris pH 8.0, 150
mMNaCl, 5 mM EDTA, 1% NP40, 1mM PMSF) for 10 min on ice. The protein extract was
cleared by centrifugation at 13,000 g for 10 min at 4°C. Then, the protein concentration of the
cell lysate was determined by the method of Bradford. For SDS-PAGE and Western blotting 30
ug of total protein in 1x sample buffer (2% sodiumdodecylsulfate (SDS), 80 mM Tris pH 6.8,
10% glycerol, 5% 2-mercaptoethanol, 0.001% bromophenol blue) were heated for 5 min at 95°C,
loaded onto an SDS-10% polyacrylamide gel, separated by electrophoresis and transferred onto
a polyvinylidenedifluoride membrane (Millipore) using the Trans-Blot Turbo semi-dry transfer
system (Bio-Rad). The membrane was blocked for 60 min in 5% BSA in PBST (0.2% Tween-20
in PBS) and incubated overnight at 4°C with the primary antibodies (polyclonal rabbit anti-Nanog
(Serotec); monoclonal mouse anti-Oct3/4 (H-300) (Santa Cruz), and mouse monoclonal anti-f-
Actin (Abcam)). After washing 3 times for 5 min in PBST, the secondary antibodies conjugated
with horseradish peroxidase (HRP) (goat antimouse IgG/HRP and Goat anti-rabbit IgG/HRP
(both from Dako)) were added and incubated for 1 hour. After extensive washing, the blots were
developed by adding ECL (Pierce ECL Western Blotting substrate) and exposing the membranes
against an X-ray film.
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Scanning electron microscopy of Oct4-EGFP-expressing mESCs cultivated on different
surfaces

Cells on different surfaces were fixed after 4 hours of cultivation in 2% PFA and 2%
glutaraldehyde (Sigma Aldrich) in PBS for at least 1 hour at RT. The samples were dehydrated
by incubating them successively for 10 min in 10, 30, 50, 70, 90 and finally 3 times in 100% of
acetone respectively. They were stored in 100% acetone before critical point drying. Critical point
drying was performed with an EM CPDO030 (Leica) with acetone as substitution liquid. The
samples were flushed with liquid CO> for 6-8 times and dried at 40°C and 75 bar. The dried
samples were glued onto a sample holder and coated with a thin layer (3-5 nm) of gold. SEM
imaging was performed by using a LEO 1530 Field Emission Scanning Electron Microscope.

Immunofluorescence staining of Oct4-EGFP-expressing mESCs and confocal imaging The
cells were fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) in PBS for 10 min. After
permeabilization with PBS containing 0.1% Triton, cells were incubated with the primary
antibody (mAb IgG mouse anti-Paxillin, 1:500, BD Transduction Laboratories; mAb IgG mouse
anti-Vinculin, 1:100, Abcam; pAb IgG rabbit anti-Phospho-Paxillin pTyr31, 1:500, Life
Technologies; pAb 1gG rabbit anti-Phospho-FAK pTyr397, 1:300, Life Technologies) for 1 hour
at RT. Samples were washed 3 x 5 min with PBS and subsequently incubated with the secondary
antibody (goat anti-mouse 1gG AlexaFluor 647, 1:200, Dianova; goat anti-rabbit 1IgG Cy3, 1:200,
Dianova) in 1% BSA in PBS at RT for 1 hour together with phalloidin-AlexaFluor568 (1:200,
Molecular Probes) or phalloidin-AlexaFluor647 (1:200,Molecular Probes) and DAPI (1:1000,
Roth). Samples were washed 3 x 5 min with PBS and embedded in 1% n-propylgallate (Sigma
Aldrich) in Mowiol (Hoechst).

Confocal imaging was performed with a LSM 510 Meta microscope (Carl Zeiss) equipped with
a LCI Plan-Neofluar 63x/1.3 DIC IM Korr objective (Carl Zeiss).

Analysis

For the estimation of single cell number, colony pluripotency and colony numbers, cells were
seeded, cultivated for 3 days and stained as described above. 15 images per condition were taken
randomly at an Axio Imager.Z1 equipped with an EC Plan NEOFLUAR 10x/0.3 Ph1 Objective
and an AxioCamMRm (all from Carl Zeiss). Exposure times were identical for each channel in
all conditions. Single cells and colonies (defined as more than ten connected cells) were counted
with the help of the nuclear and actin-staining in all 15 images. For colonies, the pluripotency
state was determined with the intrinsic Oct4-EGFP signal. Colonies were classified into Oct4-
EGFP-positive (all cells fluorescent at the given illumination time), Oct4EGFP-negative (no
fluorescent cells present) and mixed (fluorescent and non-fluorescent cells present in one colony).

To assess MESC colony circularity, Oct4-EGFP images of the long term cultivation experiment
were evaluated by the analyze particles tool from ImageJ

(http://imagej.nih.gov/ij/) for 15-20 colonies per time point and condition.
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For the quantification of the Western Blot, signals for Oct4, Nanog and -Actin were quantified
densitometrically via ImageJ and the relative amounts of Oct4 and Nanog were assessed by
correlating it with the B-Actin signal. Relative abundance of Oct4 and Nanog proteins at the 1%
passage was set to 1.

Statistics

For each experimental set (except of the circularity data) at least three independent experiments
have been performed. The circularity data and Western Blot quantification were obtained from
one experiment. All data were expressed as means + standard error of the mean (s.e.m.) if not
designated differently. Excel 2007 (Microsoft Corporation, Redmont, USA) was used for
statistical analysis (two-tailed Student’s t-test or a Chi? test, respectively). Differences were
considered as statistically significant when the calculated p value was less than 0.05 (*) and a p
value above 0.05 was considered non-significant (n.s.) for Student’s ttest. For the Chi? test, the
critical significance value was set to p < 0.01.
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