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ABSTRACT: Physical and chemical characteristics of materi-
als are important regulators of cell behavior. In particular, cell
elasticity is a fundamental parameter that reflects the state of a
cell. Surface topography finely modulates cell fate and function
via adhesion mediated signaling and cytoskeleton generated
forces. However, how topographies alter cell mechanics is still
unclear. In this work we have analyzed the mechanical
properties of peripheral and nuclear regions of NIH-3T3 cells
on azopolymer substrates with different topographic patterns.
Micrometer scale patterns in the form of parallel ridges or
square lattices of surface elevations were encoded on light

responsive azopolymer films by means of contactless optical methods. Cell mechanics was investigated by atomic force
microscopy (AFM). Cells and consequently the cell cytoskeleton were oriented along the linear patterns affecting cytoskeletal
structures, e.g., formation of actin stress fibers. Our data demonstrate that topographic substrate patterns are recognized by cells
and mechanical information is transferred by the cytoskeleton. Furthermore, cytoskeleton generated forces deform the nucleus,
changing its morphology that appears to be related to different mechanical properties in the nuclear region.
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1. INTRODUCTION

Understanding the interactions between cells and the
extracellular environment to create adequate conditions to
elicit and sustain specific cellular functions is one of the critical
aspects in tissue engineering and regenerative medicine."”
Within this context, the presence of adhesive ligands plays a
crucial role. In particular, natural extracellular matrix (ECM)
regulates via mechanical,® biochemical,* or topographical cues,’
many cellular processes eventually determining the cellular
behavior. Biomaterial surfaces with engineered physical/
chemical features have been developed in recent years in
order to control and guide cell fate.°”® Even though the
biochemical mechanisms regulating the transduction of
adhesive signals into a biological response are not thoroughly
understood, there is growing evidence that focal adhesion (FA)
mediated signaling and cytoskeleton-generated forces play a
fundamental role.” Cell adhesion and cytoskeletal assembly are
the major determinants of the cell mechanical behavior. Indeed,
cell elasticity can be largely influenced by the cell—substrate
interface interactions. Moreover, in recent years, cell mechanics
investigation has proven to be a promising tool for applications
in the field of regenerative medicine, in which cell mechanical
properties can be quantitative markers, monitoring the
regulation of cell differentiation,'®™** or within clinical and
medical contexts such as in cancer diagnostics.'”'* Cell
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mechanics can be evaluated with several methods, such as
micropipet alspiration,15 optical tweezers, ' magnetic twisting
cytometry,'” or atomic force microscopy (AFM).'® Among
these, AFM is the most widely used technique for adherent
cells, allowing both topographical imaging and measuring
mechanical properties of heterogeneous living samples, such as
cells. By obtaining force—distance AFM curves, cell elastic
properties can be measured in terms of elastic or Young’s
modulus. In order to understand the interaction between ECM
signals and cell mechanics, several studies have been performed.
For example, it has been shown that cell spreading and stiffness
directly depend on mechanical properties of the underlying
materials."”*" Even though topographic cues proved to be a
powerful tool to control different aspects of the cell behavior,
there are only few reports concerning the effects of top-
ographies on cell mechanics. In particular, submicrometer scale
topographic patterns were reported to alter the FA—
cytoskeleton—nuclear shape axis and changes in nuclear
morphology might have a direct impact on gene expression.”**

However, the possible interplays between topography and
nuclear mechanics have not been clarified yet.
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Figure 1. Three-dimensional height AFM images of (A) flat spin coated pDR1m on bare glass; (B) 2.5 ym pitch linear pattern on pDR1m realized
by use of the Lloyd’s mirror technique; (C) 2.5 X 2.5 ym grid pattern obtained by overlapping two orthogonal patterns with the Lloyd’s mirror
technique; (D) S pm pitch linear pattern embossed on pDRIm with the single laser beam technique. Image size is 20 X 20 ym.

In this study we investigated the influence of microgrooved
patterns on the local elasticity of fibroblast cells, their
cytoskeletal organization, and the shape of cell nuclei.
Micropatterns were fabricated using azopolymers and cell
mechanics was investigated with AFM. Topographies were
encoded on the material surfaces in a contactless manner by
means of either structured light or with a laser beam. AFM
force mappings were performed in order to draw out the
dependence of the local elastic modulus on cell height. This
allowed us to gain information on cell stiffness in selected cell
regions and, most importantly, on how cell stiffness was
modulated by the underlying topography.

