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ABSTRACT: Many dynamic interactions within the cell micro- Nanopattern ;?"::’a’c?g‘?)‘f’ggmggﬂg
|
environment modulate cell behavior and cell fate. However, the

pathways and mechanisms behind cell—cell or cell—extracellular matrix nanopositioned @ 1000 nm
interactions remain understudied, as they occur at a nanoscale level. biomolecules S

Recent progress in nanotechnology allows for mimicking of the \ »
microenvironment at nanoscale in vitro; electron-beam lithography ) s @/ o
(EBL) is currently the most promising technique. Although this R

nanopatterning technique can generate nanostructures of good quality ‘
and resolution, it has resulted, thus far, in the production of only : i 250 nm
simple shapes (e.g., rectangles) over a relatively small area (100 X 100 )

pm), leaving its potential in biological applications unfulfilled. Here, we

used EBL for cell-interaction studies by coating cell-culture-relevant  Hajo Tagged biomolecule

material with electron-conductive indium tin oxide, which formed

nanopatterns of complex nanohexagonal structures over a large area (500 X 500 ym). We confirmed the potential of EBL for use in
cell-interaction studies by analyzing specific cell responses toward differentially distributed nanohexagons spaced at 1000, 500, and
250 nm. We found that our optimized technique of EBL with HaloTags enabled the investigation of broad changes to a cell-culture-
relevant surface and can provide an understanding of cellular signaling mechanisms at a single-molecule level.

KEYWORDS: nanopatterning, nanospacing, biomimetic surface, electron-beam lithography, cell—cell interaction,
cell adhesion and spreading, ligand clustering

Bl INTRODUCTION culture surface within defined microdomains.””"" These have
been used to study cell migration, spread, adhesion,
proliferation, and differentiation.’”™'® Nevertheless, most
biologically relevant systems contain nanodistributed biomo-
lecules, as many cell receptors and ligands naturally cluster into
nanoscopic assemblies.'” Nanodistribution can be achieved by
nanopatterning, which controls the immobilization, arrange-
ment, and density of ligands at the nanoscale level and which
may help us understand how the spatial distribution of
nanodistributed biomolecules affects signaling pathways.'*™*!
Nanopatterning shows promise for applications such as
nanobiochips, nanobiosensors for detection of disease
biomarkers, and DNA nanosensors for drug screening.””~>*
The key nanopatterning techniques appropriate for cell
studies include dip-pen nanolithography, nanoshaving/nano-
grafting, nanocontact printing, and electron-beam lithography

Cells of multicellular organisms continuously interact with
their microenvironment, which contains soluble factors (e.g.,
growth factors), extracellular matrix (ECM) ligands (that
control cell-ECM interactions), and surrounding cells (that
control cell—cell interactions).' > These interactions help
regulate biological processes, coordinate cell behavior during
development, contribute to the maintenance of tissue homeo-
stasis, and control disease progression. In contrast to the
expanding knowledge of regulatory circuits controlled by
soluble factors, the molecular mechanisms behind cell—cell and
cell-ECM interactions are unclear, and the effects of
distribution and geometry of molecular interactors are
particularly understudied.

Cell—cell and cell-ECM contacts underlie, at the macro-
scale level, the formation of tissue and barrier structures,
whereas, at the microscale level, they drive signaling of specific
pathways and activation states.” Cells are also sensitive to
biochemical cues and geometric and mechanical constraints of
their microenvironment, which are challenging to address in
vitro, as cell culture surfaces are typically coated with ECM
proteins in a random distribution.’™® Thus, to better control
cell behavior, interactive molecules can be organized at the cell
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(EBL).”™* Each method has its advantages, disadvantages,
and technological limitations for preparation; the critical
parameters to be considered are the resolution of nanostruc-
tures (width in nm), throughput (total patterned area in ym?),
and shape complexity. Typically, structures with line widths
greater than 50—1000 nm are fabricated; however, higher line
resolution usually means exponentially longer preparation
times and smaller patterned areas.*® Additionally, many current
techniques only produce simple shapes (e.g, lines and dots).
Thus, EBL is currently the most promising technique for
applications requiring high resolution and complex struc-
tures."” EBL is currently used for patterning biomolecules,
such as DNA, antibodies, and other proteins, with structures
up to 100 nm. However, only simple shapes have been
generated (e.g., lines, crosses, and dots) over a relatively small
area of 100 X 100 um, which limits the scope of EBL to the
study of approximately 10 cells.”*~*

The current state of the art of bionanopatterning has led us
to assume that the effective size of the patterned area for
effective analysis of cellular interaction should be at least 400 X
400 pum. We also related the area size to human embryonic
stem cells (hESC), used here as a model, that grow in colonies
typically constituted by several hundred cells each. Such an
average colony with 100 cells covers about 30 000 ym?, which
is equivalent to a colony diameter of about 100 um. Finally, it
was shown that proper recapitulation of embryonic processes
by hESC grown on micropatterns is dependent on pattern size,
with the minimal diameter being about 200 um.'>*” Thus,
EBL has not yet fulfilled its potential to pattern complex
structures with relevant biological throughput.

The specificity of signaling of immobilized molecules only in
patterned regions is a challenge. In vitro, proteins adsorbed
from media on culture surfaces may cause uncontrolled,
nonspecific cell—surface interactions.”® Nonspecific adsorption
(NSA) occurs in all mentioned nanopatterning techniques and
is typically solved with the addition of a protein nonfouling
layer around the patterns.”” Molecules, such as polyethylene
glycol (PEG) and poly(2-hydroxyethyl methacrylate), have
been used to create these nonadhesive regions. However, this
approach when applied to nanopatterning must be opti-
mized.

A critical element required to create proper biodomain
geometries is the anchoring of molecular moieties to prepared
nanopatterns. Typically, this is achieved transiently by weak
electrostatic binding or, for higher specificity, by bioaffinity
binding (streptavidin—biotin) or permanently by strong
covalent binding.’' ™’ Recombinant proteins fused with
HaloTags have allowed successful covalent immobilization of
biomolecules on macrosurfaces.””> HaloTag fusion proteins
have high binding specificity toward surfaces via a thiol linker
that forms a covalent bond with the target substrate. Many
biomolecules can be tagged using HaloTag, making it a
universal and widely applicable system.*®

Biomolecule nanodistribution has been mainly used to target
cell-ECM interactions by applying adhesive motifs from ECM
proteins.”” However, cell-cell interactions that also occur in
nanoscopic assemblies remain understudied. Ephrin receptor
tyrosine kinases (Eph receptors) and their ligands (ephrins)
are promising candidates to study nanodistribution and cell—
cell interactions. Eph receptors and ephrin ligands are
membrane-bound proteins that require direct cell—cell
interactions for activation and that regulate biological
processes during embryonic development, such as cell
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migration, segmentation, and stem cell differentiation.”

They must form highly organized nanoscopic clusters for
effective signal transduction, which is affected by the
distribution of binding partners within the membranes of
neighboring cells. Indeed, the precise nanodistribution of the
ligand ephrin AS modulates ephrin type-A receptor 2 (EphA2)
activity within cell membranes.”’ Notably, after ephrin binds
an Eph receptor, the signal is transmitted bidirectionally, as the
receptor and ligand are tethered in the cell membrane.
Although Eph receptor signaling has been well studied, the
downstream activity of ephrin ligands remains to be
investigated.

Here, we optimized and implemented a biomolecule-based
nanodistribution technique to develop a versatile tool for
studying cell behavior. We used EBL to precisely distribute
bioactive molecules in complex hexagonal patterns at a
nanoscale level over a large area of 500 X 500 um with high
resolution and throughput, and we studied the effect of their
distribution on cell attachment, cell spreading, and down-
stream signaling. We produced a hexagonal nanopattern of 100
nm wide lines spaced at 1000, 500, or 250 nm. The reasoning
behind hexagons was as follows. Biologically, cells on planar
culture surfaces spread in a circular shape.”” When cells grow
in colonies, they tile with no wasted area. The cells occupy the
most efficient arrangement with the minimum perimeter over a
given area. From a geometric point of view, an approximation
of the cell shape that allows the tiling of regular patterns with
equal size into a mosaic can be designed in three variants—
triangles, squares, and hexagons. These shapes fold well
together because they have straight edges that align with each
other. The hexagon is closest to a circle, and its arrangement
also appears very often in nature, e.g., six bonded carbon in
organic chemistry, honeycomb, and compound eyes.”’ Then,
we used a HaloTag-EphA2 (HT-EphA2) fusion protein to
study the ability of our cellular model to interact with EphA2
anchored to the nanopatterns. We explored the effect of these
interactions on cell behavior. Our results show specific
interactions of human pluripotent stem cells (hPSCs) with
nanodistributed EphA2 receptors and prove that cells respond
to such distribution by changes to interactions with nano-
patterns and ligand-driven activation of downstream signaling.
Finally, our results demonstrate that this biomaterial can
enable investigators to focus on broad changes to cell culture
surfaces and can help us understand cell signaling mechanisms
at a single-molecule level.

