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ABSTRACT: Topography of material surfaces is known to
influence cell behavior at different levels: from adhesion up to
differentiation. Different micro- and nanopatterning techniques
have been employed to create patterned surfaces to investigate
various aspects of cell behavior, most notably cellular
mechanotransduction. Nevertheless, conventional techniques,
once implemented on a specific substrate, fail in allowing
dynamic changes of the topographic features. Here we

investigated the response of NIH-3T3 cells to reversible topographic signals encoded on light-responsive azopolymer films.
Switchable patterns were fabricated by means of a well-established holographic setup. Surface relief gratings were realized with
Lloyd’s mirror system and erased with circularly polarized or incoherent light. Cell cytoskeleton organization and focal adhesion
assembly proved to be very sensitive to the underlying topographic signal. Thereafter, pattern reversibility was tested in air and
wet environment by using temperature or light as a trigger. Additionally, pattern modification was dynamically performed on
substrates with living cells. This study paves the way toward an in situ and real-time investigation of the material—cytoskeleton

crosstalk caused by the intrinsic properties of azopolymers.
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1. INTRODUCTION

Understanding cellular reaction and response to the external
environment is a central aspect in diverse biomedical,
bioengineering, and clinical applications. A growing number
of works emphasize the high sensitivity that cells display toward
the chemical and physical features of the substrate to which
they are connected. In particular, such features proved to affect
different aspects of cell behavior like attachment, spreading,
differentiation, and ultimately cell fate.'™® Different types of
signals displayed by the material substrate, such as biochemical,
mechanical, and topographical signals, can influence cell
behavior.” ™" Topographic cues are known to exert a potent
influence on cell fate and functions, and many techniques were
developed to fabricate micro- and nanogrooved materials to
study contact guidance and mechanotransduction phenomena.
The realization of substrates with topographic patterns usually
relies on micro- and nanofabrication techniques, chiefly soft
lithography, electron beam lithography, or focused ion beam
lithography. These techniques, despite possessing a very high
spatial resolution, require expensive equipment and are time-
consuming, especially when large surfaces need to be processed.
Additionally, once produced, the geometric features of the
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master or substrate cannot be readily modified a posteriori
because the displayed topography is intrinsically static in
nature. To overcome the limits of a physically static system and
to develop more versatile platforms, great interest has recently
arisen in using stimulus-responsive materials as dynamic
supports to investigate cell response.'”'” These works made
use of temperature-responsive cell culture systems, developed
through the so-called shape memory polymers. A different
approach uses azopolymer-based substrates in which topo-
graphic patterns are transferred on the material surface
optically. More specifically, holographic imprinting of surface
relief gratings (SRGs) on azopolymer films is a promising
approach for a straightforward fabrication of dynamic
substrates. In fact, holographic patterns of linearly polarized
light allow the realization of precise and spatially controlled
gratings, while circularly polarized or incoherent light allows
pattern erasure.”’ Large-scale surface mass displacement was
observed by Rochon et al.'* and Kim et al."*"> who irradiated
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azopolymer films with an interference pattern of light. Once the
sinusoidal pattern of light is in contact with the polymer, it is
able to induce the formation of SRGs, in the form of
topographic arrays that trace out the light intensity profile.
This phenomenon has been used to realize micro- and
nanogrooved polymer films, suitable in many applications,
such as optics and photonics.'"” Because of their versatility
and intrinsic properties, azo-based materials may have a great
impact in unraveling the dynamics of cell adhesion events or in
inducing specific adhesion-related signaling. Indeed, few
examples of SRG applications to cell cultures have been
reported.'*™*° However, studies related to dynamic pattern
writing and/or erasing with living cells are lacking. On the basis
of our previous experience on cell response to static micro- and
nanoscale patterns,”' ~>* we explored the possibility of using
light sensitive substrates to move toward the development of
surfaces on which patterned signals can be manipulated
dynamically. Therefore, we investigated the behavior of NIH-
3T3 cells on a light sensitive azobenzene-based polymer.
Surface production proved to be easy and fast, and micron-scale
patterns were produced with conventional optical equipment.
Polymer stability, reversibility, and dynamic writing and erasing
were investigated. Elongation, orientation, and focal adhesion
morphology of NIH-3T3 fibroblasts were studied on different
light-induced micron-scale topographic patterns. Our data
demonstrate that the process we propose is adequate for the
production of material platforms to perform in vitro studies on
reversible and adjustable topographic patterns. This can in
principle allow investigation of cell-topography interactions
and mechanotransduction in a dynamic environment.