2. MATERIALS AND METHODS

2.1. General Materials. Poly-Disperse Red 1-methacrylate
(pDR1m), TRITC-phalloidin, Triton X-100, and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Sigma; Alexa Fluor
488 conjugated goat antimouse antibody and To-Pro3 were purchased
from Molecular Probes (Life Technologies), antivinculin monoclonal
antibody was purchased from Chemicon (EMD Millipore); circular
cover glasses were purchased from Thermo Scientific. Chloroform and
other solvents were purchased from Romil.

2.2. Substrate Preparation. pDR1m was dissolved in chloroform
at a 5% w/v concentration. The solution was spun over 12 mm
diameter cover glasses by using a spin coater at 1500 rpm (Laurell
Technologies Co.). Different patterns were inscribed on azopolymer
films by using a Lloyd’s mirror setup, as described elsewhere.”>**
Briefly, an interference pattern of light was realized by reflecting the
horizontally polarized light source (442 nm He—Cd laser) on a mirror.
The spin coated pDR1m glass was fixed to the edge of the mirror,
forming a right angle with the mirror surface, and the interference
pattern of light was able to induce a relief grating on the sample
surface. Pattern periodicity was controlled by adjusting the angle
between the incident beam and the mirror. By using this technique, 2.5
pum pitch linear patterns were realized, and then 2.5 X 2.5 ym grid
structures were obtained repeating the process twice after rotating the
sample by 90°. Exposure time was 10 min for each inscription. The
488 nm argon laser line was employed to produce 5 ym pitch linear
patterns on pDRIm with the single laser-induced patterning
technique.”*® In the following, substrates will be referred to as 2.5
or S um linear patterns and 2.5 X 2.5 ym grid pattern. Flat pDR1m
spin coated glasses were used as control samples. Additional controls

were polystyrene Petri dishes (35 mm, Corning) and bare cover glass
slides.

2.3. Cell Culture. NIH-3T3 fibroblasts were seeded on the
substrates directly and without any further treatment, at an initial
density of 2000 cells/ cm?. Cells were cultivated in low glucose
DMEM, supplemented with 10% FBS (fetal bovine serum) and
incubated at 37 °C in a humidified atmosphere of 95% air and 5%
CO,. pDRI1m substrates were sterilized under UV light for 30 min, and
then cells were seeded on them 48 h prior to AFM measurements.

2.4. AFM Experiments. An MFP3D AFM (Asylum Research) was
used to measure mechanical properties of living cells. An optical
microscope was combined with the AFM to position AFM tips on a
particular sample location. Soft cantilevers (MLCT, nominal spring
constant 0.01 N/m, Bruker) were used to investigate cell mechanical
properties. Petri dishes were fixed to an aluminum holder with vacuum
grease and mounted on the AFM stage with two magnets; all the setup
was enclosed in a home-built poly(methyl methacrylate) (PMMA) box
in order to maintain 5% CO,. To acquire AFM images of patterned
and flat substrates, JPK NanoWizard II (JPK Instruments) was used
with MLCT tips, in contact mode and in air at room temperature.

2.5. AFM Data Acquisition. AFM images were acquired by setting
the equipment in contact mode at a scan rate of 1 line per second.
Before force mapping, the spring constant of each cantilever was first
calibrated by the thermal tune method.”” Force curves were typically
recorded at a scan rate of 1 Hz at 4 ym z travel range, corresponding
to a maximum typical loading rate of up to 6 nN/s and a maximum
force of 0.7 nN. In detail, the trigger threshold for cantilever deflection
was set at 100 or 150 nm, so that the force was controlled during each
indentation. Typically, 400 force curves were measured over a cell area
of 30 X 30 um.

2.6. AFM Data Analysis. Mechanical properties of cells, in terms
of Young’s modulus (E) values, were calculated from each force curve
within a force map. Evaluation was performed with the data analysis
package IGOR (Wavemetrics). The Hertzian model was used to
calculate Young’s modulus for every force curve; therefore 400 values
were generated for each force map.”**” Statistical analysis on Young’s
modulus distributions was performed with the Kruskal—Wallis test in
Matlab.

