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Multifunctional Microstructured Surfaces by Microcontact

Printing of Reactive Microgels

Inga Litzen, Alexander Topel, Martin Zenke, Antonio Sechi, and Andrij Pich*

1. Introduction

Surface modification is an important tool to tailor the interactive properties of

support materials to the desired application. It is commonly applied to design
complex systems for applications in bio- or electro-technology. In this work,
means of surface structuring and chemical modification are combined to
create stable microgel patterned substrates, which can be post-modified with
functional molecules. Poly(N-vinylcaprolactam-co-glycidyl methacrylate)
(p(VCL-co-GMA)) microgels are used as functional colloidal inks to generate
surface grafted patterns on glass by microcontact printing. This allows for the
fabrication of microgel arrays with controlled geometries (line widths

10-50 um and spacings 10-50 pm). Preliminary coupling tests in dispersion
are conducted to determine the ideal reaction conditions for post-modifying
the printed structures with the fluorescent model-compound Cyanine3 amine
(Cy3 amine) and demonstrating the successful modification with a
cell-adhesive peptide sequence. Surface-chemical gradients with variable
profiles are created on the microgel patterns by dip-coating the fluorescent
model compound Cy3 amine. Eventually, patterned substrates are applied in
tissue culture experiments with NIH-3T3 cells, where peptide-modified
surfaces enable increased control over cell adhesion and motility.
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Surface modifications with functional
polymers allow for tailoring of material
properties for a large variety of applications.
Specifically, non-stick!!! self-cleaning!?! or
anti-fouling properties®! are often required
to design complex systems.*] Current
methods of surface modification often lack
flexibility regarding the manipulation of
multiple surface properties at once. This
however, is of high interest for tissue cul-
ture applications, since cells respond to a
multitude of different cues, e.g., structural,
chemical and mechanical properties.’!
Surface chemical gradients caused move-
ment of droplets,[®! but gradients of growth
factors or cell adhesive peptides were found
to have a significant influence on cell
fate and behavior, which was verified by
observing a variety of parameters. DeLong
et al. observed a 30% increased migration
distance for fibroblasts moving up a RGDS
gradient compared to motion toward lower
surface concentration.”] Ender et al. found
that RGD gradients on amyloid-like fibrils
(p(VCL-co-GMA)) lead to a more than twofold increase in cell
number when comparing both ends of the gradient.®] Laminin
derived peptide gradients with varying steepness were created
by Motta et al.l’) They observed that RGD gradients showed the
most visible difference in Schwann cell proliferation when com-
paring high and low concentrations. YGSR however, more effi-
ciently promotes alignment of the actin cytoskeleton. They were
also able to quantify a chemotaxis index, which is the distance
travelled by each cell in the direction of the gradient divided by
the total path length, and this proved to be higher for steeper gra-
dients. Lagunas et al. found that the number and length of focal
contacts as well as the cell projected area increases toward higher
RGD concentration.[1%

The use of structured substrates is an established strategy
in tissue culture to study influences on cell behavior.*!!l Since
Wilbur et al. developed the microcontact printing technique,'?!
it has evolved from direct patterning of biomolecules like
fibronectin,[*l laminin™! or poly(lysine)**! to more complex bio-
hybrid surfaces.!'®] Knowledge from such investigations is useful
to develop new strategies for wound healing and tissue regen-
eration applications. Since the extracellular matrix not only pro-
vides cells with structural but also mechanical support and al-
lows for the transport of nutrients and signaling molecules, it is
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desirable to develop surfaces which enable the adaption of mul-
tiple characteristics.I'”] Microgels are interesting candidates for
such applications since they are soft, porous colloids, which
swell in aqueous media.['® Their size, mechanical properties
and morphology can be readily adapted during synthesis.!'8]
They adhere well to surfaces due to their flexible network
structurel®! and can even be covalently bound if they contain
functional groups.?! Microgels are also modified and loaded
with a variety of biomolecules.[?!?2] Their potential applica-
tion as drug-carriers,!?}] sensors(?*! but also coatings with en-
hanced biocompatibility!®®] have been investigated. In cell cul-
ture, coatings of microgel layers have been studied as prospects
for the triggered release of cell sheets.[?®] Patterns of poly(N-
isopropylacrylamide) and poly(N-isopropylacrylamide-co-acrylic-
acid) produced via ink-jet spotting have been used as cell cul-
ture substrates by Uhlig et al. in 2016.[7] Xia et al. produced pat-
terns of poly(N-isopropylacrylamide-co-styrene) microgels to co-
culture different cell types and harvest them upon temperature
switching.[?8]

Sechi and Riegert et al. extensively studied the behavior of
cells on linear poly(N-isopropylacrylamide) (pNIPAm) microgel
arrays.[223% The patterns were generated by imprinting the struc-
ture of PDMS wrinkles with spacing lengths from 300-1600
nm.3% Studied parameters include cell morphology, cytoskeleton
alignment and directionality of cell motion and focal adhesion
kinetics. Seeded on the microgel arrays, cells exhibited orienta-
tion of actin cytoskeleton and focal adhesions along the topologi-
cal features of the substrates. On the control substrates however,
namely glass and microgel films, cells were spread out and their
actin cytoskeleton and focal adhesions were randomly oriented.
The speed of cell movement proved to depend on the array spac-
ing and could be slowed down or even increased compared to
the bare glass reference. Microgels with higher crosslinker con-
tent, which are more rigid, reduced focal adhesion turnover. The
system was designed to precisely control cell behavior and study
complex tissue processes. Even though it offers some flexibility
regarding the scale of the topological features in the range of
several hundred nanometers, it is limited due to the array fab-
rication method via PDMS wrinkles. More precisely, that means
only line patterns in the size range below 2 um are accessible.
Furthermore, neither the microgels themselves nor functional
biomolecule coatings can be stably bound. Instead, the micro-
gels themselves and a functional coating were immobilized via
adhesion forces.[23]

Peng et al. adapted the microcontact printing method for re-
verse structuring of microgels.?!l Removal of microgels from a
spin-coated monolayer was achieved with a cooled PDMS stamp
to create the negative pattern. Since the used microgels con-
tained the hydrophobic comonomer tert-b—utyl acrylate, their vol-
ume phase transition temperature was lowered compared to pure
pNIPAm microgels. It is suggested that microgels transfer onto
the water layer on the cooled PDMS stamp, which condenses
upon exposure to ambient conditions. Various shapes, including
lines, spots and hexagons ranging from 10-200 um in size, were
transferred.3!