2. MATERIALS AND METHODS

2.1. General Materials. Poly-Disperse Red I1-methacrylate
(pDR1m), Triton X-100, TRITC-phalloidin, and HEPES solution
were supplied by Sigma. Circular cover glasses were purchased from
Thermo Scientific. Chloroform and other solvents were purchased
from Romil. Anti-vinculin monoclonal antibody was supplied by
Chemicon (EMD Millipore), whereas Alexa Fluor 488-conjugated
goat anti-mouse antibody and ToPro3 were purchased from Molecular
Probes, Life Technologies.

2.2. Substrate Preparation. Circular cover glasses (12 mm
diameter) were washed in acetone, sonicated for 15 min, and then
dried on a hot plate prior to the spin coating process. pDRIm was
dissolved in chloroform at a concentration of 5% (w/v). The solution
was spun over the cover glass by using a Laurell spin coater (Laurell
Technologies Corp.) at 1500 rpm. A Veeco Dektak 150 profilometer
was used to monitor the polymer film thickness. Irregular coatings
were discarded.

2.3. Surface Relief Grating Inscription. A 442 nm He—Cd laser
(power of ~60 mW) was used in a Lloyd’s mirror configuration to
project an interference pattern of light on the azopolymer films, thus
inducing mass migration and SRG formation. In more detail, the
azopolymer sample was glued to one of the mirror’s edge and the
horizontally polarized laser beam was reflected on it, thus realizing an
interference pattern of light. The pattern pitch was given by 2d = 4
sin(9), where 1 is the laser wavelength and 9 is the angle between the
incident beam and the mirror. With angle 9 varying, patterns with
different pitch could be easily prepared. Additionally, a beam from a
He—Ne laser emitting at 632 nm was used for a real-time control of
the inscription process by monitoring the diffraction efficiency of the
inscribed grating.

2.4. Surface Relief Grating Erasure. SRG structures can be
erased by subjecting them to either high temperatures or light.”*
Temperature-induced erasure was performed by means of a hot plate
that was used to heat patterned pDRIm films up to 130 °C, a
temperature that is well above the glass transition temperature of the

polymer (T, ~ 85 °C). In the case of light-induced erasure, two
different strategies were pursued. First, a wave plate retarder (WPR)
was placed between the linear polarized beam (442 nm He—Cd laser)
and the sample and acted as polarization filter, thus converting the
linear polarized laser beam in a circularly polarized one. The time
exposure was 10 min. When pattern erasure was performed in a wet
environment, the circularly polarized laser beam was reflected with a
mirror on top of a fluid-filled 35 mm diameter Petri dish. Three
different fluid types were tested, namely, water, 10X phosphate-
buffered saline (PBS), and Dulbecco’s modified Eagle’s medium
(DMEM). The total fluid volume was 1.5 mL, and the time exposure
was 10 min. Second, incoherent light was employed to randomize the
azomolecules and erase the SRG inscription. In details, patterned
samples were positioned in a Petri dish filled with aqueous solutions
and irradiated from the bottom part by using a mercury lamp (15 mW
intensity) with a 488 nm filter of a TCS SPS confocal microscope
(Leica Microsystems). The time exposure was 2 min.

2.5. Atomic Force Microscopy (AFM). A JPK NanoWizard II
(JPK Instruments), mounted on the stage of an Axio Observer Z1
microscope (Zeiss), was used to characterize the azopolymer films in
terms of surface topography and pattern features (depth and pitch).
Silicon nitride tips (MSCT, Bruker) with a spring constant of 0.01 N/
m were used in contact mode, in air at room temperature. The open
source software Fiji”> was used to measure both pattern height and
pattern pitch with the 2D Fast Fourier Transform function. Five
samples for each pattern type were analyzed to obtain the geometrical
parameters.

