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Fluidic Force Microscopy and Atomic Force Microscopy
Unveil New Insights into the Interactions of Preosteoblasts

with 3D-Printed Submicron Patterns

Livia Angeloni,* Bogdan Popa, Mahdiyeh Nouri-Goushki, Michelle Minneboo,
Amir A. Zadpoor, Murali K. Ghatkesar,* and Lidy E. Fratila-Apachitei*

Physical patterns represent potential surface cues for promoting osteogenic
differentiation of stem cells and improving osseointegration of orthopedic
implants. Understanding the early cell-surface interactions and their effects
on late cellular functions is essential for a rational design of such topog-
raphies, yet still elusive. In this work, fluidic force microscopy (FluidFM)
and atomic force microscopy (AFM) combined with optical and electron
microscopy are used to quantitatively investigate the interaction of preoste-
oblasts with 3D-printed patterns after 4 and 24 h of culture. The patterns
consist of pillars with the same diameter (200 nm) and interspace (700 nm)
but distinct heights (500 and 1000 nm) and osteogenic properties. FluidFM
reveals a higher cell adhesion strength after 24 h of culture on the taller
pillars (32 £ 7 kPa versus 21.5 £ 12.5 kPa). This is associated with attach-
ment of cells partly on the sidewalls of these pillars, thus requiring larger
normal forces for detachment. Furthermore, the higher resistance to shear
forces observed for these cells indicates an enhanced anchorage and can be

and  growth,"®  immunoregulation”?
and differentiation.®*™l This approach is
of great clinical relevance for orthopedic
implants where osteoinductive™ "l and
antibacteriall®018 surfaces are required to
prevent aseptic and septic failures, thereby
ensuring the long-term stability of the
implants. Different physical surface pat-
terns at micro- and nano-scale, with specific
geometries and spatial distribution, have
shown potential for promoting osteogenic
differentiation of mesenchymal stromal
cells (MSCs) and preosteoblasts in vitro.’3]

However, the relationships between
patterns characteristics and cell response
are not univocal. Subtle variations of the
surface roughness and/or the geometrical
characteristics of the topographical fea-

related to the persistence and stability of lamellipodia. The study explains
the differential cell adhesion behavior induced by different pillar heights,
enabling advancements in the rational design of osteogenic patterns.

1. Introduction

Biomaterials topography at micro- and nano-scale is emerging
as a potent modulator of cellular responses, including adhesion
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tures can result in substantially different
cell responses.3719-201 In addition, con-
tradictory effects on the osteogenic dif-
ferentiation of MSCs and osteoprogenitor
cells have been reported for different rel-
evant topographies’ scales (i.e., cell scale
and smaller), suggesting that different feature sizes can act via
different cellular mechanisms. Indeed, the osteopontin (OPN)
expression after 21 days of incubation was observed to decrease
with the increase of the height of the pillars in the nanometer
range (i.e., pillar height < 100 nm).?22l On the contrary, it has
increased with the increase in the pillar height and the decrease
of the interspace between pillars in the submicron (i.e., pillar
height < 1000 nm) and micron (i.e., pillar height larger than
1.6 um) range.23l

Substrate physical features can modify the way cellular
receptors (integrins) attach to the surface and activate direct or
indirect mechanotransduction pathways. These mechanisms
involve focal adhesions (FAs) formation, cytoskeleton reor-
ganization, generation of endogenous (intracellular) forces and
nuclear translocation of transcription factors, that influence the
late cellular functions.?>?*%"] Understanding of the topography-
induced mechanotransduction is required for establishing a
rational design for osteogenic surfaces. Nevertheless, the lack
of systematic studies and the limited quantitative methods
available until recently to investigate the biophysics involved in
these early interactions, hindered the advances in this area.

Atomic force microscopy (AFM), due to its capability to
detect ultralow forces and to be used in a liquid environment,

© 2022 The Authors. Small published by Wiley-VCH GmbH
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is emerging as a powerful tool for the quantification of the
physical properties of living cells.?®4 However, so far,
the AFM techniques were rarely used to investigate the
biophysics of living cells interacting with cell instructive
topographies. Yang et al. measured the elastic modulus of
MSCs cultured on osteogenic and non-osteogenic gratings
at different phases of the differentiation process.’® They
found that MSCs cultured on the most osteogenic topo-
graphies had the highest elastic modulus before differen-
tiation and the most rapid cell stiffness reduction during
differentiation.

In our recent work,[ we have used single-cell force spec-
troscopy (SCFS) to quantify for the first time the adhesion
force of mouse preosteoblasts (MC3T3-El) on 3D printed
submicron patterns during the first minute of cell attach-
ment. For some of the patterns investigated, we have found
a positive correlation between the cell adhesion force and the
late ECM mineralization, which suggested a link between
the early adhesion mechanisms and the late differentiation
behavior. However, due to the intrinsic limitations of the
single-cell force spectroscopy (SCFS) technique, we could
only quantify the adhesion forces during the first minute
of cell-substrate interactions when mostly physical (i.e.,
electrostatic and hydrophobic) interactions are involved
in cell adhesion.’®3] Nevertheless, the later phase of cell
adhesion to the substrates (between a few hours and a few
days) plays the most significant role in the activation of the
mechanotransduction pathways, involving cell spreading,
integrins clustering, FAs formation and cytoskeleton
reorganization.l3¢:3]

Therefore, in this follow-up study, we have performed a more
in-depth investigation of the adhesion behavior of MC3T3-E1
cells when cultured on two selected patterns, one that showed
osteogenic potential (P1000) and another one with no such
properties (P500)." The only difference between these patterns
is the pillar height: the P1000 pattern has pillars of 1000 nm
height whereas the P500 pattern has pillars of 500 nm height.
To this aim, we have quantified for the first time the cell adhe-
sion force and strength after 4 and 24 h of culture using fluid
force microscopy (FluidFM). Thanks to a microfluidic cantilever
that has an aperture at the free end and is connected to a pres-
sure controller, this recently developed techniquel®>3%-3% allows
for a strong and controlled immobilization of the celll3%40-4l
and, consequently, the quantification of adhesion forces of cells
cultured on various substrates. To understand the cell adhe-
sion behavior, the investigations further included quantification
of relevant mechanical properties of the pillars and attached
living cells, the morphology and cytoskeleton organization of
the cells, their settling behavior on the two different patterns,
FAs formation and the morphology of cell-pattern interfaces.
The findings revealed new and distinctive adhesion and detach-
ment behavior of cells after 24 h of culture on the two different
patterns. The differences were explained by using adequate
models. In addition, the effects of pillar height on cell adhesion
properties were elucidated, and the overall results were dis-
cussed taking into account the previously demonstrated differ-
ences in the osteogenic properties of the patterns investigated
in this study.
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2. Results and Discussion
2.1. Morphology and Mechanical Characteristics of the Patterns

The shape, dimensions, and mechanical properties of the 3D
printed submicron pillars were determined by SEM and AFM
techniques (Figure 1).

The P500 and P1000 patterns consisted of arrays of pil-
lars with a cylindrical geometry and a round tip (Figure 1a,b).
This shape is the result of the typical TPP ellipsoidal voxel
shape, which is responsible for the decrease of the dia-
meter toward the tip of the pillar*’! The height of the round
tip was estimated by SEM and found to be 150 + 22 nm for
the P500 pillars and 148 + 16 nm for the P1000 pillars. A high
consistency with the designed parameters and a high reproduc-
ibility of the height, diameter, and interspace of the printed
pillars were observed by SEM (Figure 1a,b) and AFM measure-
ments (Figure 1c—f). As measured by AFM, the average surface
roughness (R,) was 113 £ 1 and 236 + 8.5 nm for the P500 and
P1000 patterns, respectively.