Even though different polymer and microgel patterned sub-
strates have successfully been applied in tissue culture, one ma-
jor drawback of the so-far employed systems is their limited sta-
bility and flexibility regarding structure and reactivity. The use
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of microcontact printing enables maximum flexibility in creating
diverse patterns. Patterning substrates via microcontact printing
allows for a relatively flexible choice of dimensions and patterns.
This is a clear advantage compared to self-assembly techniques
or printing with nano-wrinkles, which are techniques previously
used to study cell growth and movement on microgel structured
surfaces. When combined with the application of reactive mi-
crogels, this approach establishes a powerful platform for devel-
oping complex and stable cell culture substrates. Furthermore,
post-modification of microgels is achievable under mild condi-
tions avoiding potentially extreme pH levels or high tempera-
tures opposed to direct incorporation during synthesis. Hence,
post-modification of microgels is well suited for the incorpora-
tion of sensitive biomolecules, such as the peptide recognition
motif RGD.

As described above, several microgel-based cell culture sub-
strates have been described before. However, current systems
are lacking flexibility regarding structural features and chem-
ical functionalities, which can be applied with the same tech-
nique as well as stability through stable binding to the sur-
face. To model complex tissue processes involving multiple
cell types, it is also necessary to provide substrates adapted to
their specific needs with good long-term stability. To the best
of our knowledge, no material combining all these features
has been reported in the literature to this day. In this work,
core-shell poly(N-vinylcaprolactam-co-glycidyl methacrylate) mi-
crogels are employed as reactive building blocks to create pat-
terned surfaces via microcontact printing. With this method,
there is great freedom in the choice of shape or pattern in
the size range from 0.5-200 pm. As a proof of principle, we
generate stripe patterns between 10 and 50 pum, which is the
size range of cells. The applied p(VCL-co-GMA) microgels with
core-shell morphology p(VCL-co-10mol%GMA-shell) have es-
pecially been proven to be suitable for post-modification, as
shown by Hintzschel®?l and Gaul?!! since the pendant epoxy
groups can undergo ring-opening click reactions with nucle-
ophiles such as primary amines and thiols.[**] First, this reactivity
is employed to achieve stable binding on amine-functionalized
glass. Second, the reactive epoxy groups enable the forma-
tion of surface chemical gradients with an amine function-
alized fluorescent dye, which is explored as a proof of con-
cept. Employing NIH-3T3 cells reveals a measurable response to
post-modification with a reactive RGD-based peptide by an in-
creased number and overall size area of focal adhesions. Further-
more, RGD modification promotes alignment along the surface
topology.

2. Results and Discussion

A schematic overview of the experimental work is given in
Figure 1. First, p(VCL-co-10mol%GMA-shell) microgels were
transferred onto (3-aminopropyl)triethoxysilane (APTES) func-
tionalized glass via microcontact printing. The patterns are de-
termined by design (stripe patterns with varying width and gap
sizes) of the PDMS stamp. A reaction between surface amine
groups and the microgels’ epoxy moieties ensures stable bind-
ing. The stripe-patterned substrates could then be post-modified
through reactions with the model compound Cyanine 3 amine
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Figure 1. Generation of stable, functional, structured microgel-based substrates for tissue culture applications. a) Microgel-loaded PDMS stamps are
used to transfer the patterns onto the glass substrate base. b) Stable binding to a functional surface is facilitated through an epoxy/amine reaction.
Reactive post-modification facilitates the immobilization of cell adhesive peptides like RGD at a cell contacting interface. c) Surface chemical gradients,
which can be easily visualized, are generated by post-modification with Cy3 amine.

(Cy3 amine) or a thiol-functionalized RGD-peptide sequence in
a later step.

2.1. Microgel Characterization

The synthesized microgel exhibits temperature-responsive be-
havior in the analysis with dynamic light scattering (DLS) and
electrophoretic light scattering (ELS). Figure 2a shows that the
hydrodynamic diameter (D,) is decreasing with increasing tem-
perature. A biphasic phase transition hinting at a core-shell mor-
phology is indicated by the dent at 20 °C. The temperature-
responsive behavior is reversible since data for both heating and
cooling cycle match within the error range. The polydispersity
(Figure 2b) of the microgels is relatively high with values up to
0.37 at low temperatures. This is due to the fact that the micro-
gels are not completely spherical but rather contain globular do-
mains of the GMA comonomer in their shells which is in good
agreement with literaturel?!l and furthermore confirmed with
AFM imaging (Figure 2d,e). A core-shell morphology is indicated
since the images show microgels with a dense center, exhibiting
a larger height than the surrounding domains (Figure 2f). The
synthesized microgels exhibit a positive zetapotential (Figure 2c)
due to positively charged moieties from the initiator. The zetapo-
tential increases with temperature due to temperature-induced
shrinking of the polymer-structure.

2.2. Surface-Binding of Microgels Enhances Stability of
Micropatterns

Microcontact printing allows for a flexible choice of dimensions

and patterns. This is a clear advantage compared to self-assembly
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techniques or printing with nano-wrinkles, which are techniques
that were previously used to study the growth and motion of
cells on microgel-structured surfaces. A schematic overview of
the printing process is presented in Scheme 1.

In this work, line patterns with dimensions between 10 and
50 um were applied. This size range was chosen to accommo-
date various types of human and murine cell lines, including
NIH-3T3 cells, which clearly distinguishes this work from pre-
vious systems employing line patterns in the range below 2
pm.[293%1 We expected that individual cells adhesion would take
place on distinct micrometer-sized stripes rather than multiple
nanometer-sized adjacent lines and points of adhesion can dis-
tinguished from the ones on the substrate background more
easily.

Figure 3 shows representative microscopy data for 50 um mi-
crogel stripe structures with a 10 um spacer. Light microscopy
images demonstrate an accurate transfer of the broad dimen-
sion of the stamp over a larger area. Atomic force microscopy re-
veals an equal distribution of microgels over the stripes. Only few
microgels particles were found in the spacer area. The expected
horizontal dimensions for these prints are also confirmed by the
given height profiles. The step height is in good agreement with
the particle height of individual microgels used in these experi-
ments (Figure 2f). Stripe patterns with different widths and gap
sizes ranging from 10-50 pm in size could also be demonstrated.

