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ABSTRACT: The surface topography of implantable devices is of crucial
importance for guiding the cascade of events that starts from the initial
contact of the cells with the surface and continues until the complete
integration of the device in its immediate environment. There is, however,
limited quantitative information available regarding the relationships between
the different stages of such cascade(s) and how the design of surface
topography influences them. We, therefore, used direct laser writing to 3D-
print submicron pillars with precisely controlled dimensions and spatial
arrangements to perform a systematic study of such relationships. Using
single-cell force spectroscopy, we measured the adhesion force and the work
of adhesion of the preosteoblast cells residing on the different types of surfaces. Not only the adhesion parameters (after 2−60 s) but
also the formation of focal adhesions was strongly dependent on the geometry and arrangement of the pillars: sufficiently tall and
dense pillars enhanced both adhesion parameters and the formation of focal adhesions. Our morphological study of the cells (after
24 h) showed that those enhancements were associated with a specific way of cell settlement onto the surface (i.e., “top state”). The
cells interacting with tall and dense pillars were also characterized by numerous thick actin stress fibers in the perinuclear region and
possibly high internal stresses. Furthermore, living cells with highly organized cytoskeletal networks exhibited greater values of the
elastic modulus. The early responses of the cells predicted their late response including matrix mineralization: tall and dense
submicron pillars significantly upregulated the expression of osteopontin after 21 days of culture under both osteogenic and
nonosteogenic conditions. Our findings paint a detailed picture of at least one possible cascade of events that starts from initial cell
adhesion and continues to subsequent cellular functions and eventual matrix mineralization. These observations could inform the
future developments of instructive surfaces for medical devices based on physical surface cues and early markers.
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1. INTRODUCTION

The micro- and nanotopographical features of a biomaterial
surface influence cellular responses, including cell adhesion,1

bactericidal activity,2 and immunoregulatory effects.3 The roles
of a wide range of topographical characteristics in eliciting
specific cellular responses have been investigated. These
include surface roughness,4 the aspect ratio of the surface
features,5 their shape, and dimensions,6 which could be
exploited to improve the treatment of bony defects. For
example, micro- and nanostructured surfaces with certain
characteristics have been found to promote the osteogenic
response7 of stem cells, thereby expediting the osseointegration
and improving the service life of implants.
While the isolated effects of surface micro- and nanofeatures

on the bone tissue regeneration process remain mainly elusive,
some trends have already been identified. At the microscale
(i.e., feature size > 1.0 μm), for example, surface micropillars
with greater heights (i.e., ≥1.6 μm) and smaller diameters and

interspacing (i.e., 1, 2, 4, and 6 μm) have been found to
enhance the expression of osteogenic markers [e.g., osteo-
pontin (OPN)].8 At the nanoscale (i.e., feature size < 100 nm),
previous studies9,10 have reported a decreased level of OPN
and osteocalcin (OCN) expression for nanopillars with greater
heights. Despite the presence of these individual studies, the
landscape of how the design parameters of surface patterns
affect the osteogenic response remains largely unknown: (i)
how the cell adhesion properties (e.g., cell adhesion work and
force) are regulated via interactions with patterns at different
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scales (from nano- to microscale) and (ii) whether the initial
cell adhesion force promotes the osteogenic differentiation of
the cells.
It is becoming increasingly clear that cellular receptors, such

as integrins, can sense small topographical features during the
adhesion phase and activate topography-induced mechano-
transduction pathways.11 These involve integrin clustering, the
formation of focal adhesions (FAs), and the reorganization of
the cytoskeleton and nucleus.11,12 There are, therefore, many
mechanobiological pathways that are directly or indirectly
involved in how surface features influence cell response.
Quantification of the adhesion force of the cell during its early
interactions with patterned surfaces could enhance our
understanding of how mechanics-related factors influence
cell−surface interactions. However, most previous studies
have used qualitative approaches, such as flow shear stress
assays,13,14 stretching devices,11,15 and microscopy techni-
ques,16 to evaluate the adhesion of cells to the substrate.
Among experimental force-sensitive techniques for the

mechanical probing of cells,17 single-cell force spectroscopy
(SCFS) can quantitatively measure the early stage18 of cellular
adhesion force in the range of a few to tens of nanonewtons19

while precisely manipulating the cell attachment positions. To
date, few studies have applied SCFS to measure the initial
cellular adhesion force of osteoblasts18,20−22 and mesenchymal
stem cells (MSCs)19,23 on various surfaces. Quantitative SCFS
analyses have revealed that the adhesion force of the human
osteoblasts increases with the surface roughness on selected
laser-melted titanium surfaces, reaching a value of 8.5 nN on
the roughest surface relative to surfaces treated with different
blasting agents.20 This finding was associated with a higher
degree of osteoblast colonization. In another SCFS study,
partially denatured collagen surfaces were found to increase the
initial cellular adhesion relative to native collagen and promote
spreading, migration, and osteogenic differentiation of
preosteoblasts.18

SCFS has not yet been applied to surfaces decorated with
precisely controlled micro- and nanopatterns. Understanding
the impact of the design parameters of surface micro- and
nanopatterns and their length scale on cell adhesion and the
interrelation between the adhesion forces and subsequent cell
functions necessitates systematic studies of such effects.24 One
of the main factors that limit such systematic investigations has
been the unavailability of fabrication methods for creating
precisely controlled patterns. Direct laser writing via two-
photon polymerization (2PP) has been recently shown to be a
powerful technique for generating submicron patterns with
high degrees of reproducibility and geometric fidelity.25,26

Moreover, this technique facilitates the surface engineering of
implantable devices since it is capable of printing structures
with a wide range of length scales (i.e., 200 nm−100 mm) in a
single-step process. In our previous studies,25,26 we have
demonstrated the 3D printing of highly controllable submicron
patterns over a large area and the cytocompatibility of the
applied materials (IP-DIP and IP-L780) for the human MSCs
(hMCSs) and MC3T3-E1 preosteoblast cells.
To reveal the relationships between the various steps of

cell−surface interactions and to identify the early markers of
the osteogenic potential of surface-decorated biomaterials, we
studied the effects of height and interspace of submicron pillars
on the response of MC3T3-E1 cells from the adhesion phase
up to matrix mineralization under both osteogenic and
nonosteogenic conditions. Toward that aim, we applied

quantitative methods, such as SCFS, atomic force microscopy
(AFM), as well as a host of biological assays. Particular
attention was paid to the spatiotemporal changes in cell
morphology, cytoskeletal organization, the formation of FAs,
and the mechanical characterization of living cells during the
adhesion phase (from few seconds to 24 h). Moreover, the
relevant properties of the patterns (dimensions, wettability,
and roughness) and the cell−pattern interface were assessed to
better elucidate the underlying mechanisms.