B MATERIALS AND METHODS

Cleaning of Surfaces. We used 12 mm diameter high-precision
cover glasses no. 1.SH (thickness = 170 ym + S pm) for high-
performance microscopes (cat. 0117520, Paul Marienfeld GmbH &
Co. KG) to prepare patterned surfaces. Cover glasses were cleaned by
sonication in methanol for 15 min and were washed three times for 15
min each in ultrapure Milli-Q water. Finally, the surfaces were dried in
a flow of inert nitrogen gas.

Elimination of Nonspecific Adsorption by Polyethylene
Glycol Modification. Each of the 97 PEG biomolecules that we
tested (Table S1) was applied to the cleaned and dried surfaces as a 1
puL droplet, and the surfaces were incubated for 1 h at room
temperature in a humidified chamber. Then, the PEG was removed by
aspiration, and the surfaces were washed once with 0.1 M phosphate-
buffered saline (PBS), pH 7.4. Finally, the HaloTag-fused protein was
added, and the surfaces were incubated for 1 h at room temperature.
The surfaces were incubated with primary antibody against the
HaloTag (anti-HaloTag polyclonal antibody, cat. G9281, Promega)
and subsequently with a secondary antibody conjugated to a
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Figure 1. Optimization of electron-beam lithography workflow for cover glass substrates using PLL-g-PEG and tantalum layers. (A) Schematic
illustration of standard and optimized EBL procedures combined with PLL-g-PEG and tantalum layers. Different colors represent different
deposited layers, scale bar 2 ym. (B) AFM (left) and SEM (right) images of nanopatterns prepared by standard EBL with an ITO layer. A nanogrid
with line spacings from 0.5 to 10 ym was produced on the surface without PEG and tantalum. (C) Immunofluorescence detection of HaloTag-
fused biomolecules on ITO-coated surfaces treated with different PEG solutions to avoid NSA. The immunofluorescence intensity was quantified
and graphed. Representative images (left) show NO PEG (sample without a PEG layer) and surfaces modified with PEG-10, PEG-15, and PLL-g-
PEG. The effectiveness of each surface protein’s repellent property was quantified as fluorescence intensity (right). Intensity measurements were
performed in triplicate. From each sample replicate, 10 line sections were measured to obtain intensity values over the surface. Error bars represent
+standard error of the mean. (D) AFM (left) and SEM (right) characterization of PEG only (+PEG/—tantalum) and PEG and tantalum layers
(+PEG/+tantalum) used for more complex nanohexagonal structures, scale bar 2 ym. (E) Quantification of AFM measurements of line width
estimated as a full width at half-maximum. The mean line width achieved by standard EBL (—PEG/—tantalum) and optimized EBL (+PEG/
+tantalum) was ~100 nm (n = S0 cross-sections). Error bars represent +standard error of the mean. Blue triangles illustrate locations where the
cross-section measurements were taken. Image analyses were performed in Image] Fiji and software from JPK Instruments. The statistical analyses
were performed using an unpaired ¢ test. ***p < 0.001. ns, not significant.

fluorophore (Alexa Fluor 488, cat. A-11008, Invitrogen). To quantify with diameters of 2—40 pm and distances of 0.2—40 ym over a large
the effectiveness of a variety of PEG solutions, we measured the area of 500 X 1000 ym. Hexagonal NANO patterns were produced
immunofluorescence intensity of noncoated surfaces and PEG-coated with different spacings between lines (1000, 500, and 250 nm) in two
areas of the surfaces and calculated the efficiency of passivation as a variants without (NO CORE) or with (CORE) small, filled hexagonal
percentage. centers. Our rationale for designing CORE hexagonal centers was to
Design of Macro-, Micro-, and Nanoscale Patterned enhance cell-substrate interactions. We designed the parameters of the
Surfaces. For cell-interaction experiments, we designed three types MICRO and NANO surfaces in the open-source software KlLayout
of patterned surfaces with different scale precisions: MACRO (mm), (https://www.klayout.de/), and the designs were exported to the

MICRO (um), and NANO (nm). The MACRO surface represents a Drawbeam/EBL kit of Atlas software (TESCAN Brno, s.r.o.).
simplified model with a large area of randomly immobilized HaloTag- Preparation of Platinum MACRO Surfaces. Cleaned cover
fused recombinant proteins to fully support cell interactions. This glasses were sputter-coated with a 20 nm thick layer of indium tin
surface served as confirmation of cell interactions with HaloTag-fused oxide (ITO) using a Q1S0T S sputter coater (cat. 10027, Quorum
recombinant proteins and as a reference control. The MACRO Technologies) and a sputtering target (cat. EJTITOXS7MM+, Kurt J.
surface comprises simple platinum circles (3 mm in diameter). Lesker Co. Vacuum). The ITO-coated surfaces were PEGylated with
MICRO patterned surfaces were designed as a field of filled hexagons PLL-g-PEG at 1 mg mL™" for 1 h at room temperature, washed once
4791 https://doi.org/10.1021/acsbiomaterials.2c00650
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with 1X PBS, and left to dry. Finally, the circular macroscale pattern
was achieved by platinum sputtering through a polydimethylsiloxane
stencil mask (Alvéole) with a 3 mm diameter circular gap using a
sputter coater (SCD 040, Oerlikon Balzers Ltd.) set at 30 mA for 2
min, which corresponds to a ~20 nm line width.

Standard Electron-Beam Lithography by 30 keV Scanning
Electron Microscopy. To test the potential of EBL for the
preparation of NANO-patterned surfaces, we first performed a
previously established workflow for EBL (standard EBL).** Cleaned
surfaces were coated with a ~20 nm thick layer of electron-conductive
ITO. The coated surfaces were dehydrated and soft-baked at 150 °C
for 60 s on an SD 160 vacuum hot plate (cat. 5510-4130, Cole-
Parmer). Then, the first 20 yL of adhesion promoter AR 300-80
(Allresist GmbH) was spin-coated onto the surfaces at S00 rpm for §
s and then ramped to 4000 rpm for 60 s. The surfaces were again soft-
baked at 150 °C for 60 s, and 20 uL of electron-beam resist CSAR-
6200 (AR-P 6200.09, Allresist GmbH) in a 9% anisole solution was
spin-coated at S00 rpm for S s and then ramped to 4000 rpm for 60 s
to form a ~200 nm thick layer. Then, the surfaces had a final soft-
baking at 150 °C for 90 s. EBL was performed on a Mira3 scanning
electron microscope (TESCAN Brno, s.r.0.). Setup parameters for the
MICRO pattern were an exposition with an acceleration voltage of 30
keV at a working distance of 9 mm, an absorption current of ~330 pA,
a step size of 24.4 nm, and a beam dose of 60 uC cm™ For the
NANO pattern in the form of grid lines, the setup parameters were an
acceleration voltage of 30 keV at a working distance of 9 mm, an
absorption current of ~330 pA, a step size of 12.2 nm, and a beam
dose of 92 uC cm™. After EBL, the exposed parts of the electron-
beam resist were treated with AR 600-546 (Allresist GmbH) for 60 s
at room temperature. The entire surface was then coated with a ~20
nm thick platinum layer using an SCD 040 sputter coater (Oerlikon
Balzers Ltd.) for 2 min at 30 mA. The final step was the lift-off in N-
ethyl pyrrolidone (NEP) solution, which resulted in the removal of
the exposed resist layer and the production of hexagonal patterns. The
NEP was removed by washing the slides in 40% isopropyl alcohol and
then in Milli-Q water. The slides were dried in a flow of inert nitrogen
gas and were ready for further procedures.