During the bending tests, the pillars showed an elastic
behavior over the entire range of the applied forces (Figure S1,
Supporting Information). The failure of the pillars occurred
because of their detachment from the substrate, without any
plastic deformation or fracture of the pillar per se (Figure S1,
Supporting Information). This was confirmed by the topo-
graphical images acquired after the breakage of the pillars,
which revealed the absence of any material residues on the sub-
strate (Figure Slc, Supporting Information).

The maximum stress, calculated as the maximum bending
stress, was 0.32 + 0.02 GPa for P500 pillars and 0.32 + 0.08 GPa
for P1000 pillars. Since no fracture of the pillar mate-
rial was observed, this maximum stress can be considered as
the adhesion strength of the pillars to the substrate, and corre-
sponds to an adhesion force of 10 un. The high consistency of
the maximum stress found for P500 and P1000 pillars indicated
that no difference in the adhesion strength was induced by the
fabrication process of the pillars with the two different height
values.

The average values of the pillars stiffness (k) were deter-
mined as 12 + 1.0 N m™! for P500 pillars and 1.3 £ 0.2 N m™
for P1000 pillars, and corresponded to similar values of elastic
modulus (Ep,) for the two kinds of pillars (i.e., 3.4 + 0.7 GPa
for P500 and 3.3 + 0.5 GPa for P1000, calculated assuming a
cylindrical pillar). The slight difference (3.25%) between the
elastic modulus values found for the two types of pillars can
be ascribed to the experimental variability of the measure-
ment method.® The results indicate that no changes in the
intrinsic elastic properties of the polymeric material (elastic
modulus) were introduced during the printing process by
increasing the height of the printed pillars.

Since the diameter and the interspace of the pillars are
constant parameters on P500 and P1000 samples, the stiff-
ness of the single pillars is directly related to the effective
shear modulus G of the patterned surface. The effective shear
modulus was calculated as proposed by Ramussen et al.*’]
and revealed a value of 6.9 + 1.1 MPa for the P500 surface and
1.8 £ 0.7 MPa for the P1000 surface.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Parameter P500 P1000
Pillar height (Apiiiar) [nm] 461 +63 1034 +=30.5
Pillar diameter (Dpiliar) [nm] 205+ 10 199 £ 10
Pillar interspace (/) [nm] 702+ 17 693 +24
Surface roughness (Rq) [nm] 113+1 236+ 8.5
Pillar stiffness (kpitiar) [N/m] 12+1.0 1.3+£0.2
Pillar elastic modulus (Epiiar) [GPa] 34+0.7 33+£0.5
Pillar maximum lateral force (Fxxy,mar) [DN] 744 + 46 364 + 96
Pillar maximum displacement (dpiliar,max) [nm] 61+9 289 + 85
Pillar adhesion strength to the substrate (oma) [GPa] 0.32 +0.02 0.32+0.08
Surface effective shear modulus (G) [MPa] 69+1.1 1.8+0.7

Figure 1. Morphology of the 3D printed patterns. SEM images of the a) P500 and b) P1000 pillars; AFM 2D (c,d) and AFM 3D (e,f) topography images
of P500 (c,e) and P1000 (d,f) pillars; summary of the morphological and mechanical parameters of the individual submicron pillars and the patterned

surfaces (g).

2.2. Cell Adhesion
2.2.1. General Observations during the FluidFM Experiments

For all the tested cells (on all substrates at both 4 and 24 h), the
failure of the cell-substrate contact (points 3 in Figure 2a,c,e)
occurred in a small region underneath the probe. Indeed,
no changes in the morphology at the periphery of the
cells were observed by optical microscopy (Figure 2b-4,d-4,f-4)
when the peak force (points 3 in Figure 2a,c,e) was recorded.

Small 2023, 19, 2204662 2204662 (3 of 17)

After the first detachment (corresponding to the peak force),
the measured force decreased, with a trend characterized by
discrete steps, ascribable to cell detachment events, as widely
reported in the literature.33 The measured force reached in gen-
eral a very low value, close to zero, (point 4 of Figure 2a,c) when
the peripheral parts of the cell were still attached to the sur-
face. Since only the vertical component of the force is detected
in FluidFM measurements, this means that those peripheral
parts were subjected to negligible vertical components of the
force. The observed behavior is consistent with the fact that, in

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Representative results of the FluidFM experiments after 24 h of MC3T3-E1 preosteoblast cell culture: a,c,e) force—distance curves obtained
on the flat glass control surface (a), the P500 (c) and the P1000 (e) patterns; b,d,f) optical images of the cell morphology at the different phases of
the experiments: 0) before starting the experiments; 1) when the cell was approached with a predefined setpoint force (50 nN); 2) at the beginning
of the probe retraction (i.e., at the end of the pause in force constant mode, during which the under pressure was applied to grab the cell); 3) when
the failure of the cell-surface contact was observed (i.e., the peak force was recorded); 4) at the beginning of the force plateau; and 5) at the end of
the experiment (when a distance of 80 um was reached). The videos corresponding to the reported example experiments are available in SV1-SV3,

Supporting Information.

the FluidFM experiments, the force is locally applied to the cell
surface at a point corresponding to the probe’s aperture, that is,
the region above the nucleus.

This detachment behavior can be explained by consid-
ering the cell discretized in a set of straight elastic fibers (i.e.,
springs), connecting the center of the aperture of the probe with
an area (sufficiently small) of the cell-substrate contact surface
(Figure 3a). The total measured vertical force can be written as:

ztot 2 F E

itzi

2 A, sin* a; 1)

AH . . .
where F,;=E ?Ai sin* o is the vertical component of the

force applied to the element of the cell-substrate contact area
of area A; (Figure 3a). E is the elastic modulus of the single
fiber (meaning the elastic constant per unit length per unit

Small 2023, 19, 2204662 2204662 (4 of17)

area), which we considered equal for all the fibers. H is the
initial height of the cell, and AH is the probe’s elevation (height
variation) when it is retracted (Figure 3a). ¢ is the inclination
angle of the generic ith fiber (Figure 3a). The derivation of
Equation (2) is reported in Section S3, Supporting Information.
According to this model, F,; is maximum for ¢; = 90°, that is,
the point right under the probe’s aperture, and rapidly decreases
with the angle ¢, that is, the distance between the probe’s aper-
ture and the anchoring point of the single fiber to the surface.
Although this is a simplified model, it represents well the
experimental observations. Indeed, it shows that the area of the
cell under the tip is the most loaded and explains why, in all our
experiments, the first region of the cell to be detached was the
central region. On the contrary, the peripheral parts, being
far from the aperture of the probe (point of application of the
force), were subjected to negligible vertical components and
large in-plane (horizontal) components of the applied forces.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Schematics of the model describing the cell detachment in FluidFM experiments. The cell was considered to consist of straight elastic
fibers with orthogonal section s connecting the point of application of the force (center of the probe’s aperture of diameter D) with a point (ij) of the
cell-substrate contact area. ¢ is the inclination angle of the generic fiber. The cell-substrate contact area was discretized in i circular crowns (or seg-

ments of circular crowns) with area A =

S Z,Su

sino;  sino;

=-——'—and center corresponding to the point of application of the force. f; is the traction forces acting

along the single ijth fiber when the probe is retracted. H is the (initial) height of the cell at the point of application of the force. L; is the (initial) length
of the generic fiber and AL; is the fiber’s elongation when the probe is retracted of AH. F,; is the ith contribution to the total measured force. b,c) Quan-

titative characterization of cell adhesion (b) and cell adhesion strength (0,q44) (c). Empty boxes represent data after 4 h and striped boxes after 24 h of

cell culture on the glass substrate (control) and the P500 and P1000 patterns. A one-way ANOVA test followed by Tukey's multiple pairwise compari-
sons post hoc test was used to evaluate the statistical significance of the differences between the various experimental groups (* p <0.1, ** p < 0.05,
*** p < 0.01). d) Vinculin staining of the cells cultured on the control, the P500 and P1000 patterns after 4 and 24 h.