2. MATERIALS AND METHODS
2.1. Fabrication of the Patterns. Submicron pillars with a

diameter of 250 nm, different heights (i.e., 250, 500, and 1000 nm),
and interspaces (i.e., center-to-center distances of 700 and 1000 nm)
were designed and printed using a Photonic Professional GT machine
(Nanoscribe, Germany) following our previously described proto-
col.25 Briefly, six different patterns were designed and imported into a
job preparation program (Describe, Nanoscribe, Germany). Arrays
(1.0 mm2) of pillars were manufactured with a laser power of 14% and
a scanning speed of 1200 μm/s using the conventional configuration
and the galvo writing strategy. A droplet of IP-L780 resin
(Nanoscribe, Germany) was placed on a glass coverslip and then
exposed to a femtosecond infrared laser beam (wavelength of 780
nm) to fabricate the designed patterns. After printing, the specimens
were developed in propylene glycol monomethyl ether acetate
(Sigma-Aldrich, Germany) and rinsed in isopropyl alcohol (Sigma-
Aldrich, Germany) for 25 and 5 min, respectively, followed by blow-
drying.

We refer to the patterns with a “small” interspace (designed value =
700 nm) with the letter “S” and the patterns with a “large” interspace
(designed value = 1000 nm) with the letter “L”. The lowest height
(designed value = 250 nm) will be identified with the number “1”, the
intermediate height (designed value = 500 nm) with the number “2”,
and the highest height (designed value = 1000 nm) with the number
“3”. Thus, groups S1, S2, and S3 were patterned using a “small” (i.e.,
700 nm) interspace and the designed heights of 250, 500, and 1000
nm, respectively. Similarly, groups L1, L2, and L3 were patterned with
a “large” (i.e., 1000 nm) interspace and the designed heights of 250,
500, and 1000 nm, respectively. For all groups, the flat substrate
(glass) was considered as the control group.

2.2. Characterization of the Patterns. 2.2.1. Morphological
Analysis. The morphology of the patterns was characterized by using
scanning electron microscopy (SEM) (Helios Nano Lab 650, FEI,
USA). The specimens were coated with gold (coating thickness ≈ 5
nm) using a sputter coater (JFC-1300, JEOL, Japan) and then imaged
by SEM. To acquire the height of the pillars, the samples were tilted
30° during imaging. The average diameter and height of 100 pillars
from the different areas of each sample were quantified using ImageJ
(http://rsb.info.nih.gov/ij/index.html). The reported height values of
the pillars were corrected for the measurement tilt angle.

3D topographical images of the patterns were acquired in the
tapping mode using an atomic force microscope (JPK Nanowizard 4,
Germany) and a high aspect ratio probe (TESPA-HAR, Bruker,
Germany). Three images of 10 μm × 10 μm for each sample were
recorded and analyzed. The average surface roughness (Ra) was
determined using the JPK SPM data processing software (JPK
instruments, v6.1, Germany).

2.2.2. Wettability. The wettability of the patterned surfaces was
measured using a drop shape analyzer (KRUSS DSA100, Germany).
Briefly, deionized water droplets (2.0 μL) were placed on the flat
(glass without patterns) and patterned surfaces (with an area of 9.0
mm2), and the contact angle was recorded after 5 s (n = 3) at room
temperature.

2.2.3. Surface Chemistry Analysis. Fourier transform infrared
spectroscopy (FTIR, Thermo Fisher Scientific Nicolet FTIR
spectrometer 6700, US) was performed to identify the functional
group of the IP-L780 photoresist and the submicron pillars. Four
scans in the range of 4000−650 cm−1 were performed to acquire each
spectrum using the attenuated total reflection (ATR) element.
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X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha,
Rockford, IL, USA) was performed to analyze the chemical
composition of the 3D-printed submicron pillars on the glass
substrate. Ten scans were acquired with an energy step of 0.2 eV
using an Al Kα source gun with a spot size of 400 μm2 in the standard
lens mode. Due to the small size of the pillars and the space between
the individual pillars, XPS measured both the pillars and the substrate.
The apparent disturbance of the potassium (K 2p) signal within a
carbon (C 1s) scan was used to calculate and subtract the amount of
the carbon signal that originated from the substrate.
2.3. Cell Experiments. 2.3.1. Cell Culture Conditions. The

specimens were first sterilized by immersion in 70% ethanol (Sigma-
Aldrich, Germany), followed by UV light exposure for 20 min. Then,
5.0 × 104 preosteoblast cells (MC3T3-E1, Sigma-Aldrich, Germany,
passage 11) were seeded on each sample in a 6-well plate (Greiner
Bio-One, Netherlands) and incubated at 37 °C, 5% CO2 (Life
Technologies, US) in an alpha minimum essential medium (α-MEM)
(Thermo Fisher, US) supplemented with 10% (v/v) fetal bovine
serum (Thermo Fisher, US) and 1% (v/v) penicillin−streptomycin
(Thermo Fisher, US). For the long-term experiments (i.e., 21 days of
culture), the medium was refreshed every 2 days. For the cases where
osteogenic conditions were desired, ascorbic acid and β-glycerophos-
phate (both from Sigma-Aldrich, Germany) were added to α-MEM
(1:1000 and 1:500, respectively) from day 2.
2.3.2. Cell Adhesion Measurements by SCFS. SCFS experiments

were performed using a JPK Nanowizard IV AFM (JPK Instruments,
Germany) mounted on a Zeiss Axio Observer optical microscope
(Carl Zeiss AG, Germany) and equipped with the JPK CellHesion
module (JPK Instruments, Germany), which allows for an extended
100 μm Z-range. The specimens were glued to Petri dishes (TPP,
Switzerland), which were compatible with the JPK Petri dish heater
(JPK Instruments, Germany) that maintained the temperature
constant at 37 °C during the experiments.
Arrow TL-tipless cantilevers (NanoWorld, Switzerland) with a