2.7. Cell Staining. For confocal image acquisitions, NIH-3T3
fibroblasts were fixed after 48 h from cell seeding with 4%
paraformaldehyde for 20 min and then permeabilized with 0.1%
Triton X-100 in PBS 1X for 3 min. Actin filaments were stained with
TRITC-phalloidin. Samples were incubated for 30 min at room
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temperature in the phalloidin solution (dilution 1:200). For focal
adhesion (FA) staining, cells were immersed in an antivinculin
monoclonal antibody solution (dilution 1:200) for 2 h and labeled
with Alexa Fluor 488 conjugated goat antimouse antibody (dilution
1:1000) for 30 min. Finally, cells were incubated for 15 min at 37 °C
in a To-Pro3 solution (dilution 5:1000) to stain cell nuclei. A Leica
TCS SPS confocal microscope (Leica Microsystems) was used to
collect fluorescent images of cells; the laser lines used were 488
(vinculin), 543 (actin), and 633 nm (nuclei). Emissions were collected
in the 500—530, 560—610, and 650—750 nm ranges, respectively. Fiji
software was used to measure the cell nuclei aspect ratio (A/R) and
volume from three-dimensional z-stacks.’® In detail, we assumed an
ellipsoidal shape for cell nuclei; therefore the volume was measured
with the formula V = 4/3zabc, in which a, b, and ¢ are the main
semiaxes. The semiaxes of the equatorial plane were calculated with
Fiji by using the analyze particle command performed on the projected
image of the z-stack. The semiheight ¢ was calculated with the
orthogonal views tool of Fiji.

3. RESULTS AND DISCUSSION

Surface topography can affect FA formation and cytoskeleton
assembly up to nuclear shape.”' In this work, topographic
patterns were encoded on light responsive pDR1m substrates,
through two different optical methods: Lloyd’s mirror and
single laser patterning technique, respectively. These methods
were effective in transferring long-range patterns with micro-
meter scale features on pDR1m (Figure 1).

The Lloyd’s mirror technique allows quick and easy encoding
of topographic features, but with rather limited geometrical
characteristics. Conversely, with the laser beam technique,
patterns displaying different shapes of different length scales
can be created in a few minutes. Cells can be cultured on
azopolymer substrates without any additional functionaliza-
tion.”’ The geometrical features of the patterns we produced
were inspired by our previous experiences on cell-topography
interactions demonstrating that micrometer- and submicrom-
eter-scale patterns can alter cell elongation, orientation, and
nuclear shape.”"”"** We hypothesized that pattern mediated
shape changes modulate cell stiffness and cytoskeletal stresses.
Consequently, topographic patterns might be used to induce
specific cytoskeleton and nucleus stress states. To verify this, we
performed whole cell force mapping with a spatial resolution of
1—2 um, on cells cultivated on either patterned or flat pPDR1m
substrates. Additional experiments using glass slides or Petri
dishes as support were performed to have reference values for
cell stiffness and morphology on substrates, which are usually
used in cell culture and mechanical measurements of cells.
Force mapping allowed us to calculate the mechanical
properties of different cellular regions by fitting the force—
indentation curves with a Hertzian model, which has been
widely used to characterize cell mechanics.”®*” In normal
conditions, for example cells cultivated on isotropic flat
substrates, local elastic moduli can vary up to 2 orders of
magnitude within the same cell, depending on the cell region
(Figure 2A). Lower moduli were generally observed in the
thicker areas of the cell, e.g. on the cell nuclear region.
Conversely, the stiffest cell regions corresponded to thinner cell
areas like lamellipodia or lamellae. Cells on the linear pattern
are much more elongated and flattened (Figure 2B) in
comparison to those observed on the flat substrate. Addition-
ally, mechanical maps suggested that the average stiffness was
higher on the patterned surface compared to the unpatterned
case. In order to gain a better insight into the topography
mediated cell morphology and local mechanical properties, we
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Figure 2. Height and elasticity maps of NIH-3T3 cells on (A) flat and
(B) 2.5 um pitch linear patterned pDR1m. Maps are 30 X 30 ym with
pixels of 1.5 um. Gray-scale map refers to cell heights, whereas color
map refers to Young’s modulus values. Scale bars are S ym.