Optimized Electron-Beam Lithography. The optimized
process of fabrication of nanopatterned surfaces by EBL is illustrated
in Figure 1A. The optimized workflow was similar to the standard
workflow. However, to eliminate nonspecific protein adsorption, it
was necessary to add PLL-g-PEG (SuSoS Surface Technology). We
incorporated a proadhesive tantalum layer for improved nanostructure
cohesion of more complex hexagonal patterns. We have also slightly
modified the hexagonal design, to which the thin (300 nm)
interruption was added, to support the access of NEP solution during
the lift-off process. Briefly, the optimized protocol was performed on
cleaned surfaces coated with an ~20 nm thick layer of electron-
conductive ITO. Then, the surfaces were coated with a protein-
repulsive layer composed of 1 mg mL™' PLL-g-PEG (50 uL per cover
glass) for 1 h at room temperature. Then, the PLL-g¢-PEG was
removed by aspiration, and the surfaces were washed once with 1X
PBS and left to dry. The surfaces were then dehydrated and soft-
baked at 150 °C for 60 s on an SD 160 vacuum hot plate (cat. S510-
4130, Cole-Parmer). Then, 20 yL of adhesion promoter AR 300-80
(Allresist GmbH) was spin-coated onto the surfaces at 500 rpm for S
s and then ramped to 4000 rpm for 60 s. The surfaces were soft-baked
at 150 °C for 60 s, and 20 uL of electron-beam resist CSAR-6200
(AR-P 6200.09, Allresist GmbH) in a 9% anisole solution was spin-
coated at S00 rpm for S s and then ramped to 4000 rpm for 60 s to
form an ~200 nm thick layer. Then, the surfaces had a final soft-
baking at 150 °C for 90 s. EBL was performed on a Mira3 scanning
electron microscope (TESCAN Brno, s.r.0.). Setup parameters for the
nanopatterns were an acceleration voltage of 30 keV at a working
distance of 9 mm, an absorption current of ~330 pA, a step size of
12.2 nm, and a different beam dose for each density (92 #C cm™ for
1000 nm, 88 xC cm™ for 500 nm, and 86 uC cm™ for 250 nm).
After EBL, the exposed parts of the electron-sensitive resist were
treated with AR 600-546 (Allresist GmbH) for 60 s at room
temperature. To enhance the adhesiveness of the structures, we
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introduced a thin adhesive layer (~5 nm) of tantalum (cat.
EJTTAXX1.5A2, Kurt J. Lesker Co. Vacuum) to the EBL procedure
using an SCD 040 sputter coater (Oerlikon Balzers Ltd.) prior to the
addition of the platinum layer, which was applied using an SCD 040
sputter coater (Oerlikon Balzers Ltd.) for 2 min at 30 mA to produce
an ~20 nm thick platinum layer. The final step was the lift-off in NEP
solution, which resulted in the removal of the exposed resist layer and
the production of hexagonal patterns. The NEP was removed by
washing the slides in 40% isopropyl alcohol and then in Milli-Q water.
The slides were dried in a flow of nitrogen gas and were ready for
further procedures.

Microscopy Characterization of Prepared Microscale and
Nanoscale Surfaces. Patterned surfaces were characterized by SEM
using a Mira3 scanning electron microscope and a VEGA microscope
(TESCAN Brno, sr.o.) and by AFM using a NanoWizard 3
instrument (JPK Instruments) and a Dimension FastScan instrument
(Bruker) for high resolution. For AFM, the scanning frequency was
set at 1 kHz for a resolution of 512 X 512 pixels and 0.5 kHz for a
resolution of 1024 X 1024 pixels. The final images were processed and
analyzed with SPM data processing software (JPK Instruments).

Immobilization of Proteins to Surfaces. Recombinant protein
HT-EphA2 was incubated with a thiol linker (cat. P6761, Promega)
for 1 h at 37 °C. The molar ratio of EphA2/linker was 100:1. The
binding efficiency of the linker towards its specific epitope included in
the HaloTag protein was confirmed by MALDI-TOF analysis. After
linker binding, the entire protein complex was immobilized onto the
patterned area of prepared surfaces as a S pL droplet (in 0.5 M
trehalose and 1X PBS, pH 7.4) at 5 ug mL™" at 37 °C for 1 h. Then,
the unadsorbed protein was aspirated, and the surfaces were washed
thoroughly three times in 1X PBS. All steps were performed
immediately prior to cell seeding or immunofluorescence protein
detection to avoid protein drying.

Immunofluorescence Detection of Immobilized Proteins.
Proteins immobilized to patterns were detected by immunofluor-
escence microscopy using a polyclonal primary antibody against the
HaloTag epitope of HT-EphA2 (anti-HaloTag, cat. G9281, Promega)
and counterstaining with anti-rabbit secondary antibody conjugated
to Alexa Fluor 488 (cat. A-11008, Invitrogen). Each antibody
incubation was performed for 1 h at room temperature, and then,
the surfaces were washed three times in 1X PBS. The samples were
mounted using ProLong Gold antifade mountant (cat. P10144,
Thermo Fisher Scientific). The samples were analyzed with an
LSM880 laser scanning confocal microscope (Carl Zeiss AG) with a
super-resolution Airyscan detector and with an Elyra 7 super-
resolution structured illumination microscope (Carl Zeiss AG).

Culture of Human Pluripotent Stem Cells. We maintained
hPSCs, also known as CCTL-14 (hPSCreg name: MUNIe007-A), in
a hPSC medium on a supportive layer of mouse embryonic
fibroblasts. The cell culture medium was composed of DMEM/F12
(cat. 21331020, Thermo Fisher Scientific), KnockOut serum
replacement (cat. 10828028, Thermo Fisher Scientific), L-glutamine
(cat. 25030024, Thermo Fisher Scientific), MEM nonessential amino
acids (cat. 11140035, Thermo Fisher Scientific), penicillin—
streptomycin (cat. 15070063, Thermo Fisher Scientific), 2-mercap-
toethanol (cat. M3148, MilliporeSigma), and recombinant human
FGE-basic (cat. 100—18B, PeproTech), as described previously.® For
our experiments, the interaction of cells with the surface is restricted
to the attachment of cells to one single biomolecule. Therefore, the
hPSCs were also adapted to a fibroblast-free Matrigel cell culture
system (Matrigel hESC-Qualified Matrix, cat. 356277, Corning). The
hPSCs were propagated on this surface for at least 20 passages in
mouse embryonic fibroblast-conditioned medium (hPSC medium
supplemented with L-glutamine, FGF-basic, and secreted factors from
mouse embryonic fibroblast cells) at 37 °C and 5% CO,.

Real-Time Polymerase Chain Reaction. Gene expression of
Eph receptors and ephrin ligands in hPSCs was evaluated by real-time
polymerase chain reaction (PCR). Cells cultivated on Matrigel were
lysed with Buffer RLT (Qiagen) for RNA isolation. The RNA was
extracted using an RNeasy Mini kit (cat. 74104, Qiagen) and reverse
transcribed using a Transcriptor First Strand cDNA synthesis kit (cat.
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Table 1. Composition of Monomer Solution

component stock concentration
sodium acrylate 38
acrylamide S0
N,N’-methylenebisacrylamide 2
sodium chloride 29.2
PBS (pH 7.4) 10x
H,0 nal
total

“All concentrations in g 100 mL™! except for PBS bn.a., not applicable.

amount (mL) final concentration

2.25 8.6
0.5 2.5
0.75 0.15
4 11.7
1 1X
0.9 n.a.
9.4

04379012001, Roche). Real-time PCR was performed on a Light-
Cycler 480 Instrument II system (cat. 05015278001, Roche) using
the protocol for LightCycler 480 SYBR Green I master (cat.
04707516001, Roche). Designed primers supplied by Sigma-Aldrich
are listed in Table S2.