nominal spring constant of 0.03 N/m were incubated in phosphate-
buffered saline (PBS, Thermo Fisher, US) containing 10 μg/mL
fibronectin (Sigma-Aldrich, Germany) for 30 min at room temper-
ature. After functionalization, the cantilevers were rinsed twice in PBS
and were calibrated using the thermal noise method.
For the SCFS experiments, 5.0 × 104 MC3T3-E1 cells were

precultured in a standard 6-well plate. When the cells reached
confluence, the culture medium was removed, and the cells were
rinsed twice with 2.0 mL of PBS and were detached from the well
using 100 μL of 0.5% trypsin−ethylenediaminetetraacetic acid
(Thermo Fisher Scientific, US) solution (37 °C, 3 min). The
trypsinized cells were suspended in 1.0 mL of culture media and were
used for the SCFS experiments. 100 μL of the cell suspension was
directly injected in a Petri dish containing the sample and 2.0 mL of
culture medium, relatively far from the patterned area. Single round
cells were identified by the optical microscope and were individually
picked up by the functionalized probe. To pick the cells, the free end
of the cantilever was carefully aligned with the cell, and a force−
distance cycle was performed using the following parameters: (i) a
setpoint force of 3 nN, a Z length of 50 μm, an approach and retract
speed of 2 μm/s, and a contact time of 10 s. The cantilever with a cell
attached to the tip is referred to as the “cell probe”. The cell adhesion
measurements with surfaces were then performed by acquiring force−
distance curves with the “cell probe” using the following parameters:
(i) a setpoint force of 1 nN, a Z length of 80 μm, and an approach/
retract speed of 5 μm/s. Since the first phase of cell adhesion,
characterized by single-integrin adhesion events, takes place during
the first 60 s of contact with a surface,27−29 2 and 60 s contact times
were tested.
Since immunostaining analysis showed that cells interacting with

L1 and S1 patterns did not have different behaviors (in terms of cell
area, cell morphology, and FAs) as compared to the control samples,
SCFS experiments were performed only on S2, S3, L2, and L3 and on
the control (flat glass) surfaces. Three force−distance curves on the
pattern and three force−distance curves on the glass control surface
were acquired with each “cell probe”. Between seven and nine cells

were tested on each specimen. The reported normalized values of the
adhesion force and the work of adhesion were obtained by
normalizing the values from each cell on the patterns to the values
obtained for the same cell on the glass control surface. The
nonparametric Kruskal−Wallis test was used to compare the
measurements obtained on the different patterns.

2.3.3. Immunocytochemistry Analyses. The actin filaments,
nucleus, and FAs of the cells were stained after 4 h and 1 day. As
previously described,25 the specimens were first 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 the rhodamine-
conjugated phalloidin (1:1000 in 1% BSA/PBS, Thermo Fisher,
US) and antivinculin 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 antimouse
polyclonal secondary antibody (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 1× PBS. Afterward, a droplet of 10 μL of ProLong
gold (containing 4′,6-diamidino-2-phenylindole, Thermo Fisher, US)
was laid on the cells, and the specimens were flipped over on
microscopic glass slides and were imaged using a fluorescence
microscope (ZOE fluorescent cell imager, Bio-Rad, the Netherlands).

For SEM observations, the stained 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 by sputtering prior to being imaged by SEM.

The cell matrix mineralization was analyzed on day 21 in both
nonosteogenic and osteogenic media. Therefore, the cells were
washed with PBS and were fixed with a 4% (v/v) formaldehyde
solution for 15 min. Next, the samples were prepared for staining by a
process similar to cytoskeleton staining (see above). The cells were
incubated with the OPN antibody conjugated to Alexa Fluor 488
(1:100 in BSA/PBS, Santa Cruz Biotechnology, US) for 1 h at 37 °C.
Then, the cells were rinsed thrice with 0.5% Tween-20/PBS for 5 min,
followed by a subsequent 5 min rinsing with 1× PBS. ProLong gold
was added to the specimens, and they were mounted on glass slides to
be imaged using the fluorescence microscope.

2.3.4. Mechanics of Living Cells by AFM. Mechanical mapping of
living cells after 1 day of culture was performed using an atomic force
microscope (JPK Nanowizard III, JPK Instruments, Germany) in the
quantitative imaging mode and a qp-BioAC-CB3 probe (Nano-
sensors, Switzerland) with a nominal spring constant of 0.06 N/m.
The instrument allowed for a maximum scan area of 30 μm × 30 μm.
During the experiments, the temperature was maintained at 37 °C
using the JPK Petri dish heater (JPK Instruments, Germany). The
probe was calibrated using the thermal noise method.30 The applied
setpoint force was 1 nN, which corresponded to an indentation depth
in the range of 300−900 nm. The cells were evaluated using a pixel
time of 20 ms and a Z length of 2.0 μm. The maps of the elastic
modulus were obtained by fitting the force−distance curves measured
at each point of the scanned area to the Hertz−Sneddon model31

considering a paraboloid tip with a nominal tip radius of 10 nm. The
reported values of the elastic modulus were calculated as the average
elastic modulus value in a certain area of interest (e.g., the periphery
or center of the cells).

2.3.5. Image Analysis. ImageJ was used to process the fluorescence
images. First, the image overlay was split into channels to separate the
nucleus, F-actin, and other proteins (i.e., vinculin and OPN). The
grayscale images of F-actin and OPN were thresholded. The cell area,
the degree of anisotropy (DA, DA ∼ 1 presents polarization in cells
and DA ∼ 0 indicates the fully isotropic cells) of 20 cells per sample
(n = 4), and the OPN area (n = 4) were then quantified through the
Analyze Particle command.25
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To count and measure the FA area, a previously described method
was used.32 Briefly, the background was subtracted from the grayscale
images under the sliding paraboloid option with a rolling ball radius of
50 pixels. The local contrast of the image was then enhanced by

running the CLAHE plugin (https://imagej.nih.gov/ij/plugins/clahe/
index.html) with a block size of 19, histogram bins of 256, and a
maximum slope of 6. To further minimize the background, the
mathematical exponential (EXP) was applied through the process

Table 1. Characteristics of the Submicron Pillars, the Printing Times, and the Average Roughness of the Patterned Surfaces

diameter [nm] interspacing [nm] height [nm] aspect ratio density [/100 μm2] print time [h/mm2] roughness (Ra) [nm]

groups design measured design measured design measured design design measured measured