first measured the stiffness as a function of cell thickness and
compared corresponding values between different substrates.
We collected 1500—2000 force curves on cells for each
substrate type, from which we extracted the elastic moduli and
the contact point. By subtracting contact point values on cells
and on substrates, we were able to calculate cell height values.
The data of Young’s modulus versus cell height are presented in
Figure 3. Generally, we observed a softening of the modulus
with increasing cell height. For very small cell thicknesses, when
the indentation becomes a substantial fraction of the cell
thickness, the assumption of the Hertz model used for analysis
might not be valid anymore. In these cases the apparent
Young’s modulus will be much larger than the true value.”**
Thus, we excluded those force curves from further analysis,
where the cell thickness was below 1 um. Cell height alone can
distinguish lamellipodial regions from the cell body; it can be
assumed that the highest part of the cell is always in the nuclear
area.”® Thus we did not further label the different parts of the
cells, but we used cell height values to discriminate different cell
regions. An alternative way would have been to label selected
cell components, such as the nucleus and the cytoskeleton with
fluorescent vital stains. These, even if conventionally classified
as vital, need to be translocated into the cytoplasm, for example
with electroporation or lipofectants. However, this was reported
to affect cell mechanical properties to a certain extent.*® To
discriminate the mechanical behavior of the different cell
regions, we followed a more conservative approach. More
specifically, we avoided the use of staining and considered the
whole distribution cell heights. Moduli corresponding to the
top 5% of heights were assumed to be representative of the
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Figure 3. Semilog scatter plots of cell Young’s modulus (E) versus cell height for the different substrates.
mechanical properties of the nuclear region. Conversely, we A w#
considered as elastic moduli of the cell body those calculated in
a range centered in the median of all cell height values =16
(corresponding to the range between the 40th and 60th g
percentiles). w12 .
According to this classification, we found that fibroblasts § #os
cultivated on patterned substrates possessed a significantly E 8 . :

stiffer cell body with respect to those on flat surfaces.
Furthermore, the highest values of elastic moduli were recorded
on the 2.5 um linear pattern, which were significantly higher
than those measured on the 2.5 X 2.5 ym grid substrates and
on the S um patterns (Figure 4A). Similar results were
observed for the moduli calculated in close proximity to the
nuclear region: high values were measured in the case of the 2.5
pum linear pattern, whereas lower and similar moduli were
observed on the 2.5 X 2.5 ym grid and the 5 ym linear pattern
(Figure 4B).

We then investigated whether a dependency between cell
body and nuclear stiffness existed. We found a positive
dependency between the elastic moduli of the two cell regions,
with the only exception of the cells cultivated on the 2.5 X 2.5
um grid that displayed a relatively high cell body stiffness and
an intermediate nuclear one (Figure ).

The actin cytoskeleton plays a central role in determining
mechanical properties of cells.””** Additionally, actin bundles
can deform the nucleus through the LINC complexes, thus
possibly altering its mechanical response.’”*’ Therefore, we
were interested in investigating whether surface patterning
could affect cytoskeletal assemblies and if this may translate in
alterations of nuclear shape and mechanics.

Cells on 2.5 um linear patterns were highly elongated and
the majority of stress fibers were located along the entire cell
body length and were oriented along the pattern direction
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Figure 4. Box plots of the Young’s modulus of (A) cell body and (B)
nuclear regions of cells seeded on the different substrates. Blue boxes
enclose the first and third quartiles, whereas the red mark is the
median value. Blue open circles are the individual measurements.
Number of data points in (A) (from left to right): 204; 238; 160, 239;
134; 180. Number of data points in (B) (from left to right): 82; 119;
80; 118; 59; 86. * indicates significant differences with respect to the
flat pDRIm substrate (p < 0.05); # indicates significant differences
with respect to the S ym linear pattern (p < 0.05).

DOI: 10.1021/acsami.5b06693
ACS Appl. Mater. Interfaces 2015, 7, 21503—-21510


http://dx.doi.org/10.1021/acsami.5b06693

ACS Applied Materials & Interfaces

Research Article

25 O Petri
OGlass
- 2.0 | AFat s
< ®25x25
% 1.5 1 m25
w A5
S 1.0
S
2 i
05 oL
0.0 T

0.0 1.0 2.0 3.0 4.0 5.0
Cytopl. E [kPa]

Figure 5. Scatter plot of the Young’s modulus of the nuclear region
(Nucl. E) versus cell body Young’s modulus (Cytopl. E). Number of
measurements is the same as in Figure 4. Bars are standard error of the
mean.