Small 2023, 19, 2204662

2204662 (5 of 17)

© 2022 The Authors. Small published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA IR0 3|qedl|dde aLy Ag pausenoh a1e saolie YO ‘SN 40 S3|NI 04 A%eiq1T8UlUO 48| 1M UO (SUOTIPUOD-PUR-SLLBYWI0D" A8 1M ARG 1BU1IUO//SHRY) SUORIPUOD PUe SWLB L 83U} 39S *[£202/T0/6T] Uo ARIqIT8UllUO A8 |1 ‘WA NL AJ 299¥02202 |IWUS/200T OT/I0pW00" A3 1M AIq 1 eu U0/ SARY WOy papeo|umod ‘2 €202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

This was supported by the optical microscopy images acquired
during the probe retraction revealing that the cell’'s periphery
slid in the direction of the point of application of the force under
the action of the in-plane components of the force and, only in
the end, entirely detached from the surface (Figure 2b-6,d-6).
This was confirmed also by optical microscopy images of par-
tially detached cells (Section S3, Supporting Information), where
only the central region under the probe’s aperture was detached.
It is worth noting that since the FluidFM measurements are
based on detecting the sole vertical deflection of the cantilever,
the in-plane forces are not detected, and quantitative informa-
tion about the cell resistance to shear forces cannot be retrieved.

However, qualitatively, the cells cultured on the different
substrates exhibited a different behavior at the periphery
during the detachment, which can be attributed to a different
resistance to shear forces. In the case of cells cultured on glass
(control substrate) and P500 pattern, the measured vertical
force reached a small, almost zero and constant value at a probe
retraction distance of =20 um (point 4 of Figure 2a,c), indi-
cating that the central part of the cell was completely detached.
Continuing the retraction of the probe, the peripheral regions
of the cells slid toward the center (point of application of the
force) and detached (Figure 2b-6 to 2d,c). On the contrary, cells
cultured on the P1000 pattern for 4 and 24 h were not entirely
detached in most of our experiments. Peripheral parts of the
cell were often constrained and could not slide on the surface
toward the point of application of the force (Figure 2f-6).

This indicates a positive effect of the P1000 pattern on the
anchoring of the cells, which seems to resist shear (in-plane)
forces better than the cells cultured on the other substrates (P500
pattern and the flat control surface). However, as mentioned
above, the higher resistance to shear forces of the cells attached
to the P1000 surface was observed only qualitatively since the Flu-
idFM measurements do not provide any quantitative information
about the horizontal components of the applied forces.

This stronger attachment of the cells to the P1000 pat-
tern was also observed in the recorded force—distance curves,
where, often, the final value of the (vertical) force was higher
than the one recorded on the P500 and the flat control surfaces
(Figure 2e, point 5), that is, the retraction curve did not reach
the baseline of the approach curve.

2.2.2. Adhesion Force

Even if the cells were not completely detached from the P1000
surfaces, it was possible to quantify the adhesion force of
the cells to all the surfaces (Figure 3b). The adhesion force is
defined as the difference between the peak force and the base-
line, that is, the zero-force level of the approach curve. Indeed,
the adhesion force is the maximum force required to detach
the most loaded region of the cell. Therefore, it is unnecessary
to detach the entire cell to retrieve this cell-surface adhesion
force value. The measured values of adhesion force were in
the range 20-300 nn, which are two-three orders of magnitude
lower than the adhesion force of the pillars to the substrate
(10 un). This means that the pillars could not be detached by
the application of the forces used in FluidFM experiment and
confirms the detachment of the cells from the pillars.

Small 2023, 19, 2204662 2204662 (6 of 17)
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After 4 h of cell culture, no significant difference was observed
in the adhesion force of the cells cultured on the different
substrates (i.e., 102 £ 43 n~ on the control flat glass surface,
89 * 40 n~ on P500, and 91 * 46 n~x on P1000). Increasing
the cell culture time (from 4 to 24 h), the cell adhesion force
increased on all the substrates. The increase was =50% on the
flat control surface and the P500 pattern, while an increase of
nearly 100% was observed on the P1000 pattern. The cell adhe-
sion force after 24 h was significantly higher (209 £ 54 nn) on
the pattern characterized by the tallest pillars, that is, P1000,
than the flat control surface (149 + 54 nn). On the contrary, the
P500 pattern exhibited an average value of cell adhesion sim-
ilar to the flat substrate (157 133 nn). This indicates that the
height of the pillars had a significant influence on cell adhesion
after 24 h of cell culture.

However, due to the high variability of the cell shape and size
observed on the different surfaces (Figure 2b-1,d-1,f-1) and at the
different tested incubation times, the values of the measured
adhesion force cannot be directly compared, especially consid-
ering that, in FluidFM experiments, the force is locally applied
on the cell in an area corresponding to the position of the probe
aperture. Therefore, the cell's different regions are strained
depending on the distance to the application point of the force.

2.2.3. Adhesion Strength

To compare the quantitative data acquired on different sur-
faces and after different cell culture durations, we estimated
the adhesion strength of the cells cultured on the different sub-
strates after 4 and 24 h (Figure 3c) as:

AH Fz,tot

e H ziAi sin* o

(2)

Details about the derivation of the equation for the cell adhe-
sion strength (maximum stress) are reported in Section S3,
Supporting Information.

After 4 h of cell culture, the patterns did not affect the cell
adhesion strength. Indeed, the cells cultured on all the surfaces
showed no difference in the adhesion strength values.

By increasing the cell culture time (from 4 to 24 h), the
increase in cell adhesion strength was observed on all the sub-
strates (flat control surface, P500, and P1000), coherent with the
expected strengthening of cell-surface adhesion. Indeed, the
initial attachment of cells to a substrate is driven by integrin-
mediated interactions and consists of binding single receptor-
ligand pairs.3®°%°1 After this initial attachment, cells spread
on the substrate, increasing the contact area, reorganizing the
actin cytoskeleton, forming focal adhesions and increasing the
adhesion strength.[36:52:53]

After 24 h, the cells on the P1000 exhibited significantly
higher adhesion strength than on the flat control surface and
P500 pattern. Furthermore, the cells cultured for 24 h on the
P500 pattern showed a cell adhesion behavior similar to the flat
glass. These results indicate a different mechanism of inter-
action of the cells with the tallest pillars (height of 1000 nm),
which makes the cells more firmly attached to the surface and
more resistant to “out of plane” forces after 24 h of incubation.
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The measured adhesion strength of cells interacting with
submicron patterns, quantified for the first time by FluidFM
in this study, is coherent with previous qualitative results on
random and controlled surface roughness in the submicron
range, where the cell adhesion was enhanced with the increase
of the surface roughness.[*45+-57]

2.2.4. Formation of Focal Adhesions

After 4 h of cell culture, we observed the formation of vinculin
rich sites at the periphery of the cells cultured on all the sur-
faces. They were mainly nascent vinculin sites in the cells cul-
tured on the flat control surface and the P500 pattern, while
membrane extensions rich in vinculin were already observed
on the P1000 pattern (Figure 3d). This suggests a stronger
interaction of the cells with the P1000 pattern and the start of
FAs maturation at the periphery of the cells after 4 h. However,
the FluidFM measurements after 4 h did not show any signifi-
cant difference in the quantitative value of cell adhesion force
and strength. This apparent contradiction can be ascribed to
the fact that the measurement of the adhesion strength by Flu-
idFM is local and, in our case, expressed relative to the cell’s
central (nuclear) region. Therefore, possible differences in the
adhesion at the periphery of the cells (e.g., a stronger attach-
ment of the cells on the P1000 pattern) could not be quantita-
tively detected by FluidFM under our experimental conditions.
However, a higher shear resistance of cells on the P1000 pat-
tern was qualitatively observed after 4 h (Figure 2) which is
in line with the presence of many sites rich in vinculin at the
periphery.