Immunocytochemistry and Fluorescence Microscopy Anal-
ysis. Immunocytochemistry analysis was performed as previously
described.*® Briefly, the seeded cells were fixed in 4% paraformalde-
hyde for 15 min at room temperature. The cells were then
permeabilized with 0.1% Triton X-100 detergent and subsequently
blocked with 3% bovine serum albumin. The cells were washed three
times in 1X PBS and labeled with primary antibodies, followed by
secondary antibody staining. Primary and secondary antibodies were
diluted in 3% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis,
MO) in PBS containing 0.05% Tween-20 (Sigma-Aldrich). The
primary antibody was incubated overnight at 4 °C and the secondary
for 60 min at room temperature. The nuclei were stained with 4’,6-
diamidino-2-phenylindole, and the actin cytoskeleton was stained
with rhodamine phalloidin (cat. R41S, Thermo Fisher Scientific). The
antibodies used in this study are listed in Table S3. Images were
acquired with an LSM880 laser scanning confocal microscope (Carl
Zeiss AG) with a super-resolution Airyscan detector and with an Elyra
7 super-resolution structured illumination microscope (Carl Zeiss
AG).

Western Blot. Western blot analysis was performed as previously
described.®” Briefly, the cells were washed three times with PBS and
lysed in lysis buffer (50 mM Tris-HCl pH 6.8, 1% sodium dodecyl
sulfate, and 10% glycerol). The concentration of proteins was
measured using the DC Protein Assay kit (BioRad), and the same
amount of total protein (10 ug per lane) was separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were
transferred onto polyvinylidene fluoride membranes (Millipore), and
after blocking in 5% milk powder in Tris-buffered saline, the
membranes were incubated overnight at 4 °C with the appropriate
primary antibody (Table S3). Membranes were incubated with the
horseradish peroxidase-conjugated secondary antibodies goat anti-
rabbit (cat. G-21234, Thermo Fisher Scientific) or goat anti-mouse
(cat. G-21040, Thermo Fisher Scientific), and the proteins were
visualized on X-ray film (AGFA) using Amersham ECL Prime
Western blotting detection reagent (GE Healthcare Life Sciences).
Beta-actin was used as a loading control. The anti-beta-actin antibody
(cat. ab6276, Abcam) was used to control for endogenous protein
levels.

Seeding of Cells on Experimental Surfaces. Cells were
harvested from Matrigel-coated cell culture dishes using enzymatic
digestion with TrypLE Express enzyme (cat. 12605010, Thermo
Fisher Scientific) and seeded at 26600 cells cm™ in mouse
embryonic fibroblast-conditioned medium for all experimental
surfaces (MACRO, MICRO, and NANO) with immobilized L-HT-
EphA2 (5 pug mL™"). To support cell spreading on nanoscale surfaces,
hPSCs were seeded in a medium supplemented with 10 M Y-27632,
a Rho-associated protein kinase inhibitor (cat. SCMO7S, Sigma-
Aldrich). The cells were fixed at time points that depended on the
type of analysis. The cells were fixed after 24 h to confirm interaction
of hPSCs with immobilized HaloTag protein on MACRO platinum
surfaces (3 mm circles). The cells were fixed 4 h after seeding for cell-
spreading analysis for different microdistributed biodomains. Cluster-
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distribution and cluster-volume analyses on nanosurfaces were
performed on cells fixed 4 h after seeding. The nanosurface analysis
of the ephrin Al ligand dynamic was performed on cells fixed 30, 60,
and 90 min after seeding.

Expansion Microscopy. The expansion procedure was performed
as previously described for cell culture systems.*® Briefly, hPSCs were
seeded at 75000 cells cm™ on a circular macropatterned surface
modified by L-HT-EphA2 or on a Matrigel layer. After 4 h, the cells
were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100 for S min at room temperature, and stained with
antibodies, and the nuclei were counterstained, as described above for
the immunofluorescence process. Subsequently, samples were
incubated with 0.1 mg mL™" acryloyl-X, SE (cat. A20770, Thermo
Fisher Scientific), in 1X PBS overnight at room temperature.
Unanchored acryloyl-X, SE, was removed by washing twice with 1X
PBS for 15 min. Next, sample gelation was performed with a gelling
solution containing 0.5% N,N,N’,N’-tetramethylethylenediamine (cat.
T9281, Sigma-Aldrich) and 0.5% ammonium persulfate (cat. A3678,
Sigma-Aldrich) for 30 min at 37 °C. The main gelling component is a
monomer solution (Table 1) composed of sodium acrylate (cat.
408220, Sigma-Aldrich), acrylamide (cat. A8887, Sigma-Aldrich),
N,N’-methylenebis(acrylamide) (cat. M7279, Sigma-Aldrich), and
sodium chloride (cat. S6191, Sigma-Aldrich). Proteins and formed
gels were subsequently denatured with proteinase K (8 U mL™; cat.
EO0491, Thermo Fisher Scientific) in denaturing buffer at room
temperature for at least 6 h (overnight denaturation was optimal).
The composition of the denaturation buffer is listed in Table 2. The

Table 2. Composition of Denaturation Buffer

component concentration®
Triton X-100 05¢g
ethylenediaminetetraacetic acid 0.027 g
Tris (1 M) aqueous solution, pH 8 S mL
NaCl 467 g
proteinase K 800 units

“Final concentration (per 100 mL solution).

denaturation buffer contained Triton X-100 (cat. X100, Sigma-
Aldrich), ethylenediaminetetraacetic acid (cat. BDH7830-1, VWR),
Tris base (cat. 10708976001, Sigma-Aldrich), NaCl (S6191, Sigma-
Aldrich), and proteinase K (cat. EO0491, Thermo Fisher Scientific).
Finally, the gel was expanded by immersion in 15 mL of double-
distilled H,O three times for 1 h each time (gel expansion reached a
plateau after the original 12 mm gel diameter expanded to ~S0 mm).
Samples were transferred to a 35 mm diameter glass-bottom Petri dish
(cat. 81218-200, ibidi) coated with 600 uL of poly-L-lysine (cat.
P4707, Sigma-Aldrich) and incubated for 15 min at room temper-
ature. Images were acquired using an LSM880 laser scanning confocal
microscope (Carl Zeiss AG) and a 63X oil objective (numerical
aperture, NA 1.2).

Data Processing and Analysis. Immunofluorescence images for
image analysis were captured by confocal microscopy with a super-
resolution Airyscan detector (LSM880, Carl Zeiss AG) and with an
Elyra 7 structured illumination microscope equipped with a super-
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Figure 2. Electron-beam lithography allows the production of precise structures with a variety of MICRO and NANO distributions. (A) Schematic
of designed surfaces used in the study: circular MACRO surfaces with diameters of 3 mm, hexagonal MICRO patterns that were differently
distributed with increasing size (2—40 um), and NANO hexagonal structures with diameters of 20 ym with a variety of line distributions. NO
CORE and CORE variants represent hexagons without and with filled hexagonal centers, respectively. The total sizes of the patterned areas of the
structures are listed on the right side of the graphic (MACRO = 3 mm, MICRO = 1000 xm, and NANO = 500 ym). (B) SEM characterization of
MICRO hexagons of different diameters, as prepared by EBL. Scale bar = SO um. (C) AFM and SEM topography of prepared hexagonal
nanopatterns with spacings of 1000, 500, and 250 nm in NO CORE and CORE variants. Scale bar = 2 ym. Error bars represent + standard error of
the mean. (D) Line widths for each variant were measured on cross-sections of AFM images (n = SO cross-sections) and were estimated by the full
width at half-maximum. The average line width was close to 100 nm. Image analyses were performed in Image]J Fiji and with software from JPK
Instruments. The statistical analyses were performed using an unpaired ¢ test. ns, not significant.

resolution structured illumination microscopy (SIM) module. The electron beam are washed out, so that only the pattern in the
number of ephrin A ligand clusters were analyzed using Fiji (https:// form of deposited material remains on the surface. However,
imagej.net/software/ ﬁ11/6)9 and Imaris (RRID:SCR_007370) software several of these steps had to be altered in our experimental
used for voxel analysis.”” Statistical analyses were performed using P, .
; , ; . setup to ensure the compatibility of EBL with a cell-culture-
independent-sample ¢ tests in GraphPad Prism version 9.0.0 for . . gy .
Windows (GraphPad Software, San Diego, CA hpad.com) compatible substrate, specific binding of proteins to the

indows (GraphPad Software, San Diego, CA, www.graphpad.com). i /

deposited nanopatterns, and stable cohesion of complex

hexagonal nanopatterns on the surface.