(Figure 6A). Actin bundles were frequently seen in close
contact with the nucleus and some fibers traced out nuclear

Figure 6. Confocal images of NIH-3T3 cell labeled with phalloidin
(cytoskeleton), vinculin (focal adhesions), and To-Pro 3 (nuclei).
Cells were cultivated on (A) 2.5 pm linear pattern, (B) S ym linear
pattern, (C) 2.5 X 2.5 ym grid, and (D) flat pDR1m. Scale bars are 10
pum.

contours, suggesting an active squeezing of the nuclear
envelope, which consequently appeared oblong in shape.
Cells on the 5 um linear pattern were less elongated and
displayed a number of thick actin bundles far from the nucleus.
In this case, the nucleus was also elliptical in shape, however,
not as oblong as those on the 2.5 ym pattern (Figure 6B). Very
different cytoskeleton structures formed in cells on the 2.5 X
2.5 pm grid pattern: a sparse network of thick and radially
assembled fibers was observed (Figure 6C). Such a network
was always located between the nucleus and the basal cell
membrane. Lateral or apical stress fibers around the nucleus
were almost absent, and as a consequence, the nucleus
appeared spherical in shape. Cells on flat pDRIm substrates
displayed a broad spectrum of morphologies ranging from
spindle-like to circularly shaped cells (Figure 6D). Similarly, an
actin cytoskeleton with aligned bundles was predominantly
observed in spindle-like cells whereas a more isotropic network
with randomly distributed fibers was seen in circular cells.

Owing to the diversity of the cytoskeletal assemblies on the
substrates and the apparent shape of the nucleus, we asked
whether a dependency between nuclear morphology and
stiffness existed. Therefore, we evaluated the aspect ratio of
the nuclear projected area and the nuclear volume; hence we
plotted the Young’s moduli of the nuclear regions versus these
quantities. Nuclear regions with lower Young’s moduli were
observed in cells where nuclei had A/R values in the range 1.2—
1.5 (Figure 7A). Even though cells on S ym patterns displayed
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Figure 7. Scatter plots of the nuclear Young’s modulus (Nucl. E)
versus (A) nuclear A/R and (B) nuclear volume. Number of
measurements for Nucl. E is the same as in Figure 4B. Number of
measurements for nuclear A/R: Petri dish, 6; glass slide, 6; flat
pDRl1m, 6; 2.5 X 2.5 pum grid, 6; 2.5 pm linear, 12; 5 pym linear, 12.
Number of measurements for nuclear volume: glass slide, 6; flat
pDRIm, 6; 2.5 X 2.5 pum grid, 6; 2.5 ym linear, 12; 5 ym linear, 12.
Bars represent standard error of the mean.

nuclei with a higher A/R value, nuclear stiffness was not
significantly different from that measured in the case of cells on
Petri dishes and on the 2.5 X 2.5 um grid. Nuclei of cells
cultivated on 2.5 ym linear patterns exhibited the highest value
of A/R, although not significantly different from the one of cells
on the 5 um pattern, and the highest elastic modulus.
Therefore, the A/R of the projected nuclear area does not
correlate well with the mechanical properties of the nuclear
region. Lateral compressive forces are not very effective in
altering nuclear mechanical properties, probably because the
nucleus can freely expand in the orthogonal direction. This
prompted us to investigate the effects of the nuclear volume
changes on the mechanical properties. With the exception of
cells grown on glass slides, we found a much stronger
dependence of the elastic modulus of the nuclear region on
nuclear volume (Figure 7B). Highly elongated cells, such as
those on the 2.5 ym pattern, possess oblong shape and smaller
nuclei being also the stiffest. Closely packed acting bundles
wrapping around the nuclear envelope are likely to exert
substantial mechanical stress that ultimately compresses the
nucleus. This is reasonable as the nuclear membrane is known
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to be porous and a volume reduction necessarily leads to a
nuclear matter densification.” This determines an increase of
the elastic modulus of the nuclear region. However, orderly
arrays of contractile actin bundles, such as those observed in in
the 2.5 pm pattern, might also contribute to the increased
stiffness measured in the nuclear region. Larger nuclear
volumes were observed in the case of cells having a
cytoskeleton, at least partly, disconnected from the nucleus,
as on the 2.5 X 2.5 pm grid and flat pDR1m substrates. In these
cases, the cytoskeletal structure is not able to exert a
coordinated nuclear compression and a subsequent volume
reduction. Accordingly, the modulus of the nuclear region is
low. An exception is presented by the nuclei of cells on bare
glass. It is likely that surface mechanics or chemistry, more
specifically different protein adsorption between pDRIm and
glass, can affect nuclear mechanics besides topographic
signals.”>*' In particular, FA mediated signaling might alter
the level of actomyosin contractility and hence the magnitude
of the forces acting on the nuclear envelope.”” Owing to the
thickness of the plastic bottom of the Petri dishs, z-stack images
acquired with the high magnification objective lenses were
extensively blurred. Therefore, we were not able to measure
nuclear volume of cells cultivated on Petri dishes accurately.