2.6. Cell Culture and Immunofluorescence. NIH-3T3
fibroblasts were cultured in low-glucose DMEM and incubated at 37
°C in a humidified atmosphere of 95% air and 5% CO,. Prior to cell
seeding, pDR1m substrates were sterilized under UV light for 30 min.
In principle, UV irradiation does not interfere with pDRIm
conformation, because the maximum absorption band of the
azobenzene polymer is 483 nm (Figure S1 of the Supporting
Information). After 24 h, cells were fixed with 4% paraformaldehyde
for 20 min and then permeabilized with 0.1% Triton X-100 in PBS for
3 min. Actin filaments were stained with TRITC-phalloidin. Samples
were incubated for 30 min at room temperature in the phalloidin
solution (1:200 dilution). Focal adhesions (FAs) were stained with
vinculin. Briefly, cells were incubated in an anti-vinculin monoclonal
antibody solution (1:200 dilution) for 2 h and then marked with Alexa
Fluor 488-conjugated goat anti-mouse antibody (1:1000 dilution) for
30 min at 20 °C. Finally, cells were incubated for 15 min at 37 °C in
ToPro3 solution (5:1000 dilution) to stain cell nuclei. A TCS SPS
confocal microscope (Leica Microsystems) was used to collect
fluorescent images of cells on flat and patterned pDRIm films. Laser
lines at 488 nm (vinculin), 543 nm (actin), and 633 nm (nuclei) were
used. Emissions were collected in the ranges of 500—530, 560—610,
and 650—750 nm, respectively. Cell and FA morphometry measure-
ments were performed by using Fiji software. The procedure has been
previously described by Ventre et al.*® Briefly, cell elongation was
assessed from phalloidin-stained cells that were analyzed with the
MomentMacro] version 1.3 script (hopkinsmedicine.org/fae/mma-
crohtm). We evaluated the principal moments of inertia (ie.,
maximum and minimum) and defined a cell elongation index as the
ratio of the principal moments (I,,,/I;,)- In more detail, the moment
of inertia of a digital image reflects how its points are distributed with
regard to an arbitrary axis and extreme values of the moments are
evaluated along the principal axes. High values of I, /I, identify
elongated cells. Cell orientation was defined as the angle that the
principal axis of inertia formed with a reference axis, i.e., the pattern
direction in the case of 2.5 and 5.5 um linear patterns and the
horizontal axis (x-axis) for a flat surface and a 2.5 ym X 2.5 ym grid.
Morphometric analysis of FAs was performed as follows. Digital
images of FAs were first processed using a 15 pixel wide Gaussian blur
filter. Then, blurred images were subtracted from the original images
using the image calculator command. The images were further
processed with the threshold command to obtain binarized images.
Pixel noise was erased using the erode command, and then particle
analysis was performed to extract the morphometric descriptors. Only
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Figure 1. Three-dimensional AFM images of (A) flat spin-coated pDR1m, (B) 2.5 um pitch pattern realized with an interference pattern of light, and

(C) a 2D grating obtained by two-step illumination. The second grating was inscribed after rotating the sample by 90°.

FAs whose length was >1 um were included in the subsequent
analysis. Significant differences between FA length or cell orientation
groups were determined with the Kruskal—Wallis test run in Matlab
(The Mathworks, Natick, MA).

3. RESULTS AND DISCUSSION

Azobenzene-based polymers undergo conformational changes
when they are irradiated by light. More specifically, under

Table 1. Dimensions of the Geometrical Features of the
SRGs

substrate depth (nm) pitch (um)
2.5 pym pattern 3329 + 42.9 2.75 + 0.06
S.S um pattern 3379 £ 253 5.60 £ 0.25
25 um X 2.5 um 3679 + 1012 2.55 + 0.14 (vertical), 2.74 + 0.17
grid (horizontal)

Figure 2. Confocal images of NIH-3T3 cells on (A) flat pDRIm, (B) a
2.5 pm X 2.5 pm grid pattern, and (C) 2.5 ym and (D) S.5 ym linear
patterns on pDRIm. The cell cytoskeleton is stained with phalloidin
(red); FAs are immunostained for vinculin (green), and nuclei are
stained with ToPro3 (blue). Transmission images of the underlying
substrate are shown at the bottom right corner of each confocal
micrograph. Scale bars are 10 pm.