After 24 h, FAs were present in cells cultured on all the sub-
strates. Qualitatively, FAs' area and density increased in the
cells cultured on the patterns compared to the cells on the flat
control surface, but were similar on the P500 and the P1000
patterns (Figure 3d). It is worth noting that a precise quantifica-
tion of FAs’ area and density was not possible because of the 3D
topography of the surfaces and the limited size of the pillars,
even below the resolution limit of z-stack confocal microscopy.

The similar FAs’ size, density and distribution on the two
patterns after 24 h of cell culture indicate that the reinforce-
ment of cell adhesion on the P1000 arrays is not related to a
difference in the FAs formation but could be determined by the
physical cell-surface interactions, for example, the cell settling
state on the taller pillars.

2.3. Cell-Pattern Interface

A SEM analysis of the surface—pattern interfaces
(Figure 4a—d,f—j) revealed that cells adhered on the top and
the sidewalls (“middle” state) of the pillars, or on the top, the
sidewalls, and the substrate (“bottom” state).’® More specifi-
cally, the cells cultured for 24 h on the P1000 pattern exhibited
a “middle” settling state in all the visible regions (both at the
periphery and in the center), that is, the cells adhered on the top
of the pillars and partially on their sidewalls, without coming
into contact with the flat substrate (Figure 4f-1). By comparison,
cells cultured for 24 h on the P500 pattern exhibited a domi-
nant “bottom” settling state with most of cell areas in which
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the cell membrane completely engulfing the pillars and
coming into contact also with the flat substrate between them
(Figure 4a—d). Only limited portions at the periphery of the
cells exhibited a “middle” settling state on P500 pattern. On the
P1000 pattern, the cell adhesion depth I,4;, (i.e., the depth corre-
sponding to the portion of the sidewall of the pillar to which the
cell membrane adheres) was quantified and resulted in a value
of 363 £ 136 nm. Similar values of adhesion depth were meas-
ured on the P500 pattern: 378 + 78 nm in the (limited) regions
characterized by the “middle” state and 500 nm (i.e., the height
of the pillars) in the regions characterized by the “bottom” state.

The similar adhesion depth found for the two patterns is in
line with previous studies, where the cell adhesion depth on
the pillar arrays demonstrated to be mainly dependent on the
material type, the diameter of the pillars and the spatial density
of the pillars,’® all of which are constant in our P500 and
P1000 patterns. Using the measured adhesion depth value and
considering the repeating unit of the pattern, we calculated
the effective cell-pattern contact area on the P1000 surface as
Acell-p1000 = TR piiiar+ 2 TR gy laan, Which resulted in being ~ 53%
of the cell-glass (flat) contact area. Thus, even though the total
surface area is increased by patterning the surface, the effec-
tive cell-surface contact area on the P1000 pattern significantly
decreased compared to the flat surface. Therefore, the adhe-
sion strength and the total surface area do not correlate, as also
shown in previous studies. ¢!

Being not related to the contact area nor to the FAs size and/
or distribution (that were similar in both patterns), we hypoth-
esize that the increased cell adhesion on the P1000 samples as
compared to the glass and the P500 can be only ascribed to the
contribution of the parts of the cells adhering on the sidewalls
of the pillars. Indeed, when a normal (vertical) force is applied
to the cells attached to the pillars, those regions adhering to the
sidewalls are subjected to shear stress (7) and, therefore, need a
higher vertical (out-of-plane) force to be detached as compared
to the cell regions subjected to a normal stress o (i.e., adhering
on the flat surface).l°!

However, since the cell adhesion strength on the P500 pat-
tern was lower than the P1000 (and similar to that one meas-
ured on the flat control surface), our experimental (FluidFM)
data seems to indicate that when part of the cells also adhere
on the substrate between the pillars, the contribution of the
parts of the cell adhering on sidewalls becomes negligible. To
explain this finding, let us consider a generic element of the
cell between two pillars (Figure 4k,]) subjected to vertical stress
(0,). When the cell is adherent to the substrate (Figure 4k), the
element is subjected to traction and it elongates and tends to
undergo lateral contraction. The lateral contraction is hindered
by contact with the sidewall of the pillars. Therefore, there is a
reaction force (normal to the lateral surface of the pillar) which,
in addition to the applied shear stress, can tend to detach the
cell from the pillar’s surface, reducing its capability to adhere to
the pillars’ sidewalls (Figure 4k,m).

On the contrary, when the cell does not adhere to the bottom
(Figure 4l), the generic element experiences no traction: it
undergoes a displacement without elongation. The element
does not tend to contract, and there is no reaction force normal
to the sidewall of the pillar (Figure 4l). In addition, in the
absence of traction, only the elements near the lateral surface
of the pillar are in tension (along z), as they are (tangentially)

© 2022 The Authors. Small published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA IR0 3|qedl|dde aLy Ag pausenoh a1e saolie YO ‘SN 40 S3|NI 04 A%eiq1T8UlUO 48| 1M UO (SUOTIPUOD-PUR-SLLBYWI0D" A8 1M ARG 1BU1IUO//SHRY) SUORIPUOD PUe SWLB L 83U} 39S *[£202/T0/6T] Uo ARIqIT8UllUO A8 |1 ‘WA NL AJ 299¥02202 |IWUS/200T OT/I0pW00" A3 1M AIq 1 eu U0/ SARY WOy papeo|umod ‘2 €202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sl

www.small-journal.com

Figure 4. SEM images of the MC3T3-E1 cells interacting with a—d) P500 pattern and f-i) P1000 pattern. The red squares in the low resolution images
(a,c,f,h) represent the locations of the high resolution images (b,d,g,i). Schematics of the cell settling state observed on the different patterns: e) a
“bottom” settling state on the P500 pattern and j) a “middle” settling state on the P1000 pattern. k-o) Lateral view (k,I,n) and top view (m,o) of a
generic element of the cell between two pillars subjected to vertical stress (o;). In the case the cell touches the substrate (k,m), the element elongates
and tends to undergo lateral contraction. As a consequence, there is a reaction force normal to the sidewalls of the pillars. In the case the cell does
not touch the substrate (I,n,0), the element undergoes a displacement without elongation and there is no reaction force at the sidewall of the pillar.
The elements near the sidewall of the pillars are in tension, since they are held by the surface of the pillars (o), and tend to undergo lateral contraction,
producing an increase of the lateral pressure on the sidewall of the pillar.

held by the surface of the pillar (shear) (Figure 4n). Therefore,
only these elements near the pillars’ sidewalls tend to undergo
lateral contraction, producing a consistent increase in the pres-
sure on the lateral cylindrical surface of the pillar, as schemati-
cally shown in Figure 4n,o.

It is worth noting that, due to the cell fixation and dehydra-
tion process (SEM sample preparation), there could be a cell
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volume decrease which might result in forces that pull the cell
upward. However, the fact that on P500 we observed a domi-
nant bottom state in SEM images indicates that the stress due
to dehydration is lower than the adhesion strength of the cell to
the substrate. Therefore, it cannot change the cell settling state
on the P500 pattern. In the case of the cells characterized by a
“middle state,” that is, the cells cultured on the P1000 pattern,
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the suspended region (i.e., the portion of the cell membrane
between the pillars) could go up during dehydration, but the
(shear) stress needed to detach the cell membrane from the
sidewall of the pillars should be even higher than the stress
required to detach the cell from the substrate. Since the value
of cell adhesion depth on the P1000 pattern was measured on
the cell parts adhering to the sidewalls of the pillars, it cannot
be significantly affected by the dehydration process.