S1 250 235 ± 16 700 716 ± 12 250 251 ± 24 1 205 5.5 79 ± 13
S2 250 288 ± 9 700 714 ± 9 500 540 ± 46 2 205 7.5 114 ± 2
S3 250 305 ± 14 700 706 ± 9 1000 928 ± 32 4 205 11.5 236 ± 11
L1 250 211 ± 21 1000 1012 ± 13 250 253 ± 30 1 100 4.5 29 ± 2
L2 250 265 ± 17 1000 1010 ± 14 500 498 ± 28 2 100 5.5 91 ± 8
L3 250 297 ± 4 1000 1012 ± 15 1000 973 ± 44 4 100 7.5 213 ± 13

Figure 1. Characterization of the submicron pillars. (a) SEM and (b) AFM images of submicron pillars 3D-printed using 2PP. (c) Comparison of
the wettability of the patterned and control (glass) (C) specimens characterized through water contact angle measurement (*p < 0.05, **p < 0.01,
and ***p < 0.001). (d) FTIR spectra in the ATR mode of the IP-L780 photoresist and polymer (after 2PP). (e) XPS spectra of C 1s peaks in IP-
L780 after polymerization.
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menu. Next, the brightness, contrast, and threshold were automati-
cally adjusted. Finally, the area and number of FAs were measured
using the Analyze Particle command.32 The measurements were
performed only on fully separated focal points. The unpaired t-test
with Welch’s correction was used to determine the significant level of
difference with cells on the control sample (flat glass).
2.3.6. Statistical Analysis. To determine whether there were

significant differences between the means of different experimental
groups, one-way ANOVA followed by Tukey’s multiple pairwise-
comparisons post-hoc test was performed using Prism (version 8.0.1,
GraphPad, CA, USA). A p-value below 0.05 was considered to
indicate a statistical significance.
2.4. Computational Models. We used a commercial nonlinear

finite element code (Abaqus, v6.21) for our computational
simulations to study the mechanics of the submicron pillars
interacting with cells. We used isotropic linear elastic material
properties for the modeling of the submicron pillars (E = 3.35 GPa, ν
= 0.4) and the glass substrates (E = 63 GPa, ν = 0.2). Using a tie-
constraint, the pillar and the substrate were attached. Two pillars with
different heights (h = 500 and 1000 nm) and similar boundary
conditions were modeled. A reference point was defined at the center
of the top surface of the pillars. This reference point was kinematically
coupled to the nodes on the top surface of the pillars. A displacement
boundary condition along the x-axis (Ux) was applied to the reference
point. The magnitude of the displacement of the tip of the bent pillars
was extracted from SEM images of the cells on different patterns using
ImageJ. The displacements of the pillars were applied to the pillars
present in each computational model (i.e., Ux = 0−70 nm for h = 500
nm and Ux = 0−190 nm for h = 1000 nm). Clamped boundary
conditions were applied to the glass substrate. 3D quadratic
hexahedral elements (C3D20) with a minimum mesh size of 20 nm
were used in all of our models. A standard nonlinear analysis was used
for the simulations. The average local traction forces were calculated
from the experimental displacement observations.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Patterns. The diameter and
the interspacing of the pillars were generally very controllable
(Table 1, Figure 1a). The deviations observed in the height of
the pillars could be attributed to the fluctuations of the laser
intensity during the printing process, as previously re-
ported.25,26 The printing time varied between 4.5 and 11.5
h/mm2 depending on the height and areal density of the pillars
(Table 1). The average roughness (Ra) of the series S and L
was measured by AFM and varied between 79−236 and 29−
213 nm, respectively (Table 1). As expected, the surface
roughness increased with the height of the pillars, while
increasing the interspacing of the pillars reduced the measured
roughness of the patterned surface, particularly for the pillars
with the smaller heights (Table 1, Figure 1b). The hydro-
philicity of the substrate increased with the height of the pillars
(Figure 1c). This behavior is in agreement with the previous
studies33,34 that have shown that rougher surfaces tend to
increase the wettability of the surface if the contact angle of the
initial surface (48° in our study) is below 60°.
We have analyzed the functional groups of photoresists

before and after polymerization via the FTIR test. CC
stretch bonds were found in the region of 1680 cm−1 in the
resin but disappeared in the polymer spectrum, indicating no
signs of monomer after polymerization (Figure 1d). Peaks at
1720 cm−1 showed the ester groups in IP-L780 before and
after polymerization (Figure 1d). Since polymerized nano-
pillars are printed over a small area, the absorbance value of the
ester peak in the polymer is less than the one appearing in the
monomer. Furthermore, we have quantified the binding energy
and percentage of carbon bonds in the polymerized IP-L780

(Table 2). C−C, CO, and C−O bonds were present in the
XPS spectra of nanopillars showing the presence of acrylic
structures in the polymer (Figure 1e).

3.2. Differential Effects of the Patterns on Cell
Adhesion, Morphology, and Elastic Modulus. 3.2.1. Cell
Adhesion. The representative force−distance (F−D) curves
acquired at 2 and 60 s on the S2, S3, L2, and L3 patterns
(Figure 2a) showed the typical shape observed when a cell
interacts with a surface, indicating the proper functioning of
our “cell probes” in terms of cell viability and the positioning of
the cantilever. The maximum force peak on the retrace curve,
indicating the cell detachment force (i.e., Fadh), was followed
by step-like events, which were preceded either by a ramp-like
change in force (jumps) or by a plateau region (tethers).27,35,36

The adhesion force (Fadh) and the work of adhesion (Wadh)
increased for all groups after 60 s of contact time as compared
to the values recorded after 2 s of contact. This can be
explained by the fact that a longer contact time enables the
formation of more and possibly stronger (more mature)
adhesion sites between the cellular receptors and the surface.
The type of pattern also influenced the cellular adhesion
(Figure 2b,c). After both 2 and 60 s of contact time, the
patterns with the tallest pillars (i.e., S3 and L3) exhibited
significantly higher Fadh as compared to the patterns with the
shorter pillars (i.e., S2 and L2) and the control surface (Figure
2b). The Fadh values measured for the S2 and L2 groups were
not significantly different from those of the control surface
(Figure 2b).
Furthermore, the patterns with the highest areal density of

pillars (i.e., S3 and S2) exhibited a higher Wadh as compared to
the patterns having similar heights but lower areal densities
(i.e., L3 and L2). S3 exhibited higher Wadh as compared to L3
(Figure 2c). A less clear difference was observed between S2
and L2 where S2 exhibited slightly (but not significantly)
higherWadh as compared to L2 after both 2 and 60 s of contact
time.
The curves acquired for the patterns with similar heights