irradiation with a proper wavelength, the continuous trans—cis—
trans photoisomerization of azobenzene molecules, together
with their change in geometrical disposition and polarity,
results in a locally preferred orientation of the azobenzene
groups, which direct perpendicular to the incident electrical
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Figure 3. (A) Quantitative analysis of the cell elongation index and cell
orientation on 2.5 and 5.5 um linear patterns, a 2.5 ym X 2.5 pm grid,
and flat pDR1m. Filled triangles refer to the elongation index, whereas
empty circles refer to the orientation. (B) Quantitative analysis of the
FA length and orientation on the substrates as in panel A. Filled
diamonds represent FA length, whereas empty circles represent FA
orientation with respect to the pattern direction. For the grid and flat
surface, angles are evaluated with respect to the horizontal axis. The
asterisk indicates significant differences with respect to the flat case (p
< 0.0S). Bars refer to the standard error of the mean for cell elongation
and FA length, whereas they represent the standard deviation in the
case of cell and FA orientation.

field. As a result, polymer mass migration occurs, thus inducing
a pattern inscription on the material surface. Many models have
been proposed so far, aiming to elucidate the mechanism of
light-induced mass transport and consequent pattern formation.
Among these, a thermal model,”® a pressure gradient force
model,”” a mean-field model,*® an optical-field gradient force
model,””’ and athermal photofluidization’® have been
developed and presented in the past few decades. However, a
general consensus about the physics that governs SRG
formation has not yet been achieved. In this work, we used
SRGs as cell culture substrates. Topographic patterns were
inscribed and erased on pDRIm films by using an interference
pattern of light and circularly polarized or incoherent beam,
respectively. Because of the photoreversibility of the azopol-
ymer surface structures, a study of the response of NIH-3T3

DOI: 10.1021/acsami.5b02080
ACS Appl. Mater. Interfaces 2015, 7, 16984—16991


http://dx.doi.org/10.1021/acsami.5b02080

ACS Applied Materials & Interfaces

Research Article

e

400 - Oh
E
=200 -
=
E=y
o}
= 0
400 - 1h

height [nm]
N
o
o o

400 ~

N

o

o
L

height [nm]
o

—_ 3h

g

—'200 -

=

E=

2 0 w—’h—\/\,-—d\,-{m
0 20

]

Figure 4. Three-dimensional AFM images of temperature-induced SRG erasure. The temperature was set at 130 °C for 3 h; every hour, a 20 ym X
20 pum AFM image was acquired. A SRG pattern was rewritten on the flat substrate with the Lloyd’s mirror setup. On the right, height AFM cross

sections are shown at different time steps.

cells to the dynamic topographic changes of SRGs was
performed. Lloyd’s mirror is a well-consolidated setup that
we employed to realize gratings on 700 nm thick pDR1m layers
(Figure 1A). In detail, a linear polarized light reflecting on a
mirror resulted in a holographic pattern of light, which was able
to inscribe a parallel grating on the interfering azopolymer film
surface (Figure 1B). By performing a second inscription after
rotating the sample by 90°, we realized a two-dimensional (2D)
SRG (Figure 1C).

Patterns with different pitches were prepared by varying the
angle between the laser beam and the mirror. Our study was
based on linear patterns with nominal pitches of 2.5 and 5.5 ym
and a two-dimensional grid with a 2.5 ym X 2.5 um pitch.
Table 1 shows the measured geometrical features of the
patterns, in terms of depth and pitch.

The pattern pitch is in good agreement with the theoretical
predefined values. The pitch mismatch observed on the micro
grid is probably due to the imperfect overlap between the two
linear patterns. In the following, substrates will be termed 2.5
and 5.5 pm linear patterns and 2.5 ym X 2.5 ym grid pattern.
To use these materials as cell culture substrates, we performed a
preliminary test to assess pattern stability under conditions
comparable to those experienced during cell culture. Toward
this aim, a 2.5 ym linear pattern was scanned via AFM, thus
obtaining the time-zero height profile. Then the sample was
immersed in DMEM at 37 °C for 24 h. Afterward, the sample
was washed, air-dried, and scanned via AFM. The gross
morphology of the pattern remained unchanged, as well as the
height profile (Figure S2 of the Supporting Information), thus
demonstrating the structural stability of the substrate under
biological conditions. The NIH-3T3 fibroblast response to the
patterned substrates was studied in terms of cell adhesion
(length and orientation of FAs) and cell shape. Flat polymer
films were used as control surfaces. Different topographic
patterns on azopolymer films proved to exert a strong influence
on cell behavior. In fact, NIH-3T3 cells were mostly round or
elliptical in shape when cultivated on a flat or 2.5 ym X 2.5 um

grid pattern (Figure 2A,B), whereas they appeared to be
polarized and elongated along the direction of the 2.5 ym
(Figure 2C) and 5.5 um linear patterns (Figure 2D).