M RESULTS AND DISCUSSION First, we included a layer of ITO to ensure the compatibility

Deposition of 100 nm Wide Hexagonal Nanopatterns of EBL with our chosen substrate—quartz-based cover glasses
on a Cover Glass Substrate Using a Modified Electron- used for cell culture. Standard EBL protocols are usually
Beam Lithography Workflow. EBL allows for a very precise performed on a special substrate (e.g, a silicon wafer) that has
spatial nanodistribution of biomolecules. Field stitching can good electron-conducting properties necessary to prevent
distribute a nanopattern over a relatively large surface area.”’ charging distortion.”””>”> However, a quartz-based substrate
Thus, we decided to use this approach to develop our model has poor conductive properties, which leads to the deflection
system. We initiated our experiments with a conventional EBL of incoming electrons by surface charges and is a significant
workflow for depositing grid-lines (Figure 1A).7 Briefly, an source of pattern-placement error. Therefore, to eliminate this
electron-sensitive resist layer is usually spin-coated onto the drifting effect, a thin layer (20 nm) of ITO was sputter-coated
substrate surface, and the electron beam creates the nano- onto the cover glass substrate to ensure electron-conductive
pattern in this resist layer. The entire surface is then sputter- properties.”””> This deposition successfully eliminated beam
coated with platinum (or an alternative material) from which drifting on a sample surface coated with ITO and allowed the
the final pattern is made. During the last step (called “lift-off”), production of precise patterns of grid-lines of approximately
the areas of the resist layer that were not exposed to the 100 nm in width (Figure 1B), a resolution comparable to the
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EBL limits obtained with standard silicon-wafer surfaces.*!

Importantly, it also allowed us to prepare complex hexagonally
distributed patterns that can be assembled to create larger
patterns that better reflect the geometrically circular organ-
ization of eukaryotic cells.

Second, we implemented a PEG coating in our protocol to
enhance the specificity of biomolecule binding to the
nanostructure pattern. NSA of biomolecules affects the
sensitivity, reproducibility, and cell-interaction specificity of
many cell-interaction studies.*”**”¢ Indeed, we found that our
selected HaloTag-fused biomolecule was nonspecifically
adsorbed to ITO-coated surfaces. To avoid this adverse effect,
we tested an array of 97 PEG solutions: a panel of 96
commercially available PEG solutions (NeXtal Tubes PEGs
Suite, NeXtal) and an additional poly-L-lysine-g-polyethylene
glycol (PLL-g-PEG) solution supplied by SuSoS Surface
Technology (Table S1). ITO-coated surfaces for EBL were
incubated with the 97 PEG solutions and then with a select
HaloTag-fused biomolecule. To evaluate the level of NSA of
proteins to ITO surfaces, the adsorbed biomolecule was
fluorescently stained with an antibody against the HaloTag.
Subsequently, the fluorescence intensity of the nontreated ITO
surface and the ITO surface treated with different PEG
solutions was measured and compared. The data showed that
10 of the 97 PEGs successfully eliminated NSA. However, after
further application of an electron-sensitive resist layer and
surface dehydration by heating to a high temperature (150
°C), most PEG variants underwent thermal degradation, as
described previously.”” Thus, only three candidates (PEG-10,
PEG-15, and PLL-g-PEG) preserved the protein-repulsive
characteristic after layering. As shown in Figure 1C, PEG-10
and PEG-15 reduced protein NSA to the surface by 50%
compared with ITO surfaces without PEG coating (NO PEG).
As the PLL-g-PEG reduced NSA to the greatest extent
(~98%), we used this molecule in all subsequent EBL-
manufacturing procedures.

Third, we utilized the proadhesive tantalum layer to ensure
the firm adhesion of EBL-deposited material. The addition of
this step was prompted by the observation that the nanolines
peeled off randomly from the surface, especially in cases when
the EBL procedure was used to prepare high-density hexagonal
nanopatterns in combination with PEG layering (Figure 1D,
+PEG/—tantalum). We hypothesized that this effect was
caused by low cohesion of sputtered material (platinum) to the
surface, because of the protein-repulsive layer of PEG, or a
high density of lines that complicated accessibility of the lift-off
solution, NEP, to the electron-sensitive layer. Thus, we first
increased the adhesivity of the nanolines by using a thin
tantalum layer, previously reported to have proadhesive
properties.”® These modifications led to the successful
deposition of hexagonal nanopatterns (Figure 1D, +PEG/
+tantalum). The quality of nanopatterns created by conven-
tional (—PEG/—tantalum) and modified (+PEG/+tantalum)
EBL protocols was compared by measuring the line width on
more than 50 cross-sections from each surface using atomic
force microscopy (AFM). Moreover, our data confirmed that
adding ITO, PEG, and tantalum had no adverse effect on line
width (Figure 1E).

We also modified the design of the hexagonal nanopatterns
by implementing a 300 nm interruption into the nano-
hexagonal design (Figure 2C) to increase the accessibility of
NEP and ease lift-off. This modification led to more consistent
production of nanopatterns (data not shown). Thus, taken
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together, our initial optimization of the EBL procedure allowed
us to successfully deposit a 100 nm wide hexagonally
distributed pattern on cell culture (cover glass) substrates
with high resolution and comparable width to standard EBL on
silicon wafers.

Electron-Beam Lithography Allows the Production of
Precise Structures in Microscale and Nanoscale Dis-
tributions. To demonstrate the potential and scalability of
this technique, we designed a panel of MICRO and NANO
surfaces with different structure densities to obtain diverse
conditions for studying and modulating cellular interactions.
We also prepared a control MACRO surface by sputter-coating
through a polydimethylsiloxane stencil mask (Alvéole). As
presented in Figure 2A, we created circular MACRO surfaces
(3 mm diameter), hexagonal MICRO patterns of increasing
size (2—40 pm) and distribution (0.2—40 wm) (scanning
electron microscopy [SEM] characterization in Figure 2B),
and NANO hexagonal structures of 20 ym diameter with
different line distributions. We successfully reached line
spacings of 1000, 500, and 250 nm (Figure 2C), which
correspond to the cell membrane distribution of many ligands
and receptor classes, including glycosylphosphatidylinositol-
anchored ephrin A ligands.”” We also created two NANO
surfaces at each line density without (NO CORE) and with
(CORE) a hexagon-shaped filled center 2 ym in diameter, with
the assumption that hexagonal patterns with filled centers
would enhance cell adhesion.

We subsequently defined specific parameters of EBL for
different line densities within the NANO pattern. The electron
dose (4C cm™2) influences both the width and spacing of lines
produced during EBL. The lower the dose, the thinner the
structure and the higher the line density. A lower electron dose
allows faster preparation of denser (250 nm) nanohexagons,
which reduces the procedure’s cost and increases its
effectiveness, especially when covering large, cell-culture-
relevant surface areas (e.g,, 500 X 500 pm). Thus, to obtain
100 nm wide structures with line spacings of 1000, 500, and
250 nm, we optimized the beam dosage to 92 uC cm™ for
1000 nm, 88 uC cm™ for 500 nm, and 86 uC cm™ for 250 nm
(data not shown). The line resolution for each variant was
subsequently validated by detailed AFM topography measure-
ments, which confirmed line widths close to 100 nm (Figure
2D). Notably, there was no significant difference between the
line width obtained on differently distributed nanohexagonal
patterns (Figure 2D). Thus, by using our optimized
parameters, we shortened the time to produce hexagonal
nanopatterns over an area sufficient for cell culture (500 X 500
um) to 1 h.