The stability of topological features is extremely important
to allow for application in long-term studies, e.g., p when ex-
ploring tissue regeneration. This is why many studies em-
ploy surface grafted polymers.’**] However, this often in-
volves complicated multi-step protocols and thorough removal
of potentially cytotoxic monomers and non-grafted polymers. (¢!
The stability of microgel structures on amine-modified and
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Figure 2. Temperature-dependent DLS and ELS measurements of p(VCL-co-10mol%GMA-shell) microgel in water and atomic force microscopy results
of microgels spincoated on an Si wafer. a) Hydrodynamic diameter (Dy,), b) polydispersity (PDI), and c) zeta potential () of the dispersed sample were
measured between 15 and 50 °C. The data points for the heating cycle are shown in red, data for the following cooling cycle in turquoise. Error bars:
mean + standard deviation (n = 3). d) shows a 10 X 10 um scan, e) a 3 X 3 um scan and f) a height profile of a microgel with average height and

diameter. Imaging confirms core-shell structure of the microgel.

plasma-activated glass were compared by treating both samples
equally with different methods to prove the binding of epoxy
groups to the amino-silane treated surface. Samples were ex-
posed to media, i.e., surfactant solution (CTAB) and organic sol-
vent (THF), which were chosen to aid the solvation of micro-
gels, especially one with hydrophobic domains. Thus, the ad-
hesion could be overcome for non-covalently bound microgels
leading to detachment from the surface and eventually destruc-
tion of the pattern. However, light microscopy images of the
dried substrates reveal that immersion in aqueous CTAB solution
(Figure 4a,e) or THF (Figure 4b,f) does not cause significant de-
tachment of the microgels from the substrate since the patterns
remain intact. It has to be noted, however, that the lines them-
selves appear to be fainter, in some cases with frayed edges and
small defects, for prints on plasma-treated glass compared to
the amine-modified glass suggesting microgel detachment. As
it can be seen from the AFM images of individual microgels
(Figure 2e), the colloids have a low height to diameter ratio in
the dry state at the surface, underlining the positive interaction
with the underlying surface. This might explain why even micro-
gels, which are not covalently bound to the substrates strongly
adhere and patterns remain recognizable after exposure to CTAB
solution and THF for both substrate types. However, this adhe-
sion can be decreased if the temperature of the medium is low-
ered below the volume phase transition temperature causing the
microgel to swell more, as shown in the temperature-dependent
measurements of the hydrodynamic diameter (Figure 2a). This

Adv. Funct. Mater. 2025, 16135 e16135 (4 Of14)

effect has in some cases been harnessed for the controlled
release of adherent cells from microgel- or polymer-based tissue
culture substrates.?7283+35] Microgel patterns on plasma-treated
glass, which have been exposed to cold water repeatedly under
gentle agitation (Figure 4c), appear more faded when compared
to prints on amine-modified glass (Figure 4g). In our case, it
is additionally necessary to fully disrupt the adhesion between
microgels and the underlying substrate with ultrasound to see
a clear difference between covalently attached and adhering mi-
crogels. This might be explained by the shell-located hydropho-
bic GMA domains, which respond less to swelling upon cooling
than the more hydrophilic VCL-core. Only the print on plasma-
treated, non-silanized glass, which was washed with cold wa-
ter and treated with ultrasound showed significant detachment
of the microgel. In Figure 4d, the pattern becomes unrecogniz-
able. On the respective amine-functionalized glass (Figure 4h),
the structures remain largely intact even though the lines show a
few defects. As findings by Izak-Nau et al. suggest, shear forces
arising from ultrasound may disrupt bonds especially in the usu-
ally loosely crosslinked microgel shell.[3¢]

In conclusion, tests comparing the stability of patterns of
P(VCL-co-10%GMA-shell) microgels on amine-modified and a
plasma-treated glass reference strongly indicate that micro-
gels containing epoxy moieties are indeed bound to the mod-
ified glass. Such stability could not be achieved with previ-
ously established systems of plasma activated pNIPAm-nanogel
patterns.[3]
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Figure 3. Imaging of surfaces structured with p(VCL-co-10mol%GMA-shell) microgels via microcontact printing. a,b,e-j) Light microscopy images and
¢,k-m) AFM images were recorded. Additionally, d) shows a height profile generated from the AFM image b). The ideal dimensions of resulting patterns
are given in the schemes above. Dark grey areas in light microscopy images represent microgel stripes, lighter areas represent the bare glass. Scale bars
in light microscopy images: 100 um.
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Figure 4. Stability tests of microgel patterns on a-d) plasma-activated and e-h) amine-modified substrates. Light microscopy images show patterned
substrates, which were immersed in a,e) 0.05 mm CTAB solution for 2 d at room temperature, b,f) THF overnight at room temperature, c,g) 5 °C water
for 30 min. with subsequent careful agitation for 30 min, or d,h) 5 °C water 30 min and subsequently sonicated for 10 min. Immersion and subsequent
sonication/agitation cycle were repeated three times. Pattern: 50 um microgel stripe, 10 um spacer. Sufficient differences between the covalently attached
and adhered microgels were found only for samples which were treated with cold water and ultrasonication. Scale bars are 100 pm.

2.3. Generation of Surface Chemical Gradients via Dip-Coating

Chemotaxis is relevant for the control of many biological
processes!®] and biochemical gradients have been discussed as
essential for the beginning of life itself. Surface gradients of
peptides were created by various methods like controlled mix-
ing of functional and unfunctional matrix building blocks,”! ex-
posing surfaces to concentration profiles through specialized va-
por deposition techniques!®! or even controlled gradual cleavage
of a functional group.’] In our case, we want to employ the
reactive glycidyl methacrylate (GMA) comonomer in p(VCL-co-
10mol%GMA-shell) microgels. As shown in the supporting data
(section S3), the epoxy moieties can successfully be post-modified
with a variety of model nucleophiles in dispersion. However, to
facilitate easy analysis, a reactive fluorescent dye, namely Cy3
amine, was chosen to explore the reaction kinetics in dispersion.
Results in Figure S4.1 (Supporting Information) show that the
coupling degree followed a saturation curve. In the beginning,
many surface epoxy groups are readily available for reaction lead-
ing to a steep linear increase in fluorescence intensity within the
first 2—4 h. Fluorescence intensity increases slower and reaches
an upper limit after ~6 h. The reaction, which may otherwise be
completed within minutes,®) could be slowed down in our sys-
tem due to two potential reasons: First, both reactants (Cy3 amine
and microgel) are significantly diluted in water. Second, a bulk of
the epoxy moieties might be more difficult to access due to local-
ization within the more hydrophobic GMA domains.