(and comparable roughness and contact angle) indicated
similar values of Fadh after 60 s (e.g., 3.8 nN for S2, 4.8 nN for
L2, 8.1 nN for S3, and 9.8 nN for L3 in the examples reported
in Figure 2a). The adhesion force increased almost linearly
with the height of the pillars. For example, the adhesion force
corresponding to a pillar height of 1000 nm was around 2
times higher than the one corresponding to a pillar height of
500 nm. The work of adhesion, Wadh, was higher on the
surfaces decorated with the denser patterns (e.g., 47.5 fJ for S2
vs 20.6 fJ for L2 and 43.5 fJ for S3 vs 33.8 fJ for L3 in the
examples reported in Figure 2a).
In summary, the pattern with the tallest and densest pillars

(S3) exhibited the highest values of the adhesion parameters
(i.e., adhesion force and adhesion work). The L3 pattern,
which has a similar height of pillars but a lower pillar density,
exhibited an adhesion force that was similar to S3 but a lower
work of adhesion. By comparison, the adhesion characteristics

Table 2. Energy Binding of C 1s Species in the 3D-Printed
Submicron Pillars (Made of IP-L780)

bond energy binding [eV] atomic %

C−C 284.9 33.1
C−O 286.2 43.4
CO 288.8 23.5
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of the shorter S2 and L2 patterns were close to the control
surface with S2 showing a slightly higher work of adhesion as
compared to L2 and the control group.
Hydrophilicity and roughness are known to impact the

initial attachment of cells to various kinds of nonpatterned
surfaces.18,20,37,38 We found that the patterns with the tallest
pillars (S3 and L3), which are also the most hydrophilic and
roughest patterns (Figure 1c), result in the highest values of
the adhesion force.
The interspacing between the pillars affected the mechanism

of the early adhesion of cells to the analyzed submicron
patterns: lower interspacing resulted in a greater work of
adhesion. The work of adhesion depends, among such factors
as the adhesion force and the characteristics of the cell type, on
the number of the anchoring points (i.e., detachment events)
of the cell to the surface.36 Our results, therefore, suggest that
the number of cellular anchoring points on the patterns
increases with the areal density of the pillars. This increase was
particularly clear for the patterns with the tallest pillars (i.e., S3
as compared to L3).
3.2.2. Cell Morphology and Cytoskeleton Organization.

After 4 h of culture, round cells with an average area of 1900 ±
719 μm2 and diameters around 49 μm were visible on all the
patterns and the control specimens (Figure 3a,c). Nevertheless,
the cells on the S3 pattern developed clearly visible membrane
extensions rich in vinculin, indicating their ability to more
easily spread and interact with the pillars on this pattern.
Therefore, the largest variation in the cell area was
encountered for this pattern (Figure 3c). The presence of
relatively well-developed membrane extensions (mainly
lamellipodia) around the periphery of the cells (Figure 3a)
suggests the start of FA maturation, followed by the formation
of actin bundles, indicating that the cells are in the contractile
spreading phase.39 On the contrary, the cells cultured on the
control specimens and the specimens from other groups had
nascent vinculin sites around the periphery of the cells and the

protrusive activity was not yet started (Figure 3a), indicating
that the cells were not yet in the contractile spreading phase39

but rather in an earlier phase of the development of FAs.39

The faster development of FAs on the substrates exhibiting
high hydrophilicity and initial adhesion force (measured by
SCFS experiments) has been observed in studies performed on
nonpatterned surfaces as well.18 In our case, the formation of
FAs on the S3 pattern was promoted not only by enhanced
hydrophilicity but also by a higher areal density of pillars
relative to the other patterns (e.g., L3) that could favor integrin
clustering.37 This was also supported by our SCFS experiments
(Figure 2), which indicated that a high areal density of the
pillars results in the formation of more discrete attachment
sites already after 2 s and 1 min of contact with these patterned
surfaces. Furthermore, integrin clustering may have been
further favored by the lower stiffness of the taller pillars in the
case of the S3 pattern. Indeed, taller pillars could undergo
enhanced bending, thereby further approaching each other
when subjected to the interaction forces with the cells.40

After the first day of culture, the cells significantly grew in
size regardless of the experimental group (Figure 3b,c). The
cells cultured on the patterned surfaces were, however, smaller
than those residing on the control surface. In both S and L
series, the cell area decreased with the height of the pillar from
≈ 2800−2900 μm2 for the shorter pillars (S2 and L2) to ≈
2100−2200 μm2 for the taller pillars (L3 and S3). By
comparison, the pillar interspacing did not affect the area of
the cells (Figure 3b,c). This observation is in line with the
previous studies that have reported a decrease in the cell area
for an increased roughness in the submicron range.4

On day 1, the area and density of FAs per cell increased with
the height of the pillars (Figure 3d,e). However, the pillar
interspacing did not significantly influence the area and density
of vinculin-rich plaques. The cells cultured on the S2, S3, and
L3 specimens formed the largest FA areas with an average area
of 6.5 ± 0.03 μm2, which was significantly higher than the one

Figure 2. Characterization of cell adhesion: (a) representative F−D curves obtained by SCFS on S2, S3, L2, and L3 patterns after 2 s (first line)
and 60 s (second line) of contact. (b) The adhesion force (normalized with respect to that of the control surface) was measured by SCFS on the
patterned surfaces after 2 s (left) and 60 s (right) of contact. (c) Work of adhesion (normalized with respect to that of the control surface)
measured by SCFS on the patterned surfaces after 2 s (left) and 60 s (right) of contact. The nonparametric one-way ANOVA (Kruskal−Wallis) test
was used to evaluate the statistical significance of the differences between the various experimental groups (*p < 0.1, **p < 0.05, and ***p < 0.01).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c03687
ACS Appl. Mater. Interfaces 2021, 13, 33767−33781