Cell mechanics is strongly affected by environmental cues. In
particular, the physical/mechanical characteristics of the
supporting material are known to exert a potent effect on cell
stiffness. Several studies were focused in elucidating the effect of
the substrate properties on cell stiffness using various
techniques.”™"® Generally, more rigid materials provoke cells
to become stiffer, whereas soft materials, such as hydrogels,
make cells more compliant.'”* These findings are of particular
interest not only in diagnostics as altered cellular mechanical
properties might underlie a pathological state, but also in
regenerative medicine since the transduction of exogenous
mechanical signals can ultimately dictate cell fate and
functions.”**** Despite such detailed knowledge on material
stiffness and mechanotransduction, the effects of surface
topography on cell mechanics have been, in comparison,
scarcely investigated.

AFM has been widely used to investigate cell mechanical
properties.”> Relevant mechanical parameters describing a cell’s
elasticity/viscoelasticity were found to correlate with specific
cell states such as differentiation, aging, and disease.**™* By
selectively disrupting cytoskeleton components, AFM studies
revealed that cell stiffness is predominantly dictated by the actin
network. Since topographic patterns profoundly affect actin
cytoskeleton assembly and dynamics,”" it is expected that these
patterns also have an impact on cell mechanics. Encoding
topographic patterns on materials surfaces can be performed in
various manners. In the case of micrometer-scale patterns, soft
lithography is one of the most used techniques.”” In this work,
however, we used azopolymer substrates since topographic
features can be easily created on them without the use of
specifically dedicated apparatus. Furthermore, azopolymers
were successfully employed for cell culture experiments with
no additional surface functionalization. The Hurduc group
developed a range of azo-polysiloxanes as biocompatible
substrates.””>> They addressed the importance of polymer
stability in aqueous environment as a crucial factor in affecting
cell adhesion and morphology. By using an azo-based
methacrylic chromophoric terpolymer, Barillé et al.>® created
micro- and nanogratings that significantly affected neuron
polarization and neurite outgrowth in vitro. Additionally, they

also reported good proliferation rates, demonstrating that
azopolymers are useful to affect various aspects of cell behavior
in vitro.