We hypothesized that the observed time-dependent increase
of coupling degree could be harnessed to generate surface-
chemical gradients by exposing different sections of a microgel-
coated glass slide to a Cy3-solution for different durations. Such

Adv. Funct. Mater. 2025, e16135 e16135 (6 of 14)

conditions can be realized by slowly immersing the sample with
a micrometer dip-coater at a controlled speed. By choosing differ-
ent immersion speeds, which eventually influences the exposure
time of each section, a control of gradient steepness is expected. A
scheme of how the structured substrates were slowly immersed
into a Cy3 amine solution along the direction of stripes to gener-
ate the gradients is given in Figure 5a. Excess Cy3 amine solution
was removed by carefully rinsing the substrates with i-propanol
and water repetitively. Knowing the size of the coated substrate, a
suitable immersion speed was chosen based on the kinetic exper-
iments (Figure S4.1, Supporting Information). Since a saturation
of the fluorescence intensity was evident from a reaction time of
6 h (at a Cy3 amine concentration of 2.3 umol L™!) with a linear
increase up to 4 h, a maximum reaction times of 4-5 h was cho-
sen for the surface modifications. For a sample size of 15 mm,
this corresponds to a minimum immersion speed of 1 um s1. A
reference concentration of Cy3 amine (2.3 umol L~!) was adopted
from the experiment in dispersion as well. In contrast to the reac-
tion in dispersion, here, the dye solution was not agitated to avoid
splashing and ensure uniform immersion conditions along the
x axis. Only “passive” mixing might occur due to the immersion
of the glass substrate.

Fluorescence microscopy images of different sections along
the y-axis for a sample dip-coated at a concentration of 2.3 pmol
L' and dipping speed of 1 um s~! are given in Figure 5b. The
evaluation of fluorescence intensity was done with the surface
plot function of the software Image], shown in Figure 5c. The val-
ues were normalized in reference to the highest detected bright-
ness for all samples. Intensity within the sections is lowest in
the 10 um spacer region. Broadening of the spacer may have oc-
curred partially due to smudging during the printing procedure.
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Figure 5. Gradients of Cy3 amine on a micro-patterned surface. a) Scheme of dip-coating procedure. b) Fluorescence microscopy images of a repre-
sentative sample modified in a 2.3 umol L™! Cy3 amine solution at a dipping speed of 1 um s~'. Images were acquired with 8 s illumination time each
at different positions along the y-axis. Fluorescence images were acquired with a laser of an excitation wavelength of 550 nm at 25% power and 8 s
exposure time. White bars (150 um) represent the plotted sections. c) Surface plots of marked sections.

Furthermore, it has to be noted that the intensity is not ideally ho-
mogeneous within the microgel stripes. As it was shown in AFM
images of microgels monolayers, the microgels are not densely
packed. Hence, the fluorescence intensity is lower between the
microgels. The section at 0 mm was immersed first and was in
contact with the Cy3 amine solution for ~4.5 h. The section in
image Figure 5b at a y-position of ~8 mm was in contact with the
Cy3 amine solution for ~2 h. As expected, the brightness of the
fluorescence decreases from 08 mm.

Two different Cy3 amine concentrations and three dipping
speeds were applied to investigate their influence on the surface
chemical gradient formation. The respective results are shown
in Figure 6. All surfaces exhibit gradient formation with a fluo-
rescence intensity decreasing from the side, which was first im-
mersed to the other end along the y-axis (Figure 6a). However, the
intensity decrease is not constant for all applied conditions. The
maximum intensity of all samples prepared with the same Cy3
amine concentration and different immersion speeds is found
for the slowest immersion speed of 1 um s~!. While the decrease
is approximately linear within the error range for 2 and 3 pm s,
the gradient formed with 2.3 pmol L' at 1 um s™' appears to be
more exponential.

Adv. Funct. Mater. 2025, e16135 e16135 (7 of 14)

Plotting the fluorescence intensity against the immersion time
instead of the position along the y-axis allows for a better analy-
sis and understanding of the observed effects (Figure 6b). Follow-
ing the saturating increase of fluorescence intensity with reaction
time in dispersion depicted in Figure S4.1 (Supporting Informa-
tion), it is expected that there will be a larger difference in fluo-
rescence intensity at y = 14 and 16 mm than y = 0 and 2 mm on
the surface. Even though the difference in immersion time is 30
min for all positions that are 2 mm apart (at an immersion speed
of 1 um s71), microgels at y = 0 mm are exposed to the reagent for
4.5 h longer than the surface at y = 16 mm. It becomes apparent
that sections which were immersed for the same duration (but
at different immersion speeds) do not exhibit the same fluores-
cence intensity. That means that the modification degree is not
only determined by the reaction time.

One potential explanation for the steep intensity increase at
long reaction times for an immersion speed of 1 um s~! might
be that the first surface increment at y = 0 mm always comes
into contact with new solution volume increments containing
unreached Cy3 amine at an initial concentration of 2.3 umol L~}
first. For slower dipping speeds, the contact time for this first
surface increment is longer and, thus, higher functionalization
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Figure 6. a,c) Normalized mean fluorescence intensities measured along y-axis of microgel-coated glass slides modified with Cy3 amine via dip-coating.
b) The normalized fluorescence intensities of selected samples were also plotted against the immersion times calculated via the sample length and
immersion speed. Samples were immersed in Cy3 amine solution at a concentration of 2.3 umol L™! at a speed of 1um s~! (blue), 2 um s~ (shades of

pink), and 3 um s~ (black/grey). The sample immersed at a speed of 3 um s

~1 was coated three times under the same conditions and analyzed each

time. The respective evaluated images were acquired with a laser of an excitation wavelength of 550 nm at 25% power and 8 s exposure time. Error bars:
mean =+ standard deviation from a minimum of n = 250 data points at the same position along the y-axis.