This was confirmed by the quantitative image analysis
performed on the confocal micrographs. In more detail, the cell
elongation (I,.,/In,) was 17.8 + 2.5 for cells spread on a 2.5
um pattern and 9.5 + 2.3 for those on a 5.5 ym linear pattern,
which were significantly different from those measured on the
2.5 pum X 2.5 pym grid and flat pDR1m, iee, 1.5 + 0.1 and 1.8 +
0.2, respectively. With regard to orientation, cells were aligned
in the same direction of the underlying patterns on 2.5 and $.5
pum linear gratings, while they were randomly oriented on a 2.5
pum X 2.5 ym grid and flat polymer (Figure 3A). Our results are
consistent with other reports that emphasize the role of FA
assembly and orientation in cell shape and elongation.””*>**
We therefore analyzed the morphological features of FAs on
the different topographies and on the flat substrate. FAs that
formed on linear patterns had a comparable length that was not
significantly different from that measured on the flat substrate.
Furthermore, FAs on linear patterns displayed a narrow
distribution of orientation angles, whose average values
indicated a strong co-alignment with the pattern direction. As
expected, FAs on flat substrates and on the 2.5 gm X 2.5 ym
grid were randomly oriented, ie.,, mean orientation of ~45°
with a broad distribution. In particular, FAs on the 2.5 ym X 2.5
um grid were significantly shorter than those on flat surfaces
(Figure 3B). Therefore, it is likely that the presence of arrays of
dome-shaped pillars hampers the formation of longer focal
adhesions.

Thick actin bundles were clearly visible in cells cultured on
linear SRG, whereas a predominant cortical actin was observed
in cells on flat surfaces. Interestingly, cytoskeletal assemblies
that formed in cells on the micro grid had a peculiar rosette-
shaped structure. Even though confocal snapshots do not
provide information about the dynamics of cytoskeleton
assembly, it is tempting to speculate that as microgrids hamper
FA formation, the subsequent organization of a stable
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Figure 5. Confocal images of NIH-3T3 cells cultivated on (A) flat pDRIm substrate, (B) SRG grating, and (C) pattern erased with circularly
polarized light. Transmission images of the substrate are reported in the bottom right corner of each confocal micrograph, and AFM scans are shown
below them. (D) Plots of cell elongation (A) and cell orientation (O). (E) Plot of FA length (A) and orientation (O). The asterisk denotes a
significant difference with respect to the flat case. Bars indicate the standard error of the mean in the case of cell elongation and FA length, whereas
they represent the standard deviation in the case of cell and FA orientation.

cytoskeleton is also delayed. Stable actin bundels can form only
a limited number of adhesion spots. The remaining actin is
involved in an extensive rufling at the cell periphery, as the cell
tries to maximize the number of adhesions. Indeed, it is
recognized that an increased ruffling activity occurs on scarcely
adhesive substrates or when the available extracellular adhesive
islets are very narrow.”

Topographic patterns imprinted on pDR1m proved to be
effective in controlling different aspects of the cell—material
interactions and macroscopic cell behavior. More interestingly,
though, surface modifications induced on azopolymers are, in
principle, reversible; i.e., if they are exposed to specific chemical
and physical cues, patterns can be manipulated or erased.
Pattern erasure is an aspect that we carefully addressed as it
would greatly increase the versatility of the pDR1m substrates.
This could allow several instances of fabrication of various
patterns on the same substrate without employing expensive
equipment and further chemical products. In this work, pattern
erasure was induced by using temperature or light as a trigger.
In the first case, heating the linear SRG to 130 °C for 3 h
caused the flattening of the gratings, and the pattern could be
rewritten afterward (Figure 4).