Therefore, the SEM analysis of the interface between the pat-
terns and the cells after 24 h of cell culture indicates that the
increase of the cell adhesion strength to the P1000 surface can
be ascribed to the way cells interact and settle onto the pattern:
the cells characterized by a “middle state” partially adhere to
the sidewalls of the pillars, increasing their resistance to forces
applied normally to the surface.

2.4. Morphology and Mechanics of Living Cells Attached to the
Patterns

Consistent with our previous immunostaining and SEM
analyses on similar surfaces,*?! three different cell
shapes were observed by AFM imaging of live cells on the dif-
ferent surfaces (Figure 5a): i) polygonal cells, with the contour
similar to a polygonal chain with 4 to 6 vertices and a low degree
of anisotropy (aspect ratio, i.e., the ratio between the major and
the minor axis of the cells, < 2); ii) stellate cells, characterized
by multidirectional membrane extensions (e.g., filopodia); and
iii) elongated (polarized) cells, with a visible main direction of
elongation and a high degree of anisotropy (aspect ratio > 2).

Polygonal cells were mostly observed on the flat substrate
(Figure 5b). They often presented wider leading edges, sug-
gesting a motile behavior,[® after both 4 (Figure 5a-1) and 24 h
of cell culture (Figure 5a-7). Stellate cells were not observed on
the flat surface but made up =50% of the cells on both P500 and
P1000 specimens after 4 and 24 h of cell culture. Stellate cells
after 4 h on both P500 (Figure 4a-3) and P1000 (Figure 5a-5)
surfaces were rather symmetric and did not show a morphology
ascribable to a motile behavior. After 24 h, most of the stellate
cells exhibited wider leading edges, indicating a possible motile
behavior (Figure 5a-9,11). Interestingly, we observed that the
membrane extensions of stellate cells on both patterns and at
both cell culture times (4 and 24 h) were directed along with
repetitive directions, which corresponded to the main directions
of the arrays (e.g., 0°, 26.56°, 45°, 90°), as shown in Figure 6.
AFM high-resolution images of the cell membrane protrusions
(Figure 6b,1-3) revealed that filopodia tend to extend on the top
of the pillars or inside the channels between them, adhering to
the sidewalls of the pillars, as it was mainly observed on P1000
samples (Figure 6b-1), or on the substrate between them, as
mainly observed on P500 samples (Figure 6b-2,3). This contact
guidance effect of the pillar arrays on membrane protrusions
appears responsible for spreading the cells along specific pre-
ferred directions.

Elongated cells were present on all the surfaces after 4 and
24 h of cell culture. They made up =30% of the total cells on
the flat surface after 4 h and 40% after 24 h. On both P500
and P1000 patterns, elongated cells were 50% of the total cells
after 4 and 24 h. The elongated cells on the patterns exhibited a
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higher aspect ratio than the elongated cells observed on the flat
surface. Their major axis was always directed along one of the
main directions of the pillar arrays (Figure 5a-4,6,10,12). This
confirms the capability of patterned surfaces to promote cell
spreading preferentially along the main directions of the array,
as similarly observed for stellate cells.

Quantification of cell area (Figure 5c) indicated that after 4 h
of culture, cells on the patterns exhibited a smaller area than the
ones on the flat surface. No significant difference was observed
between the cell area on P500 and P1000 patterns. With the
increase in the cell culture time (from 4 to 24 h), the cell area
increased on the flat and P500 surfaces. By comparison, cells
on the P1000 pattern did not show any increase in the cell area
after 24 h resulting in significantly smaller areas compared to
the cells on the P500 and flat surfaces. This effect appears to
be related to cells adhesion and settling behavior onto the pat-
terns. The taller pillars (P1000), on which the cells exhibited
a “middle” settling state, seem to act not only as anchoring
points improving the cell adhesion and the cell resistance
to shear forces but also as obstacles limiting the capability of
cells to spread onto the substrate. The average height of the
cells was significantly higher on the patterns than the flat con-
trol after both 4 and 24 h (Figure 5d) reflecting the effects of the
patterns on cell spreading.

However, the maximum height of the cells, that is, the
height corresponding to the top of the nucleus, was similar for
the cells cultured on all the substrates at both 4 and 24 h of
cell culture (Figure 5d), suggesting that the interaction with the
different substrates did not produce any significant effect on
the shape of the nucleus (Figure 5e). However, no information
about the lateral size and shape of the nuclei could be retrieved
from the AFM data.

For cytoskeleton organization, high-resolution images of the
actin cytoskeleton organization were obtained by reconstructing
the live cells mechanical (elastic modulus) maps (Figure 7). We
have used orientation coherency as a quantitative parameter
describing the orientation of the actin fibers in the region above
the nucleus.

On the flat control surfaces, after 4 h (Figure 7a-1,2),
both polygonal and polarized cells exhibited the presence of
numerous and thick peripheral fibers, directed approximately
parallel to the sides of the cells. Differently, the region above
the nucleus was characterized by few, almost aligned, actin
fibers, crossing the cells from the leading edge to the rear, sug-
gesting a motile state, where, in general, the actin fibers tend
to align in the direction of the movement. This cytoskeleton
organization gave rise to an orientation coherency of 0.34 + 0.07
(Figure 7b). With the increase of the cell culture time, that is,
after 24 h, we (qualitatively) observed the thickening of actin
fibers both in the peripheral regions and above the nucleus
for the polygonal and elongated cells (Figure 7a-7,8). In addi-
tion, less fibers were visible after 24 h in the region above the
nucleus but they were thicker and more aligned. This signifi-
cantly increased the orientation coherency measured in this
region (Figure 7b).

A closer look at the cytoskeleton organization revealed dif-
ferences between the flat and patterned surfaces. After 4 h
of cell culture, both stellate and elongated cells on the pat-
terns were characterized by peripheral and ventral actin fibers.
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Figure 5. Morphological analysis of cells by AFM QI mode: a) representative topography images of MC3T3-E1 cells interacting with the flat glass
control (top row), P500 (middle row) and P1000 (bottom row) patterned surfaces, after 4 (1-6) and 24 h (7-12) of cell culture. b) The percentage of
the different observed types of the morphology of the cells (polygonal, stellate, and elongated) on the control and the patterned surfaces, after 4 and
24 h of cell culture; ) the cell-substrate contact area, d) the average height and e) the maximum height, measured at the highest point of the region
above the nucleus, of MC3T3-E1 cells on the flat control, the P500, and P1000 surfaces after 4 (empty boxes) and 24 h (striped boxes) of cell culture.
The one-way ANOVA test followed by Tukey's multiple pairwise comparisons post hoc test was used to evaluate the statistical significance of the dif-
ferences between the various experimental groups (* p <0.1, ** p < 0.05, *** p < 0.01).