degrees are reached. However, this leaves all solution increments,
through which surface increments have already passed, with a
lower remaining Cy3 amine concentration than at higher dipping
speeds. Hence, the following surface increments (y > 0 mm) ex-
hibit lower functionalization degrees at equal contact times but
slower dipping speeds. In conclusion, the trends shown in panel
Figure 6b allow for the assumption that the functionalization
of surface immobilized p(VCL-co-10mol%GMA-shell) microgels
with Cy3 amine is diffusion limited as new Cy3 amine needs
to diffuse to the surface of the microgel and into the potentially
slightly more shielded epoxy groups within the GMA domains for
a maximum modification degree. This hypothesis is supported
by a control experiment where separate microgel structured sub-
strates were immersed for 4.4, 3.3 and 2.8 h respectively, which
corresponds to the three latest time points for the immersion
speed of 1 um s™! The detected fluorescence intensity was the
same for all three immersion times and significantly lower than
the respective detected values for the dip-coated sample (Figure
S5.1, Supporting Information).

The correlation of reaction time and fluorescence intensity
was explored further by repeating the immersion process for the
sample at 3 um s~ under the same reaction conditions and an-
alyzing the fluorescent gradient each time Figure 6c¢. It should
be noted that independent of the cycle number, the fluorescence
intensities of all three samples are below the detection limit for
distances >12 mm. Looking at specific sections along y- axis, it
is possible to increase the mean fluorescence by immersing the
sample multiple times, which is equivalent to increasing the re-
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action time. Samples which were immersed twice show higher
fluorescence compared to a single immersion. However, the in-
crease is not linear, meaning that doubling the reaction time does
not simply result in a doubling of intensity. For a triple immer-
sion, the fluorescence intensity fluctuates. Potential reasons for
this might be that the molecules need to penetrate the microgels
to reach the GMA domains all over again for each cycle, since
samples are rinsed and dried in between. It also has to be noted,
that some epoxy groups might hydrolyze without undergoing a
reaction with the primary amine and hence will not available for
further functionalization. Furthermore, surface contamination
due to sample handling in between the cycles might hinder diffu-
sion into parts of the sample, or partial bleaching after the imag-
ing steps could explain the counterintuitive observations. Results
again indicate that the correlation of reaction time and fluores-
cence intensity is complex and does not fully mirror the reaction
behavior in dispersion, which is to be expected since both dif-
fusion and fluid dynamic process can play a role. In summary,
glass surfaces patterned with p(VCL-co-10mol%GMA-shell) mi-
crogels were successfully modified with Cy3 amine gradients via
dip-coating. The gradient profiles were successfully controlled by
changing the immersion speed.

2.4. RGD-Modified Patterns Impact Focal Adhesion Formation,
Cell Morphology, and Directional Cell Motility

Promising results regarding pattern stability and successful post-
modification including surface gradient formation with Cy3
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amine and coupling in dispersion with a thiol containing RGD
peptide sequence (Section S3, Supporting Information) moti-
vate a proof-of-concept application of the developed platform
in tissue culture. When working toward a more complex tis-
sue culture set-up, e.g., involving the co-culture of different cell-
types, a control over cell localization, especially with distinc-
tion toward the substrate background is desirable. This can be
realized by equipping the surface features with cell adhesive
peptides.

Chemical gradients alone proved to be strong enough to pro-
mote cell alignment!”?! and provoked cells to respond with vari-
ations in density!®! and sizel'% depending on the peptide con-
centration. However, control over the spatial distribution on dis-
tinct surface features, in our case guiding their localization on
microgel stripes, is desirable. It is especially important for fu-
ture adaptation of the system, when mechanical and biologi-
cal signals of the patterns are to be adjusted to a certain cell
type or a cargo should be released, cells need to specifically lo-
cate on top of the surface feature opposed to previously reported
systems.[283]

NIH-3T3 cells were chosen for this study due to their efficient
adhesion and movement on microgel patterns. Furthermore, be-
cause of the similarity in size between the cells and the microgel
pattern geometries, single cells typically adhered to and moved
along a single printed line. Micrometer-sized patterns minimize
interactions with adjacent printed structures or the underlying
substrate that could potentially alter cell behavior making its sub-
sequent analysis more complex. This presents a clear advantage
over previous work, where cells grown on sub-micrometer range
P(NIPAm) microgel line patterns adhered to and moved along
multiple adjacent linear patterns.[?>3% To this end, a thiol con-
taining RGD peptide sequence was applied to functionalize the
microgel patterned substrates. As a first proof of concept, cells
were not seeded on RGD gradients but instead, only one side of
a patterned substrate was exposed to the peptide for 15 h ensur-
ing complete reaction. Such a sample effectively represents the
two extremes of a gradient — no functionalization and maximum
functionalization.

Results for statistical focal adhesion analysis (a-d) and repre-
sentative live images (e,f) are shown in Figure 7. Cells were ini-
tially seeded in serum-free medium to analyze their interaction
with the surface through the number and size area of focal ad-
hesions (FAs). This eliminates the masking and confounding ef-
fect caused by adsorption of serum proteins on the functional
surface. The static features of the focal adhesions were analyzed
24 h after seeding. Cells adhering on the RGD-modified part of
the substrate clearly formed more focal adhesions resulting in
both a larger total focal adhesion area per cell (Figure 7a) and
a higher number of focal adhesions (Figure 7b). The mean to-
tal FA size is about 72 um?, which is almost double the size of
FA formed on unmodified areas. As expected, when microgel
patterns were modified with a scrambled RGD peptide, the stat-
ics properties of FA did not significantly differ from those of FA
formed on uncoated patterns (Figure 7a—d). These observations
are in good agreement with the work of Lagunas et al. showing a
threefold increase in the number of focal adhesions per cell when
comparing an area of high RGD-concentration to an area of low
concentration along a gradient.l®l The explanation for the signif-
icantly higher number of FAs on the RGD-modified (45 on aver-
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age in our experiments) compared to the work of Lagunas might
lie in the type and surface concentration of the used sequence.