The EphA2 Biomolecule Immobilized via the HaloTag
System Shows Specific Binding to Hexagonal Nano-
structures Created by Electron-Beam Lithography. We
used the HaloTag system to immobilize our selected protein,
EphA2, onto our patterned surfaces with optimized EBL
technology. As a proof of concept biomolecule, we chose
EphA2 because it regulates morphological processes, including
tissue patterning and spatial-temporal cell positioning during
development.**** Additionally, increasing evidence suggests
that the Eph receptor/ephrin protein family is susceptible to a
nanodistribution of molecules within the cell membrane,
making this molecule an ideal candidate for our studies.”"**
EphA2 has more than one type of ephrin A ligand; therefore,
its multiple binding partners can be analyzed by surface
immobilization of EphA2.84_86 Importantly, our preliminary
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Figure 3. Visualization of EphA2 biomolecules immobilized via the HaloTag system on hexagonal nanostructures created by electron-beam
lithography. (A) Schematic illustration of HT-EphA2 immobilization via a surface linker and its subsequent immunolabeling with a primary
antibody against HaloTag and a secondary antibody conjugated with a fluorophore (alexaFLuor-488). (B) Upper panel: confocal
immunofluorescence microscopy images of MACRO (platinum circle) and MICRO patterned surfaces. Lower panel: super-resolution SIM of
NANO patterns (1000, 500, and 250) showing a high specificity of L-HT-EphA2 binding toward structures on various levels. Scale bars are
depicted in each image: 1000 ym for MACRO, 40 ym for MICRO, and 2 and 1 ym for nanopatterns.

quantitative PCR analysis showed that, out of 22 known Eph
receptor/ephrin family members, our model cell type, hPSCs,
expressed several Eph receptor genes, including EPHA2, as
well as ephrin ligands, confirming the presence of this signaling
pathway in hPSCs (Figure S1A)."” Further experiments
verified the presence of the EphA2 receptor and its five
ligands (ie., ephrin Al, A2, A3, A4, and AS, Figure S1B,C) by
immunofluorescence and Western blot, with ephrin A4 having
the lowest expression.

We immobilized the EphA2 receptor on nanopatterned
platinum, as shown in Figure 3A, by using a fusion protein
consisting of EphA2 and HaloTag (HT-EphA2). Covalent
immobilization of recombinant HT-EphA2 at the nanoscale
was then achieved via a thiol linker. We confirmed specific
binding of the thiol linker to the relevant epitope of the HT-
EphA2 protein complex by MALDI-TOF analysis. Successful
formation of this covalent bond (linker-HT-EphA2; L-HT-
EphA2) is represented by an intensity peak shift in mass-to-
charge ratio (m/z) from 92226 to 92760 (Figure S2). Thus,
our results are in line with other studies that showed the
suitability of the HaloTag tethering method for site-specific
covalent immobilization of proteins to a variety of metal and
nonmetal surfaces with high binding stability.”***

Lastly, to confirm the specificity of L-HT-EphA2 immobi-
lization, we performed immunofluorescence detection of L-
HT-EphA2 binding to patterns represented as MACRO (3
mm diameter circles), MICRO (2—40 pm diameter hexagons),
and NANO (20 ym diameter hexagons). Immunolabeling
revealed high binding specificity of the protein complex to
metal structures with a high signal-to-noise ratio. As shown in
Figure 3B, microscopy images of MACRO, MICRO, and
NANO patterned surfaces confirmed a high specificity of L-
HT-EphA2 binding toward the structures at all levels,
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including the most challenging nanopattern that we tested
(100 nm lines with 250 nm spacing). These data demonstrate
that the two-step immobilization process is highly specific,
effective, and comparable with the currently used, one-step
dip-pen lithography technique.*””’

EphA2 Immobilized to Macroscale and Microscale
Surfaces Supports Human Pluripotent Stem Cell
Adhesion and Spreading. Upon successfully combining
EBL and immobilization procedures, we proceeded to
experiment with our selected cellular model, hPSCs. In
contrast to the immortalized cancer cell line MDA-MB-231,
the most commonly used in such Eph receptor/ephrin
localization studies, hPSCs are extremely sensitive to the
composition and nature of their surrounding environ-
ment.”*”"”> Thus, they represent a valuable model for cell-
surface interaction studies as their ability or inability to adhere
to the cell culture substrate clearly defines the robustness of the
designed microenvironment. Further, their pluripotency makes
them a worthy candidate to study the effect of single-molecule
nanodistributions on cellular differentiation in the future.

First, we analyzed the interaction of hPSCs with MACRO-
distributed L-HT-EphA2. As it was previously shown that
biological cues are highly affected by topographical and
biochemical changes of biomaterials, we experimentally
determined the optimal L-HT-EphA2 concentration to be §
ug mL™" (Figure S3A,B).” It is also known that this family of
tyrosine kinase proteins influences the actin cytoskeleton,
affecting cell shape and adhesion.”® Thus, we evaluated
morphology, cell adhesion and spreading as a response to
microenvironmental cues as an experimental readout. Our
results show that hPSCs specifically interact with L-HT-EphA2
proteins covalently immobilized to the platinum MACRO
surface (Pt+L-HT-EphA2; Figure 4A). No cellular interactions
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Figure 4. EphA2 immobilized to MACRO and MICRO surfaces supports human pluripotent stem cell adhesion and spreading. (A) Wide-field
fluorescence microscopy (cytoskeleton = magenta; nucleus = blue) of cell interactions with L-HT-EphA2 protein covalently immobilized to the
platinum MACRO surface (Pt+L-HT-EphA2). No cellular interactions were observed on the control surfaces without EphA2 protein (Pt and Pt
+linker), and only a few cells were attached to the surfaces with immobilized biomolecules without linker (Pt+EphA2-HT), likely because of
interference by residually adsorbed proteins. Scale bar = 200 gm. (B) Image analysis of cell spreading on MACRO surfaces with immobilized HT-
EphA2 and controls. Error bars represent +standard error of the mean (n = 4). (C) Wide-field fluorescence microscopy (cytoskeleton = magenta)
showing interaction with covalently immobilized HT-EphA2 at the MICRO level and with variation in the gaps between hexagons as measured by
pattern diameter (1, 1/2, and 1/10 pattern diameter). Cell interactions are influenced by the diameter of different MICRO hexagons (40, 20, 10,
and 2 ym). Scale bar = 100 ym. (D) Detailed images obtained from laser scanning confocal microscopy illustrating cells spreading on a variety of
MICRO diameters and distributions. Scale bar = 20 ym. (E) Image analysis of cell spreading on MICRO surfaces with L-HT-EphA?2 and different
pattern distributions. Error bars represent + standard error of the mean (n = 9). Image analyses were performed in Image] Fiji. The statistical
analyses were performed using an unpaired ¢t test. ¥p < 0.1 and ***p < 0.001. ns, not significant.

were observed on the surfaces without EphA2 protein (Pt and experiments mostly examine the influence of immobilized
Pt+linker), and only a few cells attached to the surfaces with ephrin ligands on activation of Eph receptors by measuring
immobilized biomolecules without the linker (Pt+HT-EphA2), their level of kinase-domain phosphorylation.”
likely because of interference by residually adsorbed proteins. Next, we created MICRO surfaces with immobilized L-HT-
Cell attachment was quantified using image analysis of cell EphA2 proteins to test whether cells could specifically attach
spreading (Figure 4B), and we confirmed that hPSCs attached and respond to the microdistribution of L-HT-EphA2. As
significantly and specifically only to the platinum surface with described above, we prepared hexagonal micropatterns with
immobilized L-HT-EphA2. Thus, we confirmed that immobi- different hexagon diameters and spacings between hexagons
lized EphA2 biomolecules initiate cell attachment. Interest- (Figure 24, B). Selected hexagon diameters (40, 20, 10, and 2
ingly, our model system, based on immobilization of the Eph um) were chosen to be biologically relevant to the diameter of
receptor, contrasts with most current experimental setups that hPSCs.”® The sizes of the gaps between hexagons were
focus on the Eph receptor/ephrin signaling system. The other selected to test different conditions for cell interactions and
4797 https://doi.org/10.1021/acsbiomaterials.2c00650
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Figure 5. Differences in the nanodistribution of EphA2 caused variations in human pluripotent stem cell adhesion and spreading. (A) Left panel:

overview of laser scanning microscopy (cytoskeleton

magenta; nucleus = blue) combined with bright-field microscopy (visualizing the

nanostructures) showing specific cell interactions with nanodistributed regions. Middle and right panels: images of the NO CORE and CORE
variants showing differences in cell spreading and cell morphology obtained on differently nanodistributed L-HT-EphA2 (line spacings of 1000,
500, and 250 nm). (B) Overview of specificity of cell interactions by SEM, and images depicting the high-resolution differences in morphology of
cell interactions on differently nanodistributed L-HT-EphA2 (line spacings of 1000, 500, and 250 nm). (C) Image analyses of cell number and cell
area on different nanopatterned areas, obtained from wide-field fluorescence microscopy. Scale bar = 20 um. All error bars represent +standard
error of the mean (1 = 9). Image analyses were performed in Image]J Fiji. The statistical analyses were performed using an unpaired t test. *p < 0.1,