33772

https://pubs.acs.org/doi/10.1021/acsami.1c03687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03687?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c03687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


found on the control sample (i.e., 5.5 ± 0.7 μm2) (Figure 3d).
Furthermore, the cells residing on taller patterns (S3 and L3)
exhibited the highest FA density (Figure 3e).
After 1 day of culture, three different cell shapes with

different cytoskeletal organizations were visible on the
specimens (Figure 3b,f): (1) polygonal cells with peripherally
organized actin fibers, (2) polarized cells with perinuclear actin
cap fibers, and (3) stellate cells characterized by the presence
of actin fibers in the perinuclear region and multidirectional
membrane extensions (mostly filopodia). The polygonal cells
were isotropic (DA ∼ 0.4) and were found on the control
specimens as well as on the specimens from the S1 and L1
groups (Figure 3b,f,g). The majority of the cells residing on the
S2, L2, and L3 specimens were polarized (DA ∼ 0.7) with
wider leading edges, showing the motile behavior of the cells
(Figure 3b,f,g). The cells grown on the S3 pattern adopted a
half-polarized, half-stellate morphology and had a DA value
close to 0.5 (Figure 3b,f,g). In the stellate cells, F-actin stress
fibers were stretched toward the protrusions and FA sites.
Taken together, the DA and the number of polarized cells were
enhanced as the height and interspacing of the pillars
increased. However, the influence of the pillar interspacing
on the shape and the DA of the cells was more pronounced
than that of the height (Figure 3f,g).

Cells with different morphologies exhibited qualitatively
different spatial organizations of the FAs and F-actin bundles
(Figure 3b). A coupling between the FAs and the F-actin
bundles was more visible for the cells with multidirectional
protrusions (e.g., stellate cells on S3 and L3 in Figure 3b),
which exhibited mature and long-lasting FA sites mainly at the
proximity of the cell edge (mostly present in the S3 group)
(Figure 3b). The coupling of F-actin with FAs around the
periphery of cells tends to enhance cellular adhesion.41 The
coupling of vinculin with the actin bundles was less visible on
the polarized cells than on the stellate cells, and they were
mainly located in the front and rear of the cells (Figure 3b).
On the polarized cells, the actin stress fibers were aligned and
stretched along the direction of the protrusions, suggesting that
the cells were migrating and indicating a higher destabilization
of the cell adhesion as well as presumably short-lasting FA
points.42

Furthermore, we observed three different settling states of
the cells on the patterned surfaces (Figure 4a,b) that we
categorized as follows: (i) a “top state”43 in which the entire
cell body resides on top of the submicron pillars, (ii) a “bottom
state”43 in which the submicron pillars fully penetrate the cell
body, and (iii) a “mixed state”43 where some areas of the cell

Figure 3. Cells spreading and the early response of the MC3T3-E1 cells cultured on the patterned and control surfaces at different time points.
(a,b) F-actin, vinculin, and nucleus of the cells cultured on the control and different patterned surfaces after 4 h (b) and 1 day. (c) The cell areas
were measured on the patterned and control samples after 4 h and 1 day. (d,e) FA area and FA density of the cells residing on the patterned and
control surfaces on day 1. (f,g) Different types of cell morphology and the DA of the cells residing on the patterned and control surfaces on day 1
(*p < 0.05, **p < 0.01, and ***p < 0.001).
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sink into the submicron pillars (bottom state), whereas other
areas reside on top of the pillars (top state) (Figure 4a,b).
On the shortest pillars (i.e., S1 and L1), the bottom state

was observed. The cells fully engulfed the pillars and came into
contact with the entire available surface of the pillars (top and
lateral) and the substrate (Figure 4a,b). The body of the cells
appeared very thin as the tip of the pillars was almost visible
through the entire cell (Figure 4a,b). The pillar interspacing
did not influence the settling state on those two patterns.
On the taller pillars, the effects of the pillar interspacing on

the cell settling state were more pronounced. The cells
cultured on the S2 patterns exhibited a mixed state, with a
dominant top state. Indeed, the bottom state was observed
only in some regions at the periphery of the cell. Moving
toward the nucleus, the cell body appeared thicker, resulting in
a top state (Figure 4a,b). On the L2 patterns, the bottom state
was dominant and was observed almost for the entire body of
the cells (Figure 4a,b). This may have been caused by the
larger pillar interspacing, which helps the cells to easily fill the
space between the submicron pillars.
In the case of the S3 patterns characterized by the maximum

height and the minimum interspacing, the top state was always
observed, suggesting that the cells come into contact only with
the top of the pillars without touching the substrate (Figure
4a,b). On the L3 patterns, with the maximum height and
interspacing, the mixed state was observed. The bottom state
was observed only in very small regions around the cell
periphery, especially at the rear and front ends of the cells,

while the top state was dominant for the rest of the cell body
(Figure 4a,b).
Previous studies have already shown the effects of the

density of nanostructures on how cells “settle” onto a patterned
surface and have demonstrated that a high areal density of
nanostructures (ρ (/100 μm2) ≥ 80) and a large diameter of
nanopillars (d ≥ 200 nm) energetically promote the top
state.43−45 The small interspacing between the nanopillars
leads to intense stretching and unfolding deformation of the
cell membranes while they adhere to the sidewalls.43

Consequently, the cells adhere to the tip of the pillars. Here,
we observed a combined effect of both the density and height
of the pillars with a diameter of 250 nm. Indeed, both the
height and interspacing in the range investigated in this study
had an impact on the interactions between the cells and the
underlying pillars. The cells that were cultured on the pillars
with smaller heights and large interspacing distances (i.e., S1,
L1, and L2) came into contact with both pillars and substrate
(the dominant bottom state), while increasing the height of the
pillars and decreasing their interspacing (i.e., S2, L3, and S3
patterns) caused the cells to mostly interact with the top of the
pillars without touching the substrate, hence the dominant top
state.
Interestingly, the cells were able to bend the pillars locally

after 1 day of residing on the substrate. The bending was more
prominent in the vicinity of the edge of the cells settled in the
top state (S2, S3, and L3 in Figure 4a,b). The pillars were
deflected toward the center of the cells (S2, S3, and L3 in
Figure 4a,b). The lateral displacement of the pillar tips was