Next, cells were studied with live cell imaging to visualize their
behavior on modified and unmodified areas of the substrate.
Since live cell imaging required a 24-h longer experimental de-
sign, the serum-free medium was replaced with medium con-
taining serum prior to starting the imaging experiments. To min-
imize potential experimental differences between imaging ses-
sions, thiol-RGD modified and unmodified areas were prepared
and analyzed on the same substrate. This ensures that all ob-
served differences in cell behavior are exclusively due to the dif-
ferent chemical functionalization of the substrate sides. More-
over, cells attached to areas at the interface between coated and
uncoated patterns were excluded from the analysis to minimize
“mixed” cell behavior. Cells on RGD-modified microgel stripes
(Video S2, Supporting Information; Figure 7e) preferably moved
on the lines rather than the underlying APTES-functionalized
glass substrates and acquired an elongated morphology along
the line pattern. By contrast, cells on the unmodified substrate
moved across multiple adjacent lines without acquiring an elon-
gated morphology (Video S1, Supporting Information; Figure 71).

In conclusion, post-modifying microgel patterned surfaces
with RGD enables enhanced control over the adhesion and
motility of cells. The exploration of this system is paving the way
to design complex systems adapted to the needs of different cell
types eventually enabling the study of multi-facetted processes
like wound healing or tissue regeneration processes and the de-
sign of implantable devices.

3. Conclusion

Equipping otherwise flat and mostly inert surfaces with topo-
graphical cues and adaptable chemical functionalities is inter-
esting for a variety of applications where properties of a bulk
material do not comply with demands for its interface. One
field, where this is especially critical, concerns biomedical ap-
plications, since cells have shown to respond to a multitude
of chemical, mechanical, topographic, or electrical cues. The
present study shows that such multifunctional surfaces can
be generated by employing reactive microgels. Through micro-
contact printing, poly(N-vinylcaprolactam-co-glycidyl methacry-
late) microgels could be structured in micrometer-sized line
patterns onto glass substrates. Line patterns in the range of
10-50 um appeared to be homogenous and proved to be sta-
ble on amine-functionalized glass withstanding rigorous wash-
ing due to binding of the reactive epoxy groups. These reac-
tive groups could be furthermore employed for chemical post-
modification with a fluorescent model compound baring a pri-
mary amine moiety. By making use of gradually changing con-
tact times, fluorescent surface chemical gradients were gener-
ated by dipcoating the structured substrates. Gradient profiles
could be adjusted through the dipping speed. Finally, multifunc-
tional microgel-based substrates were exploited to modulate the
motility and adhesion of NIH-3T3 cells. The binding of RGD
peptides to microgel patterns enabled the substrates to promote
cell adhesion (i.e., increase of FA formation) as well as direc-
tional cell motility. The adaptable, multifunctional surfaces made
up of flexible colloidal building blocks described in this study
are expected to be the substrate of reference for applications
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Figure 7. Statistical evaluation of a) focal adhesion (FA) number, b) area per cell c) major/minor axis ratio, and d) average size, which were assembled by
NIH-3T3 cells seeded on the structured substrates. The samples were incubated in DMEM for 24 h without addition of the growth factor FCS, followed by
fixation and staining. Imaging of focal adhesions was done at a gain of 300, with an excitation wavelength of 574-599 nm and at an exposure time of 100
ms. The medians are indicated as horizontal lines, the mean values are marked with a cross (x) and outliers by open circles (°). Upper and lower quartile
correspond to the box edge. Whiskers indicate the maximum or minimum excluding outliers, which are defined as any data points that fall beyond
1.5 times the interquartile range above the upper quartile or below the lower quartile. Live imaging was performed for selected samples to evaluate the
influence of RGD modification on cell motility. Representative phase contrast images from either e) the RGD-modified side or f) the unmodified side of the
sample are shown. Scale bars: 25 um. Cells on RGD-modified microgel stripes showed more and larger focal adhesions as well as a stronger preference
of moving on RGD-coated lines over the underlying APTES-functionalized glass substrates as well as a robust elongated morphology. Conversely, cells
on the unmodified substrate part moved across multiple adjacent lines without showing acquiring an elongated morphology.
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requiring the modulation of growth, adhesion, and migration
of cells particularly in the case of complex biological system such
as multicellular assemblies and engineered tissues. They repre-
sent an interesting platform to investigate and understand pro-
cesses such as wound healing and tissue formation.

4. Experimental Section

Materials:  (3-Aminopropyl)triethoxysilane ~ (APTES, 97%), 2,2’
azobis (2-methylpropionamidine) dihydrochloride (AMPA, 97%), bovine
serum albumin (BSA, >96%), ethanol (99.8%), glycidyl methacry-
late (GMA, >97.0%), N,N’-methylenebis(acrylamide) (BIS, 99%),
paraformaldehyde (PFA, 95%), tetrahydrofuran (THF, 99%), Trizma buffer
substance pH 8, tris(2-carboxyethyl)phosphine hydrochloride (TCEP,
>98.0%), sodiumbicarbonate (NaHCO; >99.7%), sodium carbonate
(Na,CO; > 99.0%), and N-vinylcaprolactam (VCL, 98%) were purchased
from Sigma—Aldrich.

N-heptane (99%) and phosphate-buffered saline (PBS, 1X, ster-
ile filtered) were acquired from Fisher Scientific. Cyanine3 amine (Cy3
amine, 95%) was provided by Lumiprobe. The peptide sequences (Acetyl-
Cys-Doa*-Doa-Gly-Arg-Gly-Asp-Ser-Pro-NH2 and Acetyl-Cys-Doa*-Doa-
Gly-Arg-Asp-Gly-Ser-Pro-NH2) were purchased from Cellendes. Further-
more, goat anti-mouse IgG (H+L) cross-adsorbed secondary anti-
body conjugated with Alexa Fluor (AF 647 GAM) and 4’,6-diamidino-
2-phenylindole dihydrochloride by Invitrogen, as well as PH488 by
Proteintech were applied. The stabilizer was removed from both
monomers (VCL and GMA) via distillation. VCL was furthermore re-
crystallized in heptane. Poly(dimethylsiloxane) (PDMS) stamps were
made from a Sylgard 184 Elastomer kit by Dow Corning. The used
water, unless specified otherwise, was of HPLC grade, provided by
Merck Millipore.