16988

Temperature erasure of SRGs cannot be directly applied to
living cell cultures. However, thermal modification of the
pattern allowed us to obtain a relatively smooth surface to
which to compare the other manipulation techniques. In
principle, photoswitching has the potential to be implemented
for dynamic changes of the pattern features. As a preliminary
experiment, circularly polarized light was used to reduce SRG
depth. After irradiation for 10 min in air at room temperature,
the grating depth decreased from 90 to 10 nm, similar in shape
to that obtained through thermal processing. To assess the
effectiveness of pattern modification on a cell culture
experiment, we first cultivated NIH-3T3 cells on flat surfaces
for 24 h. Cells were then trypsinized, and the substrates were
washed in PBS and air-dried. Second, a 2.5 um pattern was
inscribed using the setup previously described on which cells
were seeded on the patterned substrate and cultivated for 24 h.
Finally, cells were trypsinized, the substrate was washed and
dried, and the pattern was erased by exposing it to a circularly
polarized light for 10 min at room temperature. To draw out
quantitative data on cell morphology and adhesion, we
prepared a second set of samples in which cells were fixed
and stained rather than detached from each substrate with
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Figure 6. Confocal image of NIH-3T3 cells cultivated on a SRG
pattern exposed to circularly polarized light in DMEM. The red arrow
shows the original pattern direction, whereas the yellow arrow
indicates the pattern of the newly formed bubblelike structure, induced
by circularly polarized light.

trypsin. Therefore, confocal images of cells stained for vinculin,
actin, and nuclei were acquired (Figure S). Cells were randomly
distributed on a flat polymer, while they acquired an elongated
morphology when they were seeded on the linear pattern.
Circularly polarized light dramatically reduced pattern height,
and cells recovered a round morphology accordingly. The
quantification of cell elongation and orientation is reported in
Figure SD, in which the highest values of elongation are
measured on the 2.5 um pattern, whereas the elongation of
cells on the erased pattern is not significantly different from
that of the flat case. Accordingly, cell orientation was nearly
parallel to the pattern direction with a narrow distribution when
cells were seeded on the pattern, while a random orientation
with a broad distribution was measured for cells on both flat
and erased pattern. FA length did not display changes in the
writing/erasing cycles, whereas FA orientation was very
sensitive to the topography as parallel FAs were observed on
the SRG only (Figure SE). Therefore, pDRlm-coated
substrates can in principle be rewritten with different patterns,
and cells respond to the modified signal accordingly.

Cells are necessarily cultivated in aqueous media. To
implement light-induced pattern modification or erasure while
living cells are cultivated on the substrate, the circularly
polarized laser beam must pass through the culturing medium
before colliding onto the patterned surface. We then
investigated whether the process of pattern erasure was affected
by the presence of an aqueous environment. Therefore, the
laser beam was directed into the Petri dish containing the SRG
sample immersed in either water, PBS, or DMEM (1.5 mL in
volume). After exposure for 10 min, we observed the formation
of bubblelike structures on the polymer surface, which were
arranged in a sort of aligned pattern. Simultaneously, the
original topographic pattern intensity was drastically reduced.
This particular effect occurred in a manner independent of the
fluid type (see Figure S2 of the Supporting Information). As
shown in Figure 6, cells seeded on the erased SRG were not
able to perceive the original topographic signals (red arrow) but
rather co-aligned along the bubblelike structures (yellow
arrow).

The use of circularly polarized light to erase or reduce the
pattern depth entailed a great disadvantage; in fact, the optical
setup was hardly adaptable to cell environment conditions, and
the laser intensity was not suitable for dynamic real-time
experiments with cells. For this reason, we introduced a new
approach to erase SRG structures on pDR1m films, based on
the use of a microscope. This new strategy was more adaptable
to biological conditions; in fact, because of the microscope
equipment it was possible to identify precisely the polymer
surface, and because of the coupled isolated thermochamber,
the biological environment was easily reproduced, allowing the
observation of cells over several hours after light exposure. In
this case, an incoherent and unpolarized light beam of a
mercury lamp, implemented in a Leica confocal microscope (15
mW intensity, 488 nm filter), was used to erase the patterns. In
fact, incoherent and unpolarized light is highly effective in
randomizing azobenzene molecule orientation, as well as
circularly polarized light.**

Starting from these observations, we irradiated a cell-
populated 2.5 pm pattern for 2 min with the mercury lamp.
Also in this case, bubblelike structures appeared. However,
NIH-3T3 cells were still vital and migrated over the substrate
(Figure 7A—C and Video 1 of the Supporting Information).