Figure 4. Visualization of the cell interactions with the patterned surfaces using SEM and computational modeling. (a,b) Low- and high-
magnification SEM images of the cells on the patterned surfaces. (c,d) Reaction force (applied by cells to the pillars) and von Mises stress in the
submicron pillars calculated using the computational models. Lateral displacements of 58, 140, and 289 nm were applied to the pillars with the
heights of 250, 500, and 1000 nm, respectively.
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measured by analyzing the SEM images of the dehydrated cells
on the patterns (Figure 4c). The corresponding local traction
forces in the proximity of the cell border were estimated
through computational modeling (Figure 4c). The cells
applied average local traction forces of 144 ± 38 nN to the
pillars with a height of 1000 nm. A higher force value (429 ±
62 nN) was calculated for the pillars with a height of 500 nm.
As the traction forces are exerted to the extracellular matrix by
FAs,46 we further assessed the relationship between the
traction forces and the FA area. Although we observed no
significant differences between the area of FAs on the pillars
and the heights of 1000 and 500 nm, the estimated local
traction forces were different on those pillars (height 500 and
1000 nm). These findings suggest that mature FAs with the
same area can withstand a wide range of force values (100−
429 nN estimated in Figure 4c), and the results of refs 46 and
47 support our findings. These observations were made for
preosteoblasts and are in line with the previous studies that
have found direct correlations between the FA size and the
traction forces only during the initial growth phase of FAs and
not for mature FAs.46,47 It is, nevertheless, important to realize
that the fixation protocol might affect the deformation of the
pillars and thus the estimated forces.
3.2.3. Elastic Modulus of the Cells. The different shapes

and cytoskeletal organizations found on the different patterns
together with the observations on the cell−pattern interfaces
indicated that cells residing on different patterns may also have
different mechanical properties. Therefore, the elastic moduli
of the living cells interacting with the patterned (S2, S3, L2,
and L3) and control surfaces were analyzed by acquiring AFM
mechanical maps of the cells after 1 day of culture (Figure 5).
Exploiting the capability of AFM-based stiffness measurements
to perform subsurface imaging of soft biological samples up to
a depth of 900 nm48,49 also allows for a more detailed analysis
of the organization of cortical actin, especially in the
perinuclear region.
On the control surfaces (Figure 5a,b), the presence of thick

peripheral actin fibers was observed in the cells with both
polygonal and polarized shapes, while no or few perinuclear
actin fibers were detected. This type of cytoskeletal
organization resulted in a high elastic modulus at the periphery
of the cells (E = 25.8 kPa for the polygonal cell in Figure 5a
and E = 42.5 kPa for the polarized cell shown in Figure 5b)
and a low elastic modulus at the center of the cells,
corresponding to the perinuclear region (E = 6.1 kPa in the
case of the polygonal cell in Figure 5a and E = 4.9 kPa for the
polarized cell in Figure 5b).
On all the patterned surfaces, the cells with the polarized

shape presented aligned (almost parallel) fibers crossing the
perinuclear region of the cells from the leading edge to the cell
rear, suggesting a motile state where, in general, actin fibers
tend to align in the direction of cell movement. This type of
cytoskeletal organization can be ascribed to the actin cap
formation50 and gave rise to an elastic modulus, in the
perinuclear region, in the range of 6−8 kPa for the cells
cultured on the S2, L2, and L3 patterns (i.e., E = 7.6, 6.1, and
6.2 kPa for the cells shown in Figure 5d,h,j, respectively). A
significantly higher elastic modulus in the perinuclear region
was observed for the elongated cells residing on the S3 pattern
(e.g., E = 14.45 kPa for the region shown in Figure 5f), which
may be due to a more organized cytoskeleton formed by the
thick bundles of actin fibers. This organization can be the
result of a faster formation of perinuclear stress fibers in the

polarized cells grown on the S3 pattern and suggests higher cell
contractility and tension.
Stellate cells exhibited a different type of cytoskeletal

organization in the perinuclear region, which in the case of
the specimens from the S2, S3, and L3 groups resulted in a
branched network of thick bundles of actin fibers and thus
higher values of the elastic modulus (E = 14.6, 13.9, and 14.5
kPa, respectively, for the cells residing on the S2, S3, and L3
patterns, Figure 5c,e,i). This type of organization indicates that
the stress fibers in these cells were stretched in different
directions. The presence of actin star sites (e.g., the small green
arrows in Figure 5c,e,i) were associated with the highest values
of the elastic modulus and suggested the entanglement of

Figure 5. AFM-based mechanical characterization of the cells cultured
on the patterned and control surfaces on day 1. Some examples of the
maps of the elastic modulus obtained for a polygonal cell on the
control surface (a), a polarized cell on the control surface (b), stellate
cells on the S2, S3, L2, and L3 patterns (c,e,g,i), and polarized cells on
the S2, S3, L2, and L3 patterns (d,f,h,j), respectively.
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several actin bundles coming from different directions.51,52 The
formation of these actin patterns, such as asters or stars, has
been hypothesized to be associated with high levels of intrinsic
mechanical stress within the cortical network.53,54 They may,
therefore, indicate a high-tension state for the stellate cells
residing on the S2, S3, and L3 patterns.
The stellate cells cultured on the L2 patterns exhibited a

different type of cytoskeletal organization as compared to the
stellate cells grown on other patterns. Big peripheral actin
stress fibers were observed, while the nuclear region was
characterized by a very limited presence of actin fibers or
filaments and thus a low value of the elastic modulus (i.e., 8.5
kPa for the sample cell shown in Figure 5g). This suggests a
lower contractility and tension of the stellate cells on the L2
pattern as compared to the other patterns. Interestingly, the
cells residing on the L2 patterns, in contrast with those
cultured on the other patterns (S2, S3, and L3), exhibited
mostly a “bottom settling state” (i.e., contact not only with the
top of the pillars but also with the substrate between them)
(Figure 4a,b). This observation suggests a correlation between
the way cells adhere to and settle onto the patterns (i.e., top
state or bottom state) and their response in terms of
cytoskeletal organization and mechanical properties.
3.2.4. Summary of the Early Cellular Responses on

Submicron Pillars. We found a correlation between the initial
phase of cell adhesion and the settling state of the cells on the
patterned surfaces. While the cells residing on the S2, S3, and
L3 surfaces generally only interacted with the tip of the pillars

(i.e., exhibited a dominant top settling state), those on the L2
surface interacted with both the pillars and the substrate (i.e.,
exhibited a dominant bottom settling state) (Figure 4a,b). This
is most likely caused by the spatial organization of these pillars,
which enables the cells to partially occupy the space between
them. Our SCFS results suggest that a similar type of cell−
pattern interaction may occur during the initial adhesion phase.
Assuming that cells come into contact only with the tip of the
pillars when interacting with the S3 and L3 patterns, the
significant increase in the work of adhesion observed in the
case of S3 as compared to L3 can be explained by the increase
in the available surface caused by a higher areal density of the
pillars. The increased density of the initial anchoring points
could result in a higher density of integrin binding sites, which
could give rise, during the later adhesion phases, to a different,
potentially faster FA development process.40,55,56 We did not
observe a significant difference in the work of adhesion of the
S2 and L2 patterns. This observation, in combination with the
results of the SEM analysis, indicates that there is no direct
relationship between the density of the pillars and the binding
sites in the case of the S2 and L2 patterns. This is because the
cells settle differently onto the surface (i.e., dominant top state
in the case of S2 and dominant bottom state in the case of L2).
Interestingly, the effects of topography on the initial

adhesion force, FA area, and density were visible only on
those patterns that exhibited a dominant top state (S2, S3, and
L3). No significant difference in the FA area and density as
compared to the control surface was observed for the patterns