Microgel Synthesis and Characterization: The functional p(VCL-co-
10mol%GMA-shell) microgel was synthesized via precipitation polymer-
ization. The addition of the comonomer was delayed to achieve GMA-
localization in the microgel shell. BIS (16.2 mg, 0.105 mmol, 2.0 mol%)
and VCL (641.0 mg, 4.605 mmol, 87.4 mol%) were added to 50 mL of
water, heated to 70 °C, and stirred at 250 rpm for ~1 h with a constant
nitrogen flow above the solution. The reaction was initiated by injecting
AMPA (8.6 mg, 0.032 mmol, 0.6 mol%) dissolved in 1 mL of water into
the stirred reaction dispersion. The comonomer GMA (72 pL, 0.527 mmol,
10 mol%) was added 3 min. after initiation. The reaction was terminated
after 30 min. by transferring the hot dispersion into a dialysis tube (molec-
ular weight cut-off 12-14 kg mol™"). Microgels were dialyzed in de-ionized
water for 7 days.

The synthesized microgel was characterized by dynamic light scatter-
ing (DLS) with a Zetasizer Ultra by Malvern to determine its temperature-
responsiveness and monodispersity. Data points are presented as the
mean value of three measurements and error bars of the hydrodynamic di-
ameter (Dy), polydispersity (PDI) or zetapotential ({) represent the stan-
dard deviation. D,; and PDI were measured in a polystyrene cuvette be-
tween 15 and 50 °C in with the detector positioned at 90°. 2 °C steps
with 120 s of equilibration time were used in the heating cycle (red dots)
and 5 °C steps with 180 s of equilibration time in the cooling cycle (in
turquoise dots). The zeta potential was measured in a DTS1070 cuvette
with 120 s equilibration time each. Surface-coated microgels were imaged
with atomic force microscopy on a NanoScope V AFM by Veeco Instru-
ments in tapping mode. The NCH-50 POINTPROBE-Silicon SPM-Sensor
cantilever was manufactured by Nanoworld and had a resonance frequency
of 320 kHz and a force constant of 42 N m~'. Images were evaluated in
Gwyddion 2.67.

Surface Patterning and Stability:  Glass substrates were cleaned con-
secutively in acetone, water, and i-propanol in an ultrasonic bath. Be-
fore use, the substrates were dried with compressed air. Hydrophilic sub-
strates were prepared by treating the clean glass-slides with air-plasma
for 180 s with a Flecto10USB-MFC plasma etcher by Plasma Technology.
The amine-functionalized substrates were prepared by soaking cleaned
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substrates in 10 vol% APTES in ethanol for 2 h. Substrates were rinsed
in ethanol repetitively to remove excess reactant and cured at 80 °C
overnight.

Even microgel monolayers were created at the surfaces depending
on the substrate size. Small, square glass slides and PDMS stamps
(1T x 1 cm) were spin-coated with 50 uL of the microgel dispersion
(1.2 wt.%) at 2000 rpm for 1 min on a WS-650SZ-6NPP/LITE by Lau-
rell. Large stamps (as used for gradient production) were coated on a
PTL-UMB dip-coater (MTI Corporation). The stamps were immersed in
a 0.25 wt.% microgel dispersion for 30 min. and then slowly withdrawn
at 10um s,

Two different approaches were chosen for structuring the hydrophilic
glass and the amino-silane functionalized glass. Plasma-activated glass
was treated with a “reverse printing” procedure as described by Peng
et al.[31] PDMS stamps were activated with air-plasma for 60's and cooled
for 15 min. at —20 °C before use. The hydrophilic substrates were
pre-treated and coated with microgel as described above. The cooled
stamps were contacted with the substrates for 5 s and carefully re-
moved afterwards yielding the negative of the stamp pattern. Similarly,
the amine-functionalized substrates were patterned with an adapted “di-
rect structuring” method (shown in Scheme 1), where the substrates
were cooled and PDMS stamps were coated with the microgel (instead
of the substrate) to generate covalently bound structures. Substrate
and stamp were contacted for &5 s yielding the positive pattern of the
stamp.

Hydrophilic plasma-treated as well as APTES-modified glass substrates
with microgel patterns (50 pm microgel stripe, 10 um spacer) were both
treated equally to test the pattern stability. Both structured surface types
were immersed in 0.05 mum CTAB solution for 2 d at room temperature and
THF overnight at room temperature. They were then immersed in 5 °C wa-
ter for 30 min. and subsequently agitated carefully for 30 min. This process
was repeated 3 times. A similar treatment with cold water was repeated,
but instead the samples were sonicated for 10 min. After air-drying the
substrates were imaged with light microscopy.

Light, Fluorescence, and Atomic Force Microcopy Imaging of Printed Struc-
tures:  An Axioplan 2 reflection microscope (Carl Zeiss) equipped with an
AxioCam MRc camera was used to analyze the quality of structured sub-
strates. An AxioObserver Z1, equipped with an ApoTome system, was used
for imaging the Cy3 amine gradients. The laser was set at a wavelength of
550 nm with 25% power, and samples were illuminated for 8 s. Light and
fluorescence microscopy images were evaluated with Image/ 15.4 g.

50 X 50 pm scans of microgel patterned substrates were acquired on
a NanoScope V AFM by Veeco Instruments in tapping mode. The applied
cantilevers (NCH-50 POINTPROBE-Silicon SPM-Sensor, Nanoworld) had a
resonance frequency of 320 kHz and a force constant of 42 N m~". Gwyd-
dion 2.67 was used for image evaluation.

Surface Chemical Gradients with Cy3 amine: Microstructured sub-
strates (=1 X 3 cm) were dip-coated with a PTL-UMB device (MTI Cor-
poration). To modify the substrates with Cy3 amine, they were gradually
immersed into the reaction solution at varying speeds and concentrations
of Cy3 amine in carbonate buffer (50 mwm, pH10). After finished immersion,
the substrates were immediately removed from the Cy3 amine solutions,
extensively rinsed with i-propanol and water, and air dried. Samples were
imaged with a Zeiss Observer Z1 equipped with a Colibri LED light source at
an excitation wavelength of 550 nm for 8 s (25%). Images were acquired at
multiple positions along the y-axis of the sample using the same settings
to allow for comparison of the fluorescence intensity. Normalized mean
fluorescence intensities were evaluated by analyzing the images with Im-
age) 1.54g using the surface plot function.