The actin fibers were stretched in all directions in stellate cells
(Figure 7a-3) and directed along the major axis in the elongated
cells (Figure 7a-4). Significantly few thin fibers were observed
in the region above the nucleus in both cell morphologies
(Figure 7a-3,4) after 4 h, resulting in a low orientation coher-
ency in this region (Figure 7b). After 24 h of cell culture, stellate
cells exhibited a particular cytoskeletal organization in the
region above the nucleus consisting of a complex network of
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actin fibers directed along different directions. Fibers crossing
this region were also observed on polarized cells, which mainly
aligned along the direction of the cell's major axis. From a
quantitative point of view, the orientation coherency in the
region above the nucleus increased with the cell culture time
(Figure 7b). Still, it was significantly lower than in the cells
cultured on the glass surfaces. This was due to the network-
like orientation of the fibers of the stellate cells, which made
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Figure 6. Preferential spreading directions of cells on the patterned surfaces: a) representative AFM topography images of the directions of the cell
membrane extensions on P500 (1,2) and P1000 (3,4) patterned surfaces. b) Details on the attachment of the membrane extension on the P1000 (1) and
P500 (2,3) patterns and schematics of the observed preferential directions of the membrane protrusions (0°, 26.56°, 45°, 90°) (4).
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Figure 7. Elastic modulus (EM) mapping of the cells by AFM QI mode: a) representative EM maps of MC3T3-E1 cells residing on the flat glass (top
row), the P500 (middle row) and P1000 (bottom row) patterned surfaces, after 4 (1-6) and 24 h (7-12) of cell culture. b) The orientation coherency
and c) the average elastic modulus measured in the region above the nucleus of the cells residing on the flat control, the P500 and P1000 surfaces
after 4 (empty boxes) and 24 h (striped boxes) of cell culture. The one-way ANOVA test followed by Tukey’s multiple pairwise comparisons post hoc
test was used to evaluate the statistical significance of the differences between the various experimental groups (* p < 0.1, ** p < 0.05, *** p < 0.07).
Note that the difference in the color of the substrate has no physical meaning in this case and should be ignored.

up =50% of the cells residing on the patterns. Since stress
fibers tend to align in the direction of the exerted mechanical
forces %64 this could indicate that stellate cells cultured on
the patterns are subjected to isometric tension, that is, forces
directed in all directions.

Although the orientation of the actin fibers in the regions
above the nucleus was similar in cells cultured on the P500 and
P1000 patterns, the fibers thickness was different. Thick bun-
dles of actin fibers mainly characterized cells cultured on the
P500 pattern. In some cells, we also observed the presence of
actin star sites (e.g., Figure 7a-9), indicating the entanglement
of several multidirectional actin bundles.l®>®l This kind of
branched cytoskeleton, characterized by a network-like distri-
bution of stress fibers and the presence of actin patterns, has
been previously associated with high levels of intrinsic mechan-
ical stress within the actin network.'*%-%% On the contrary,
the actin fibers observed in the regions above the nucleus of
the cells cultured on the P1000 patterns were thinner and less
polymerized.

Consequently, cells on P500 and P1000 patterns exhibited
different values of elastic modulus measured in the region
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above the nucleus (Figure 7c). Namely, after 4 and 24 h of
cell culture, cells on the P500 patterns exhibited significantly
higher elastic modulus than those cultured on the P1000. The
elastic modulus of the region above the nucleus of cells cul-
tured on the flat glass surface was lower than that of the cells
on the P500 because of the different distribution of the fibers,
which were mainly located at the periphery and the base of the
cells, and not crossing above the nucleus. It is worth noting
that the reported values of elastic modulus are not relevant for
the overall cell but only for the region above the nucleus.

A highly polymerized cytoskeleton and a high elastic mod-
ulus were previously associated with a high tension exerted
on the cells.*%-% Also, tension and stretching can promote
the thickening of the stress fibers along the direction of the
applied forces.[®*%1 According to that, we could conclude that
cells cultured for 24 h on the P500 pattern are subjected to
a higher tension than those cultured on the P1000 surface.
However, it is worth noting that the relationship between
the actin cytoskeleton development and the intensity of the
exerted forces is not straightforward. Different cell responses
to tension and stretching can occur, for example: i) monotonic
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reinforcement, including the growth of stress fibers, but also;
ii) retraction, that is, depolymerization of stress fibers with
consequent softening and fluidification of the cells; and iii)
reinforcement after retraction.””! This means that actin fila-
ments in stress fibers may undergo polymerization or depo-
lymerization while sustaining high tensile forces. Therefore,
our characterization, consisting of the sole observation of actin
stress fibers orientation and the quantification of the local
elastic modulus in the regions above the nucleus, cannot fur-
nish direct and univocal quantitative information about the
magnitude of the intracellular tensions that should be further
investigated with other methods, such as traction force micros-
copy (TFM) or molecular force sensors.

Interestingly, the elastic modulus of cells correlated with the
mechanical properties of the patterned surfaces. Indeed, the
P500 pattern has the stiffest pillars (12.3 £ 1.0 N m™) and, con-
sequently, the highest effective shear modulus (6.9 £ 1.1 MPa).
This result appears consistent with previous studies on pat-
terned and non-patterned surfaces that demonstrated that the
cell elastic modulus is generally higher and the actin stress
fibers are more developed in cells attached to rigid substrates
than in cells attached to soft substrates.’>74l

Interestingly, cells on P1000 often presented a stiffer region
in the leading edge of the cell (Figure 7a-6,11,12), which can be
ascribed to lamellipodia and could indicate higher persistency
and stability of lamellipodia in cells on the P1000 pattern. This
observation appears consistent with the increased cell adhesion
strength we measured on this pattern. Indeed, lamellipodia
high persistency and stability were previously associated with
high cell adhesion.>7°]

3. Summary and Outlook

The behavior of MC3T3-E1 preosteoblast cells during the
early interactions with two different arrays of submicron pil-
lars were quantitatively investigated using FluidFM and AFM
imaging techniques (Figure 8).

The patterns investigated in this study differed with regard
with pillar height. The different pillar height resulted in
different pillar stiffness, surface shear modulus, and sur-
face roughness. Namely, the pattern with taller pillars had
a lower pillar stiffness, a lower surface shear modulus and a
higher average surface roughness. These differences induced
changes in the cell adhesion strength, cell settling state, cell
area, and cell mechanics after 24 h of culture (Figure 8). The
cells were smaller and adhered more strongly on the patterns
with the taller pillars. This could be explained by the “middle”
settling behavior observed for these cells involving attachment
of the cell partly on the sidewalls of the pillars, without touching
the flat surface between the pillars. This settling behavior
resulted in larger normal forces required for the detachment of
the cells, as revealed by the FluidFM measurements. The cells
on this pattern also revealed a lower elastic modulus above the
nucleus associated with less and thinner actin stress fibers vis-
ible in this region. However, thicker fibers and a higher elastic
modulus were observed at the periphery of the cells, especially
at the leading edge of the cell indicating persistence and sta-
bility of the lamellipodia that may explain the higher resistance
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to shear forces of these cells, as observed during the detach-
ment experiments, and suggesting an enhanced anchorage of
the cells on this relatively softer and rougher pattern.

The pattern with the taller pillars showed osteogenic prop-
erties in our previous study,' as evidenced by the enhanced
OPN expression after 21 days of cell culture. The in-depth find-
ings of this study on the effects of pillars height on the early
cell interactions indicate that the higher cell adhesion strength
induced by the pattern with taller pillars could have favored
osteogenic differentiation. This result is consistent with pre-
vious observations. Indeed, cells characterized by high adhe-
sion to the substrate (that implies the engagement of integrins
and enhanced lamellipodia persistence) and a cytoskeleton
under isometric tension were previously associated with high
RhoA/ROCK activity,”>”7-% a major pathway involved in the
osteogenic differentiation of MSCs.B!l Furthermore, YAP/TAZ
activity was previously shown to be regulated by cell mechanics
and to sustain osteogenic differentiation.® However, the
mechanisms by which RhoA/ROCK and YAP/TAZ activities are
regulated by cell adhesion and cell mechanics are still poorly
understood. Therefore, further in-depth biochemical analysis
focusing on these pathways is fundamental to demonstrate and
further understand the relationships between cell adhesion and
the osteogenic potential of such topographies.