**p < 0.01, and ***p < 0.001.

were spaced in accordance with the hexagon diameter.
Therefore, the gaps between hexagons were labeled as “1
pattern diameter”, “1/2 pattern diameter”, and “1/10 pattern
diameter”. The adhesion of hPSCs was evaluated 4 h after
plating, a time sufficient for cell spreading and establishing
cell-surface interactions.”””® As shown in Figure 4C, cells
specifically attached to the microdomains of immobilized L-
HT-EphA2 and adapted their cytoarchitecture toward the
pattern geometry. As shown in Figure 4D in greater detail, the
40 pm domains were occupied by several cells, whereas the 20
p#m domains were mostly occupied by only one cell, likely due
to the increased size of spreading hPSCs. Notably, decreasing
the gap size between the patterns tended to allow more cells to
spread on two micropatterns simultaneously. On micropatterns
with hexagon diameters smaller than 20 pym and distances
between hexagons of 1/2 pattern diameter, cells almost
invariably spanned the space between separated hexagons
and interacted with the surrounding hexagons. These results
indicate that a distance between patterns that is smaller than
the diameter of a spreading cell is crucial for cells to bypass
gaps; the 1/2 pattern diameter (for diameters 2—10 ym) and
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1/10 pattern diameter (for all diameters) allowed cells to
migrate and spread. Each cell stayed individually on those
patterns on the more separated hexagons. These observations
were also confirmed using image analysis of cell spreading
(Figure 4E). Taken together, we affirmed that a restricted
spatial distribution of biomolecules drives cells to adapt their
cytoskeletons toward the patterned shape. Cytoskeletal analysis
of actin filaments (Figure 4E) confirmed that hPSCs also
perceive changes in biomolecule distribution at the microscale
and that they specifically respond to this microdistribution.
Moreover, we show that hPSCs can interact with biomolecules
at the microscale. These results are consistent with previous
cell-ECM  studies on microdistributed integrin adhesive
prote9iéllso :.nd on a cell model of human mesenchymal stem
cells.”™

A Specific Nanodistribution of EphA2 Induces
Specific Adhesion and Spreading of Human Pluripotent
Stem Cells. Upon verifying that MACRO and MICRO
surfaces coated with EphA2 receptors facilitate the attachment
of hPSCs, we evaluated whether selected NANO patterns also
supported the adhesion and spreading of hPSCs, as these cells
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ephrin Al and FYN clusters per cell detected on immobilized L-HT-EphA2 or Matrigel. All error bars represent +standard error of the mean (n =
3). Image analysis was performed in ImageJ Fiji. The statistical analyses were performed using an unpaired ¢ test. ***p < 0.001.

have a very narrow area for interactions. There is evidence that
many cell types respond specifically to the nanodistribution of
biomolecules; however, to date, there has been no reported
evidence that hPSCs can specifically attach to such nano-
patterned surfaces.'”'~'"® Therefore, we used our optimized
concentric hexagonal nanopatterns with (CORE) or without
(NO CORE) filled centers combined with a covalently
attached L-HT-EphA2 biomolecule. As shown in Figure 5A,
laser scanning confocal microscopy (visualizing the cytoskele-
ton and nuclei) combined with bright-field microscopy
(visualizing the nanostructures) confirmed direct cell inter-
action with the nanopatterned region. Specifically, hPSCs
attached to L-HT-EphA2 with lines spaced at 1000, 500, and
250 nm but did not attach to the nonpatterned surrounding
surface. Thus, we reveal a specific interaction of hPSCs with
nanopositioned EphA2 ligands.

However, a detailed image analysis of the tested variants
revealed differences in cell spreading and cell morphology on
differently nanopatterned L-HT-EphA2 (line spacings of 1000,
500, and 250 nm). As shown in Figure SA, fluorescence
analysis of the distribution of the cell cytoskeleton revealed
nanopattern density-dependent cell spreading, with the highest
spreading at a pattern density of 250 nm and the lowest
spreading at a pattern density of 1000 nm. Additionally, SEM
analysis complemented these results and clearly showed that
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the increasing pattern density significantly improved the
spreading of hPSCs on nanopatterned surfaces (Figure SB).
Quantification of cell number and cell area covered in each
condition confirmed these observations. As shown in Figure
SC, significantly more cells were attached to or spread over
250 nm patterns and 500 nm patterns than for 1000 nm
patterns. Moreover, although not statistically significant,
quantitative image analysis revealed a trend toward higher
cell numbers and better cell spreading with CORE patterns
compared with NO CORE patterns (Figure SC). These results
confirmed that hPSCs are highly susceptible to nanodistributed
EphA2 biomolecules within their environment, demonstrating
that our system is useful to control and study cell interactions
at a single-cell level.

Human Pluripotent Stem Cells Organize Membrane-
Bound Ephrin A1 Ligand toward Immobilized L-HT-
EphA2. Our experimental system confirmed that the
combination of optimized EBL technology with covalently
bound HaloTag-fused biomolecules effectively supports cell
interaction, adhesion, and spreading of hPSCs on large-scale
MACRO, MICRO, and narrow NANO surfaces. However, it
was unknown whether this interaction was ephrin ligand-
specific and could be used for single-molecule studies. Thus,
we investigated whether immobilized EphA2 receptors could
be exploited to determine the localization and behavior of its
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Figure 7. Nanopatterned EphA2 influences intracellular localization, clustering, and dynamics of ephrin A ligands of human pluripotent stem cells.
(A) Maximum intensity projection of super-resolution SIM of ephrin Al (green) and ephrin A3 (purple) ligands. The images in the first column
are an overview of the entire single cell attached to the surface. The red square represents an area that was cropped and zoomed, which is shown to
better visualize cluster formation. Images show differences in the formation of ligand clusters at different nanodistributions (line spacings of 1000,
500, and 250 nm) and on hexagons with empty cores (NO CORE) or with filled cores (CORE). Negative control (nonstructured surface without

4800 https://doi.org/10.1021/acsbiomaterials.2c00650
ACS Biomater. Sci. Eng. 2022, 8, 4789—-4806


https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00650?fig=fig7&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Figure 7. continued

L-HT-EphA2) and positive control MICRO (with immobilized L-HT-EphA2) surfaces are also depicted, showing the level of cluster formation
without nanopatterns. Scale bars = 10 and S pm. (B) Quantification of the number of ephrin Al and ephrin A3 clusters for all experimental
surfaces. (C) Quantification of the percentage of larger clusters of ephrin Al and ephrin A3 clusters for all experimental surfaces. Error bars
represent +standard error of the mean (n = 3 for volume analysis, n = 3 for cluster-number analysis). (D) Super-resolution SIM characterization of
ephrin Al cluster-formation dynamics on nanopatterned L-HT-EphA2. Maximum intensity projection of SIM of ephrin Al ligand (green)
distribution within hPSCs fixed at three different time points (30, 60, and 90 min) on different surfaces (line spacings of 1000, 500, and 250 nm)
and on hexagons with empty cores (NO CORE) or with filled cores (CORE). The images in the left columns of each set (NO CORE and CORE)
are an overview of the entire single cell attached to the surface at 30 min. The red square represents an area that was cropped and zoomed, which is
shown for better visualization of cluster formation. Scale bars = 10 and S ym. (E) Quantification of the number of ephrin Al clusters per cell at
several time points. Error bars represent +standard error of the mean (n = 10). Image analyses were performed in Imaris and Image] Fiji. The
statistical analyses were performed using an unpaired t-test. *p < 0.1, **p < 0.01, and ***p < 0.001.

ligands and possibly also their activation. We first selected
ephrin Al, the main EphA2-binding partner, as a proof of
concept molecule for these studies. """ However, as Eph
receptor/ephrin forms clusters at subdiffraction-limited sizes
that are highly dynamic and temporary, the evaluation of the
distribution and activity of these ligands is nontrivial.'*® To
overcome this technical challenge, we used expansion
microscopy (ExM), which enables high-resolution imaging in
the entire volume of individual cells (Figure 6A), and
performed coimmunostaining of ephrin Al with FYN kinase,
an intracellular ephrin Al downstream signaling molecule that,
upon activation of the EphA receptor/ephrin A signaling
pathway, regulates the ephrin A ligand membrane distribution
and thus cell adhesion.'”~""?