Peptide-Modified Substrates: The procedure to modify surfaces with
peptides is schematically shown in Scheme 2. Here, a thiol-RGD modi-
fied and unmodified area were prepared on the same substrate to ensure
optimal comparability of cultivation conditions for the live imaging exper-
iments. One half of a microgel-patterned substrate was immersed in TRIS
buffer (2.5 mL, 50 mwm, pH8) containing the RGD peptide sequence Acetyl-
Cys-Doa*-Doa-Gly-Arg-Gly-Asp-Ser-Pro-NH2 at a final concentration of 0.4
mm with a sixfold excess of tris(2-carboxyethyl)phosphine (TCEP) in re-
spect to the peptide. The scrambled RGD sequence Acetyl-Cys-Doa*-Doa-
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Scheme 1. Schematic representation of “direct micro-structuring method” adapted from Peng et al.[3] for covalently bound patterns. Adversely to the
original method, microgels are a) coated onto PDMS stamp (instead of the substrate) and b) water is condensed on the cold functionalized glass
substrate (instead of the PDMS stamp). Similarly to Peng et al.,[3" ¢) stamp and surface are then contacted. d) The resulting pattern upon stamp

removal in this adapted method, however, is representing the stamp pattern (instead of the negative pattern).

Gly-Arg-Asp-Gly-Ser-Pro-NH2 was used for reference experiments. The so-
lution was mixed for 10 min. at RT prior to use. After 15 h of immersion
time under mild agitation on a rocker shaker, all substrates were exten-
sively rinsed with TRIS-buffer (50 mm, pH8), 1X PBS buffer and stored
for no more than 1 h in 1X PBS at rt before application in tissue culture
experiments.

Culture of NIH-3T3 Cells: NIH-3T3 mouse fibroblasts (ATCC, CRL-
1658; RRID: CVCL_0594) were cultured in DMEM high glucose supple-
mented with 10% FCS, 2 mu L-glutamine, 100 pg mL~" streptomycin and
100 U mL~" penicillin at 37 °C, 5% CO,.

Live Cell Imaging and Immunofluorescence Microscopy: To investigate
cell motility, NIH-3T3 cells (6 x 10°) were resuspended in a serum-free
medium and then seeded onto structured surfaces. After 24 h, the struc-
tured substrates were transferred to a new dish containing a regular cell
culture medium (i.e., with FCS). Images were acquired over a 24-h period
(at 37 °C, 5% CO,) using an Axio Observer Z1 microscope (Zeiss) equipped
with a Plan-Apochromat 10x objective and an AxioCam MRm (Zeiss) driven
by Zen 2 software (Zeiss). Images were captured at 5-min intervals at
various locations corresponding to well-defined printed structures us-
ing a motorized X-Y stage. Supplementary videos were assembled using
Image.

For the visualization of focal adhesions, cells were cultured on struc-
tured substrates in serum-free medium for 24 h before chemical fixa-
tion using 4% paraformaldehyde for 20 min. at RT and permeabilization
with 0.1% Triton X-100 (in PBS) for 1 min. at RT. The actin cytoskele-
ton was labelled with Alexa 488-conjugated phalloidin (0.3 U mL™"). Nu-
clei were labelled with the DAPI (5 ug mL™"). Focal adhesions were la-
belled using an anti-vinculin antibody (1:400, hVin1) followed by Alexa

@ (b)

647-conjugated goat anti-mouse IgG (2 ug mL™"). Images were acquired
with an Axio Observer Z1 microscope equipped with a Evolve delta EM-
CCD camera driven by Zen 2 software. Focal adhesions were imaged
with an excitation wavelength of 574-599 nm, an exposure time of 100
ms, and at a gain of 300. Image processing and handling were done us-
ing the freeware programme Image/ and Affinity Photo (ver. 2, Affinity,
USA).

Analysis of Focal Adhesion Static Properties: The analysis of focal ad-
hesions was done using the Focal Adhesion Analysis server created by
Berginski et al.[*] Following the uploading of the images, the detection
threshold was set for each individual image and a minimum adhesion
size of 10 pixel and phase length of 3 were adjusted for better detection
and segmentation of focal adhesions. The following focal adhesion static
properties were finally calculated: number of focal adhesions per cell, size,
elongation (ratio major to minor axis). The sample size of analyzed focal
adhesions was 227 for the RGD treated sample, 309 for the sample with-
out RGD and 80 for the reference, which was modified with scrambled
RGD.

Statistical Analysis: ~ Statistical data was processed and evaluated with
Microsoft Excel for Microsoft 365 Version 2507 and OriginPro 2024b. Mean
values for the fluorescence intensity (Figure 6) and standard deviations
were calculated for microgel stripe section with a minimum of 250 data
points at the same y-position in one image. The mean fluorescence in the
microgel stripe areas was subtracted from the mean fluorescence in the
spacer area and data for different conditions (i.e., Cy3 amine concentration
and immersion speed) was normalized to the highest measured intensity.
DLS and ELS (Figure 2; Figure S3.2, Supporting Information) measure-
ments were recorded in triplicate and data is presented as the mean value,

1) TRIS (50mm, pH8)
2) 1XPBS

(o]

(c)

1
I

ﬁ

Scheme 2. Schematic representation of peptide modification of mocrogel-structured substrates for application in tissue culture. a) One half of a struc-
tured glass substrate is immersed in pH8 TRIS buffer (50 mm) containing the RGD peptide sequence at a final concentration of 0.4 mmol L~'. The
substrate is lightly agitated for 15 h. b) The entire substrate is extensively rinsed with TRIS buffer at pH8, followed by TXPBS. c) The substrate is stored
in 1XPBS buffer before application in tissue culture.
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while the error bars correspond to the calculated standard deviation. For
the analysis of focal adhesions (Figure 7), 2-3 independent experiments
were analyzed for each condition (i.e., RGD, no RGD and scrambled RGD).
In each experiment, a minimum of 80 focal adhesions were analyzed. Exact
numbers are specified in the figure legend. The line in the middle of all box
plots indicates the median, the bottom of the box indicates the 25th quar-
tile, whereas the bottom of the box indicates the 75th quartile. The mean
values are marked with a cross (x) and outliers by open circles (°). Outliers
are defined as the data points that fall beyond 1.5 times the interquartile
range above the upper quartile or below the lower quartile.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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