Despite the fact that both circularly polarized and incoherent
light sources proved to be very effective in erasing the pattern
under dry conditions, the presence of an aqueous environment
generates the bubblelike structures due to either scattering of
the light or promotion of uncontrolled interactions between

Figure 7. Live pattern erasure with a mercury lamp. Montage of confocal images of (A) a single cell migrating along the original 2.5 ym pattern and
(B) the same location acquired after the 2 min exposure of the incoherent light and (C) after 45 min. Yellow arrows indicate the cell body at the

nuclear position.
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water and the azopolymer. It is most likely that upon irradiation
water molecules deform the polymer, while pDR1m is stable in
aqueous media under the normal cell culturing conditions.
Therefore, we hypothesize that a photofluidization process
(athermal anisotropic photosoftening) occurs, meaning that
light-induced molecule mobility allows small forces to generate
material flow.*® In an aqueous environment, this phenomenon
triggers a sort of interfacial phase separation between the
hydrophobic polymer and the aqueous environment, with the
formation of globular polymeric domains on the substrates.
However, this needs to be confirmed with specific experiments.

Azobenzene compounds, along with their response to light
irradiation, have been widely investigated and are mainly used
in the optics and photonics fields. Despite their extraordinary
chemical and physical characteristics, the number of studies on
the use of azobenzene-based substrates for cell cultures is
limited. Specifically functionalized azopolymers were used to
alter the surface chemistry of cell culture substrates, for
example, wettability or ligand presentation, thus altering the cell
response.’® Azopolymers are particularly suitable for the
fabrication of topographic patterns because of the orderly
mass migration induced by interference patterns of linearly
polarized light."* This makes these polymers an ideal platform
for studying cell-topography interactions. The topographic
signal and in particular micron- and submicron-scale signals
proved to strongly affect and control a specific aspect of the cell
behavior. They ﬁnel_?f regulate the processes of cell adhesion
and migration,””***” and topographies can exert a profound
impact on cell differentiation™ and tissuegenesis.”"”" In the
case of topographic patterns encoded on azopolymers for in
vitro cell cultures, Rocha et al."” studied the biocompatibility of
azopolymer-based polysiloxane coatings and investigated the
stability of the substrates in an aqueous environment. Barille et
al."® examined the imprinting capabilities of the azo-based
photoswitchable materials under both dry and wet conditions
and analyzed neuron response to the topographic signal.
Interestingly, they also reported that irregularities were
observed when the pattern was embossed in the presence of
PBS. To the best of our knowledge, however, the possibility of
exploiting the writing/erasing reversibility of azobenzene
polymers in biological applications has not yet been addressed.
We demonstrated that pDR1m-coated glass can be patterned in
a reversible manner using either temperature or light triggers.
Additionally, the microscopy setup we propose allows pattern
feature alteration in the presence of cells without affecting their
viability. However, even though the system has the potential to
be employed for real-time experiments with living cells, the
irradiation technique needs to be optimized to gain better
control of azopolymer mass transport and hence improve
pattern modification.

4. CONCLUSIONS

In this work, we presented an effective and inexpensive
technique for imprinting and modifying large-scale biocompat-
ible topographic patterns on pDRIlm-coated glass, using
conventional equipment. Patterned substrates proved to be
effective in confining FA growth and cytoskeletal assembly. The
pattern could be easily erased and rewritten under dry
conditions, whereas in a wet environment, circularly polarized
or incoherent light was able to alter pattern shape. In particular,
incoherent and unpolarized light-mediated erasure proved to be
a promising strategy for real-time experiments with living cells
as microscopy setup and illumination exposure time did not

affect cell viability. Therefore, the system we proposed has the
potential to be employed for understanding cell behavior and
possibly mechanotransduction events in a dynamic environ-
ment.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis absorption spectrum of pDRlm, AFM images and
relative cross sections of SRG under dry conditions and after 24
h in DMEM at 37 °C, transmission images of SRGs exposed to
circularly polarized light under wet conditions, and a video
showing pattern erasure in the presence of a cell. This material
is available free of charge via the Internet at http://pubs.acs.org.
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