4, Conclusion

In this work, FluidFM and AFM techniques, in combination
with optical and SEM, were successfully used to quantify sev-
eral biophysical characteristics of preosteoblast cells interacting
with two different arrays of submicron pillars having the same
diameter (200 nm) and interspace (700 nm) but two different
pillar heights (500 and 1000 nm).

After 24 h of cell culture, the cells interacting with the pat-
tern with the tallest pillars, that was relatively rougher and
softer, exhibited a significantly higher adhesion strength and
lower cell area compared to cells cultured on the patterns with
shorter pillars. These findings could be explained by the dif-
ferent settling state and cytoskeleton reorganization revealed
by the cells cultured on the taller pillars, that influenced the
normal forces needed to detach them from the surface and the
cellular resistance to shear forces. The implications of the dif-
ferent early cell responses on the osteogenic properties of the
patterns are worth for further investigations in the attempt
to establish any relationships that could advance the rational
design of such surfaces for orthopedic implants.

5. Experimental Section

Fabrication of the Patterns: Arrays of submicron polymeric pillars with
a designed diameter of 200 nm, interspace (center-to-center distance)
of 700 nm, and two different heights, 500 and 1000 nm, were fabricated
by two-photon polymerization (2PP). Following a previously described
procedure, the arrays were printed on a glass coverslip using a Photonic
Professional GT machine (Nanoscribe, Germany).'%? The individual
pillars were designed with the help of a computer-aided designed
(CAD) software (Solidworks, Dassault Systémes SE, France). The CAD
files were converted to STL files and processed in the DeScribe software
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Biophysical parameter Control P500
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Figure 8. Summary of the cell biophysical parameters measured after 24 h of cell culture on the osteogenic (P1000) and non-osteogenic (flat control
and P500) surfaces. The average value and the standard deviation of the measured parameters are reported. The asterisks indicate the statistical sig-
nificance of the differences between the various experimental values as compared to the values measured on the flat control surface, retrieved by using
the one-way ANOVA test (* p < 0.1, ** p < 0.05, *** p < 0.01). The color of the boxes qualitatively indicates the positive (yellow-red) or negative (light
blue and dark blue) variation of the average values of the measured parameters as compared to the average value found on the flat control surface

(green), as shown in the scale bar on the right.

(NanoScribe GmbH, Germany). The pillars were printed in Galvo writing
mode using the IP-L780 resin (Nanoscribe, Germany), a laser power of
14%, and a writing speed of 1200 um s~". The printed area was 500 pum
x 500 um for the samples used for the patterns characterization
and 1 mm x 1 mm for the samples used for cell experiments. The
samples were developed for 25 min in propylene glycol monomethyl
ether acetate (PGMEA, Sigma-Aldrich, Germany), rinsed for 5 min in
isopropyl alcohol (IPA, Sigma-Aldrich, Germany), and blow-dried with
air. Hereafter, the pattern with a pillar height of 500 nm will be referred
to as “P500” and the pattern with a pillar height of 1000 nm as “P1000".
For biological experiments, the flat glass coverslip surface was used as a
control sample (“C").

Morphological Characterization of the Patterns: 3D topographical
images of the patterns were acquired using a JPK Nanowizard 4 AFM
(JPK Instruments, Germany) and a high aspect ratio probe (TESPA-HAR,
Bruker, Germany). The images were acquired using the Quantitative
Imaging (Ql) mode and the following parameters: a set point force of
100 nnN, a z length of 1500 nm, and a pixel time of 16 ms. The JPK SPM
data processing software (JPK instruments, v6.1, Germany) was used
to analyze the data. Three 10 um x 10 um areas for each
sample were analyzed to retrieve the average height of the pillars and the
surface roughness (R,). Three samples for each pattern were analyzed.

A Nova Nano Lab 650 Dual Beam system (FEI, Oregon,
USA) was used for SEM analysis of the morphology of the pillars. The
specimens were coated with gold (coating thickness = 5 nm) using a
sputter coater (JFC-1300, JEOL, Japan) and then imaged by SEM.

Therefore, the top view and 30° tilted images were acquired. The
images were analyzed with the Image| software (rsb.info.nih.gov/
ij/index.html). The base diameters were measured using the top
view images. Three samples for each condition and 100 pillars per
sample were analyzed.

Mechanical ~ Characterization of the Pillars: The mechanical
characterization of single pillars was performed using the previously
reported AFM force spectroscopy imaging (FSI) method, which is briefly
described in Section S1, Supporting Information.8l A JPK Nanowizard
4 AFM (JPK Instruments, Germany) was used. The probe was an
SSRM-DIA cantilever (Bruker, Billerica, USA) with a cantilever length of
225 um, a width of 50 um, a thickness of 5 um, and a nominal spring
constant of 27 N m~. The probe’s tip consisted of a diamond square
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pyramid with a height (hy,) of 5.57 um and a length and width (I, and
w/[2) of 5 um.l*833 The calibration of sensitivity S, and stiffness constant
k., of the probe was performed by the thermal tune method.

The analyzed nanopillars were scanned several times in QI mode, with
increasing values of the applied force obtained by increasing the set point
force until the visible rupture of the nanopillar was observed. The values
of maximum lateral force, maximum displacement, adhesion strength,
and stiffness of the pillars were calculated as previously reported.[*¥l
The used equations are briefly reported in Section S2, Supporting
Information. After each level of applied force, the topography of the same
area was acquired in the QI mode, with a low setpoint force (50 nN) to
evaluate any possible changes in the morphology of the nanopillars).“8]

The mechanical tests were performed on six pillars of each type
(P500 and P1000).

Cell Culture: 5.0 x 10* mouse preosteoblast cells (MC3T3-El,
Sigma-Aldrich, Germany, passage 11) were precultured in a 6-well
plate (Greiner Bio-One, Netherlands) in alpha minimum essential
medium (o-MEM) (ThermoFisher, US) supplemented with 10% (v/v)
fetal bovine serum (FBS, ThermoFisher, US) and 1% (v/v) penicillin-
streptomycin (ThermoFisher, US). Cells were incubated at 37 °C,
5% CO, (Life Technologies, US) for three to six days. The culture
medium was refreshed every 2 days. The specimens were placed into
Petri dishes (TPP, Switzerland) and sterilized with 70% ethanol (Sigma-
Aldrich, Germany). Cells were detached from the 6-well plate using
100 pL of 0.5% Trypsin-EDTA (TermoFisher Scientific, US) solution
(37 °C, 3 min). 7.5 x 10* cells and 5 x 10* cells were seeded on the
samples to be analyzed after 4 and 24 h of incubation, respectively.

Immunocytochemistry Analyses: Immunocytochemistry
analyses were performed using previously described procedures.™l
The FAs of the cells were stained after 4 and 24 h. Therefore, the
specimens were rinsed with PBS, and the cells were fixed using a 4% (v/v)
formaldehyde solution (Sigma-Aldrich, Germany). After permeabilization
with 0.5% Triton X-100/PBS (Sigma-Aldrich, Germany) at 4 °C for 5 min,
the cells were incubated in 1% BSA/PBS (Sigma-Aldrich, Germany) at
37 °C for 5 min. Then, the specimens were incubated in an anti-vinculin
mouse monoclonal primary antibody (1:100 in 1% BSA/PBS, Sigma-
Aldrich, Germany) for 1 h at 37 °C. The cells were then rinsed thrice
with 0.5% Tween-20/PBS (Sigma-Aldrich, Germany) and incubated
in Alexa Fluor 488, donkey anti-mouse polyclonal secondary antibody

© 2022 The Authors. Small published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA IR0 3|qedl|dde aLy Ag pausenoh a1e saolie YO ‘SN 40 S3|NI 04 A%eiq1T8UlUO 48| 1M UO (SUOTIPUOD-PUR-SLLBYWI0D" A8 1M ARG 1BU1IUO//SHRY) SUORIPUOD PUe SWLB L 83U} 39S *[£202/T0/6T] Uo ARIqIT8UllUO A8 |1 ‘WA NL AJ 299¥02202 |IWUS/200T OT/I0pW00" A3 1M AIq 1 eu U0/ SARY WOy papeo|umod ‘2 €202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

(1:200 in BSA/PBS, Thermo Fisher, US) for 1 h at room temperature. The
specimens were again rinsed thrice with 0.5% Tween-20/PBS for 5 min
each time, followed by 5 min rinsing with 1x PBS. Finally, a droplet of
10 uL of ProLong gold (containing 4’,6-diamidino-2-phenylindole, Thermo
Fisher, US) was added for nucleus staining. Imaging was performed
using a fluorescence microscope (ZOE fluorescent cell imager, Bio-Rad,
the Netherlands).