In our experiments, receptor and ligand interaction was
evaluated by comparison of cells attached to a MACRO surface
with immobilized EphA2 and by cells plated on a standard cell
culture surface (Matrigel-coated) 4 h after plating. Specific cell
membrane sequestration of ephrin Al ligands and FYN kinase
toward the platinum surface with immobilized L-HT-EphA2
was observed (Pt+L-HT-EphA2; Figure 6B). Furthermore, the
merged signal confirmed a high level of ephrin Al and FYN
colocalization, confirming active Eph receptor/ephrin Al
signaling. In contrast, only a weak signal was emitted by cells
seeded on the control substrate, Matrigel (Pt+Matrigel), and
the signal was localized mainly at the cell periphery, where cells
usually form focal adhesion sites. Quantification of ephrin Al
and FYN clusters formed for each condition is shown in Figure
6C and confirms significantly upregulated numbers of clusters
on the cell surface with immobilized EphA2 receptors. Our
results clearly show that cells seeded on the L-HT-EphA2
surface actively interacted with this surface via the ephrin Al
ligand. They also prove that the surface distribution of
biomolecules induces a specific cell response; in our case, we
observed a higher distribution of ephrin Al ligand toward the
surface and higher activation of ephrin Al ligand.

Nanopatterned EphA2 Influences Intracellular Local-
ization, Clustering, And Dynamics of the Ephrin A
Ligands in Human Pluripotent Stem Cells. We tested
whether the intracellular localization, clustering, and dynamics
of the ephrin A ligands are influenced by the nanodistribution
of the L-HT-EphA2 receptor. The effect of nanodistribution
on cluster formation of integrin has been previously shown.''*
Out of all of the ephrin A ligands that we tested, we found that
ephrins Al, A2, A3, and AS are distributed within hPSCs, and
ephrins Al and A3 show the most prominent nanopattern-
induced clustering. Thus, we performed super-resolution SIM
to compare the number and size of ephrin Al and A3 clusters.
As shown in Figure 7A, all analyzed nanopatterns supported
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the formation of ephrin ligand clusters. In particular, ephrin
ligand clusters varied in their number and size with respect to
different hexagonal nanodistributions (line spacings of 1000,
500, and 250 nm) and were markedly larger on low-density
nanopatterns. Specifically, our data show that low-density
nanopatterns (1000 nm) resulted in a lower number of larger
ligand clusters. In contrast, high-density nanopatterns (250
nm) resulted in a higher number of smaller ligand clusters
(Figure 7B, C). Control micropatterned surfaces (with
immobilized L-HT-EphA2) and nonpatterned surfaces (with-
out the biomolecule; negative control) are also illustrated. The
same concentration of biomolecules was applied to MICRO
and NANO hexagons with a diameter of 20 gm. Although the
density of immobilized biomolecules is the same for both, for
NANO patterns it is arranged in 100 nm lines that are spaced
apart, so that the number of molecules per area decreases with
250, 500, and 1000 nm spacing. Accordingly, a correlation
between the number of ephrin A clusters formed and the
density of immobilized molecules was expected. If the
dependence was directly proportional to the number of
molecules per area, the highest number of clusters should be
for MICRO hexagons. The lowest number of clusters was
formed on the 1000 nm pitch hexagons; as expected, a medium
number was formed on the 500 nm pitch hexagons, which was
comparable to the number of clusters formed on the MICRO
hexagons. The highest cluster formation was then induced on
250 nm pitch hexagons. Together these findings indicate that
not only the amount but also the nanodistribution of
biomolecules influences cell response to immobilized mole-
cules. A similar effect of EphA2 nanodistribution was observed
on the number of ephrin A2 and AS clusters but not on their
size (Figure S4A—C), likely because these 1i$apds have a
stronger affinity toward the EphA3 receptor.” Finally, a
comparison of NO CORE and CORE variants of nano-
hexagonal structures does not reveal significant differences
between the number of formed ephrin A clusters. The primary
intent of the nanopatterned CORE variant was to centrally
initiate cell adhesion and spreading. The area of added centers
in this variant covers 3 ym?” in comparison to 300 um?” of the
whole nanohexagon. Within 60 min after cell seeding, cells
preferentially attached to the CORE variant compared to NO
CORE variants; however, after 4 h, when ephrin clusters were
analyzed, most of the cell space was primarily affected by
nanodistributed lines in the hexagonal patterns. Minimal
differences were thus observed between NO CORE and
CORE variants of nanohexagonal structures.

Additionally, we investigated whether cluster formation
dynamically changes over time and with changes in nano-
distribution pattern density. It was previously shown that EphA
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receptor/ephrin A membrane clustering and internalization is a
fast, dynamic process that occurs within 10—15 min to several
hours after cell seeding.”®> Thus, to evaluate this dynamic
process, we seeded the cells on all experimental surfaces and
subsequently fixed them at three different early time points: 30,
60, and 90 min. We show that the specific nanodistribution of
the EphA2 receptor affects the clustering dynamics of the
membrane-associated ephrin Al ligand. Importantly, our data
also show that different spatial densities of HT-EphA2
nanopositioned in hexagons led to other dynamic processes
of ephrin Al clustering. The number of clusters increased with
time on all nanopatterns with a variety of densities, with the 60
min time point giving the highest number of ligand clusters
(Figure 7D,E). Notably, the total number of clusters at the 60
min time point was influenced by the line density at the
nanoscale and significantly differed between 1000 and 250 nm
conditions, thus confirming the data shown in Figure 7B.
Finally, we found it interesting that the total number of clusters
formed on the nanopattern with line spacings of 250 nm was
very similar to the total number of clusters produced on our
positive control (MICRO) surface. This finding offers more
support for the possibility of cell interactions in the very
narrow spaces presented by the nanopatterned surface. The
negative control did not give a high level of cluster formation.

Lastly, to demonstrate that ephrin A ligand-binding elicits
Eph receptor/ephrin downstream signaling on nanopatterns,
we analyzed the colocalization of ephrin Al clusters with FYN
kinase clusters. As shown in Figure SSA, ephrin Al and FYN
form colocalizing clusters on all tested nanopatterns, and a
subsequent image analysis of the ephrin A1/FYN kinase cluster
colocalization confirmed that, on all tested substrates, these
two molecules specifically interact (Figure SSB). Additionally,
their cluster numbers are dependent on the nanopattern
density (Figure SSB), corresponding with the data shown in
Figure 7B. Our observations of high colocalization of ephrin
Al and FYN clusters match with results of previous
publications that show that specific ephrin A ligand spacing
effectively activated EphA2 receptor function.®”'"® Our results
show that ephrin ligand distribution and organization within
the cell membrane and its downstream signaling can be
influenced and controlled using nanopatterned EphA recep-
tors.

B CONCLUSION

Our research demonstrates that EBL can be used to create
large areas of complex, high-resolution nanopatterns that are
cell-culture-compatible. These nanopatterns can be used to
study the localization of virtually any biomolecule and the
corresponding dynamics of cell—cell interactions. Our results
show that EBL can be significantly improved using several
optimization steps that ensure biocompatibility with cell
models, while maintaining a high resolution of nanostructures
and high throughput. Furthermore, optimized EBL can be used
to create a structurally complex hexagonal network of
nanopatterns, thus significantly expanding the potential of
current EBL methods in cell biology research. Importantly, the
combination of EBL with the highly versatile HaloTag system
for site-specific and covalent immobilization of recombinant
proteins represents a universal and effective method to study
mechanisms of cell—cell interactions in great detail. Although
our results reveal a particular mechanism for spatial-mechanical
regulation of specific EphA2 signaling pathways, our platform
can be easily expanded to different and multiple proteins and
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cell lines. Thus, the technology reported herein will be
universally applicable to mechanistic cell biology experiments
that analyze the spatial distribution of signaling molecules and
pathways. We envision that this technology will also be
particularly useful in numerous practical applications, including
nanobiochips and nanosensors. Knowledge of the spatial
distribution of specific signaling molecules can serve as the
basis for the future design of complex and biologically active
three-dimensional biomaterials.
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