By combining topographic patterns and AFM measurements,
Hansen et al.*' studied the elasticity of MC3T3-E1 cells on flat
and nanostructured polymeric substrates. They found that cells
on the nanoscale topographical features were stiffer than those
cultivated on flat control substrates. Similarly, McPhee et al."'
reported that NIH-3T3 fibroblasts displayed higher mechanical
properties on microgrooved elastomeric substrates with respect
to cells cultivated on flat controls. More recently, McKee et al.>*
found that the geometrical features of patterned substrates
affect both nuclear shape and modulus. They hypothesized that
the nucleus could directly act as a mechanosensor of the
substrate topography, whose signals can influence cell align-
ment and proliferation. Topographic patterns also proved to
induce epigenetic changes in differentiated cells. In fact,
Downing et al>> demonstrated that micrometric gratings
profoundly affected cell and nuclear shape that were sufficient
to modulate both acetylation and methylation of histones
involved in cell reprogramming. Our results provide further
evidence of the role of topographic signals in affecting nuclear
shape and mechanics. Confocal micrographs revealed diverse
cytoskeletal structures that formed on the topographies, and
these structures interacted differently with the nucleus,
highlighting how cytoskeletal assemblies and cell body
mechanics appear regulated by the underlying micropattern.
In fact, actin bundles are connected to the nuclear envelope
with specific linkers and therefore changes in the cytoskeletal
structures can be directly transferred to the nucleus. Addition-
ally, actomyosin generated forces can stand on the nuclear
envelope thus altering its structure dynamically. Versaevel et
al.*” found that lateral compressive forces generated by actin
bundles regulated nuclear orientation and deformation. Cells
cultivated on micropatterned adhesive islands developed
anisotropic contraction dipoles that altered nuclear shape and
induced chromatin condensation. In our experiments, micro-
topography acts at the level of FAs by confining their formation
and guiding their growth. As we have recently reported,’” in the
case of narrow ridges, such as in 2.5 ym patterns, FAs forming
orthogonal to the pattern direction are unstable and more
prone to collapse upon actin contraction. Such a collapse not
only causes the cytoskeleton to be coaligned with the pattern,
but also causes the cell to acquire a narrow spindle-like
morphology with a highly elongated nucleus (Figures 6A and
7A). Furthermore, the coordinated contraction exerted by the
actin cytoskeleton all around the nucleus causes a significant
volume decrease (Figure 7B). Altogether, shape and volume
changes can be responsible for nuclear matter densification and
hence an increase of the measured stiffness on nuclear regions.
Larger features, and more specifically larger ridges such as in
the S um linear patterns, enable the FAs to grow to significant
lengths even in directions orthogonal to that of the pattern. In
this case, cells can acquire a more spread morphology with a
cytoskeleton that is distributed all over the cell body (Figure
6B). Here, the nucleus is less stressed with respect to what is
found in the 2.5 um pattern case, and takes on a less
compressed shape (Figure 7). Accordingly, elastic moduli on
nuclear regions were lower. A very peculiar response of the
NIH-3T3 to the 2.5 X 2.5 um grid was observed. Such a
substrate allowed FAs to establish only on a limited area, and
their maturation was inhibited by the small size of the
topographic features. Cells usually displayed ragged edges,
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and the cytoskeleton was constituted by few bundles arranged
in a star-shaped manner (Figure 6C). This structure formed
between the pattern and the nucleus. The nuclear envelope was
apparently disengaged from the actin cytoskeleton as the
nucleus was thicker (Figure 3), rounder (Figure 7A), and more
compliant (Figure 4B). Furthermore, the use of azopolymers
might in principle allow analyzing topography mediated
mechanotransduction in a dynamic environment. In fact, as
topographic signals in vivo change in time and space owing to
active cellular remodeling or to deformation arising from
external forces, light-sensitive surfaces represent a reliable tool
that is able to display topographic signals whose features can be
modulated dynamically, thus capturing the unique character-
istics of the in vivo microenvironment.

We believe that taken together these data represent strong
evidence of the fact that topographic patterns are very effective
in modulating the material—cytoskeleton crosstalk. Patterns
regulate cytoskeleton assembly and hence nuclear shape along
with the forces acting on the nuclear envelope. This
notwithstanding, additional investigations at the biomolecular
level may support these observations. Finally, these results can
in principle be used to design topographic patterns able to
transfer mechanical information up to the nucleus, thus
influencing cell fate and functions.

4. CONCLUSIONS

In this work we showed that micropatterned azopolymer
substrates strongly influence cell mechanical properties of the
cell body and nuclear regions along with cytoskeleton assembly
and nuclei morphology. In particular, we found that cells on
linear patterns were elongated, possessing a highly structured
cytoskeleton and characterized by smaller nuclei with respect to
flat substrates and grid pattern (nucleus volume of about 700
um?® on 2.5 um linear pattern and 1100 #m?® on flat substrates).
Correspondingly, elastic modulus values on cell body and
nuclear regions were higher and cells were thinner on
micropatterned azopolymers with respect to flat samples
(nuclear regions were characterized by elastic moduli up to 2
kPa on 2.5 pym linear pattern and 400 Pa on flat sample; cells
were of about 7 ym height on 2.5 pm linear pattern and up to
12 ym on flat samples). Furthermore, a dependency between
mechanical proprieties of cell nuclear regions and nuclei
morphology was found. In fact, highly elongated cells possessed
oblong shape and smaller nuclei being also the stiffest ones.

These results demonstrate that the use of azopolymers as cell
culture supports may pave the way to the study of cell
mechanics in a dynamic and biomimetic way, owing to unique
properties of the azobenzene moieties that are able to change
their conformation in response to light stimuli. This result may
become useful in the development of new “cell-instructive”
biomaterials for tissue engineering.
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