Measurement of Cell Adhesion: A JPK NanoWizard 4 AFM (Bruker-]PK
Instruments, Germany), equipped with the CellHesion module and
mounted on a Zeiss Axio Observer optical microscope (Carl Zeiss
AG, Germany), was used to perform cell adhesion measurements
by the FluidFM technique.’¥ FluidFM micropipettes (Cytosurge,
Switzerland), having a nominal spring constant of 2 N m™, a length of
200 um, a width of 36 um and a microfluidic channel aperture of 8 um
in diameter, were used. The micropipette was connected to an OBI
(Elveflow, France) pressure controller, which was used to apply under-
and over-pressure to hold and release the cells.

The probe was calibrated using the thermal method.®¥l The |PK petri
dish heater maintained the temperature constant during the experiments
at 37 °C.

The probe was filled with filtered de-ionized water before the start of
experiments to ensure a liquid-liquid interface at the aperture.

The aperture of the micropipette was positioned over the cell
nucleus. The cell detachment was performed by setting a force—distance
cycle with the following parameters. A set point force of 50 nn and a
speed of 1 um s were set to approach the cell. Once the probe was in
contact with the cell, a force—constant pause of 10 s was imposed. A
negative pressure of —500 mbar or —800 mbar was applied during the
pause to grab the cell. At the end of the pause, the probe was retracted
at a speed of 1 um s7'. The z length was set to 80 um, and the under-
pressure was maintained during the retraction.

At the end of the force—distance cycle, a positive pressure of
1 bar was applied to release the cell. However, in most cases, the
cells were not wholly detached after applying over-pressure, and an
additional cleaning process was required. The cleaning was performed
by dipping the probe in 1% Tergazyme (Alconox Inc., USA) solution for
2 min and rinsing it in filtered de-ionized water.

The experiments were performed on 12 cells for each substrate
type (the flat glass, used as a control specimen, the P500, and the
P1000 patterns) and for two different cell culture times (4 and 24 h). A
minimum of 3 or a maximum of 4 samples were analyzed for each tested
condition (substrate, culture time). The cells were grown independently
on each sample and 4 or 3 cells were analyzed on each sample.

The JPK Data Processing Software was used to analyze the recorded
F-d curves and retrieve the adhesion force, that is, the peak force in the
retraction segment.

The inverted optical microscope mounted under the AFM in a bright
field monitored the cell morphology before and during the experiments.
The optical images were analyzed and processed by the Image] software
(http://rsb.info.nih.gov/ij/index.html).

Image) software was used to calculate the total cell surface area and
the areas of the elements of the cell surface (circular crowns or elements
of circular crowns, with the center corresponding to the center of the
aperture and width of 4 um) used to calculate the adhesion strength as
reported in Section S2, Supporting Information.

Characterization of the Cell-Pattern Interface: An SEM (Helios Nano
Lab 650, FEI, USA) was used to study the settling state of the cells on
the patterned surfaces.

The specimens were rinsed twice with distilled water for 5 min
and were dehydrated in 50%, 70% and 96% ethanol solutions for 15,
20 and 20 min, respectively. Finally, the samples were dried overnight at
room temperature and were coated with gold (coating thickness = 5 nm)
using a sputter coater (JFC-1300, JEOL, Japan).

The experiments were performed on 10 cells for each substrate type
(the P500, and the P1000 patterns) after 24 h of cell culture.

Characterization of the Cell Morphology, Cytoskeleton Organization, and
Elastic Modulus: Topographical images and mechanical maps of living
cells after 4 and 24 h of cell culture were simultaneously acquired using
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a JPK Nanowizard 4 AFM (Bruker-JPK Instruments, Germany) in the QI
mode. A QP-BioAC-CB3 probe (Nanosensors, Switzerland) was used,
with a nominal spring constant of 0.06 N m™, tip radius of 30 nm,
cantilever length, and width of 80 and 30 um, respectively.

The samples were placed in the JPK petri dish heater (JPK
Instruments, Germany) to maintain the temperature at 37 °C. The
probes’ sensitivity and spring constant were calibrated using the thermal
noise method.®4 95 um x 95 um areas were scanned with a set point
force of 1 nN, corresponding to an indentation depth in the range of
200-1000 nm, a z length value of 2500 nm and a pixel time of 21 ms. The
image resolution was set to 256 x 256 pixels.

Data analysis was performed using the JPK postprocessing software
(JPK Instruments, Germany) and Image) software (http://rsb.info.nih.
gov/ij/index.html).

Contact point images that display the height at the zero-force level
(i-e., corrected from the indentation depth) were extracted from QI data
and used to quantify the maximum and the average height and the
area of the analyzed cells. The maximum height was measured at the
highest point of the cell, that is, the top of the nucleus. The average
height was retrieved as the average value of the heights measured
in each pixel of the cell area. The pixels corresponding to the cell
area were individuated, defining a threshold value of the height of 50 nm
(relative to the substrate). The cell area was calculated as the number of
pixels corresponding to the cell times the pixel area.

The experiments were performed on 12 cells for each substrate
type (the flat glass, used as a control specimen, the P500, and the
P1000 patterns) and for two different cell culture times (4 and 24 h). A
minimum of 3 or a maximum of 4 samples were analyzed for each tested
condition (substrate, culture time). The cells were grown independently
on each sample and 4 or 3 cells for sample were analyzed.

The elastic modulus maps were obtained by fitting the first 200 nm
(indentation depth) of the approach segment of the force-distance
curves until measured at each point of the scanned area to the Hertz—
Sneddon model,®%] considering a paraboloid tip with the nominal tip
radius value. The reported values of the elastic modulus were calculated
as the average elastic modulus value in the region above the nucleus.
The area of interest (above the nucleus) was defined as the area around
the highest point of the cell (corresponding to the top of the nucleus),
with a height larger than 80% of the maximum height. In this region, the
cell height was always larger than 2 um. Therefore the Hertz condition,
namely an indentation depth lower than 10% of the thickness (height) of
the sample (cell), was satisfied.

The orientation of the cortex actin fibers in the region above the
nucleus was analyzed by processing the mechanical maps using the
Dominant Orientation option of the Orientation) Image | plugin.[l
The retrieved orientation coherency parameter describes the orientation
isotropy in the image and ranges from zero (isotropic orientation
of structures) to one (highly oriented structures). When parallel
actin bundles characterized the analyzed region, the orientation
coherency was high. Inversely, the orientation coherency was low when
randomly oriented actin fibers populated the studied area.

Statistical Analysis: The significant differences between the means of
different experimental groups were individuated by the one-way ANOVA
followed by Tukey's multiple pairwise comparisons post hoc test by
OriginPro 9.2 software (OriginLab Corporation, Massachusetts, USA).

Supporting Information

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