Figure 6. OPN expression in the MC3T3-E1 matrix after 21 days of culture. The experiments were performed under both osteogenic (a,c) and
nonosteogenic (d,e) conditions. (b) Expression of OPN on the flat control in both osteogenic and nonosteogenic media. (f) Response of the
preosteoblast cells as a function of the height and interspacing of the pillars (*p < 0.05, **p < 0.01, and ***p < 0.001).
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with a dominant bottom state. Therefore, the patterns
influenced the adhesion process and FA development only
when the contact between the cells and the pillars was
concentrated around the tip of the pillars.
We also found a direct relationship between the cell

adhesion, surface wettability, and surface roughness. S3 and
L3 were the roughest and most hydrophilic surfaces, and the
cells on those patterns exhibited the highest initial adhesion
force and the most abundant FA sites after 1 day. Our results
are in line with the previous studies showing the positive
impact of hydrophilicity25 and intermediate roughness (i.e., Ra
∼ 200 nm) in the submicron range on cell adhesion.4,57,58

Furthermore, our results suggest a faster FA formation
process on the S3 pattern (Figure 3a). The faster formation of
vinculin-rich sites may have been caused not only by the high
initial adhesion force on such surfaces but also by the geometry
of the pillars (height and interspace). Tall and dense pillars
provide a large number of anchoring points (higher work of
adhesion), as observed in our SCFS experiments. The high
density of the anchoring points could result in a high density of
integrin binding sites, which could more easily cluster and
develop mature FAs.56

The morphology and cytoskeletal organization of the cells
on day 1 support the statement regarding the faster formation
of mature FAs. The S3 patterns exhibited the highest numbers
of stellate cells at day 1, implying the greater coupling of the
focal points with F-actin, which normally form in the presence
of mature FAs42,59 and thus indicate a more advanced state of
the FA formation process.
The cells cultured on the S3 surfaces with both elongated

and stellate morphologies exhibited the highest values of the
elastic modulus and the highest degree of cytoskeletal
organization, characterized by the presence of thick and
dense actin stress fibers in the perinuclear region. This
observation suggests a higher contractility and higher tension
as compared to the cells interacting with the other patterns,
which may be attributed to the different adhesion behavior of
the cells residing on this type of surface, as indicated by the
initial force and work of adhesion as well as the development
and distribution of FAs. This may lead to a higher level of
nuclear tension4,60 and affect subsequent cellular functions.
Indeed, previous studies have shown that the presence of dense
actin cap fibers is associated with elevated levels of nuclear
tension, high chromatin condensation, and YAP nuclear
accumulation, resulting in the osteogenic differentiation of
MSCs on catecholic polyglycerol coatings with roughness
values (Ra) in the range of 150−300 nm.4

The next question was whether our findings regarding the
early adhesion, morphology, and mechanical properties of
preosteoblasts affect the subsequent cellular functions. There-
fore, a long-term experiment was performed to investigate the
ECM formation by preosteoblast cells.
3.3. Effects of the Patterns on the ECM. One of the

essential ECM proteins expressed by mature osteoblasts is
OPN,61 which is further enhanced by applying mechanical
stress.62 We, therefore, analyzed the level of OPN expression
for the specimens from different experimental groups using
both osteogenic and nonosteogenic media after 21 days of cell
culture. On flat controls, OPN was expressed only in the
osteogenic medium (Figure 6b). In the osteogenic condition,
the surfaces patterned with the tallest pillars (i.e., S3 and L3,
height = 1000 nm) significantly upregulated the expression of
OPN as compared to the other patterns and the control group

(Figure 6a,c). In addition, a slight (not significant) increase in
the OPN expression compared to the control surface was
observed for the S2 group, while the other patterns did not
show any difference as compared to the control group (Figure
6c). A difference in the OPN expression after 21 days was
observed only on those patterns (S2, S3, and L3) for which an
increased area and density of FAs were observed after 1 day
(Figure 6f) and where cells mostly interacted with the top
region of the pillars (dominant top state). This finding
supports the presence of a relationship between the capability
of the cells to rapidly form mature FAs and the subsequent
matrix mineralization process. The S3 pattern, for which we
found the strongest cell adhesion and the highest elastic
modulus values in the perinuclear areas, also exhibited the
highest level of OPN expression, further supporting the
hypothesis that a direct relationship exists between the early
cell adhesion behavior and the late matrix mineralization
process. We did not, however, detect a significant difference
between S3 and L3 (pillars with a larger interspacing of 1000
nm) under the osteogenic conditions (Figure 6a,c).
To isolate the effects of the surface patterns from those of

the osteogenic supplements, we repeated the experiments for
the S3, L3, and control groups under nonosteogenic
conditions. The difference between the OPN expression of
the S3 and L3 groups was statistically significant when using a
nonosteogenic medium (Figure 6d,e). The differential effects
of the patterns with different geometries on the OPN
expression could, therefore, be more easily detected when
the influence of the osteogenic supplements was removed.
These findings reveal possible osteoinductive properties of the
S3 pattern.
The combined use of different techniques allowed us to

unravel the relationships between the early and late indicators
of the response of preosteoblasts to submicron surface
patterns. On the most potent pattern, that is, the S3 pattern,
the initial work of adhesion and the area of FA sites (vinculin)
were upregulated, which in turn increased the elastic modulus
of the cells by stretching actin stress fibers in all directions
(Figure 6f). As a result, the highest amount of OPN expression
was observed (Figure 6e). Thus, the quantitative and
systematic approach used in our study suggests that the earlier
markers related to the adhesion phase (e.g., adhesion strength
and cell mechanical properties) may be useful for predicting
the osteogenic potential of patterned biomaterials.
The geometry and spacing of the submicron and nanopillars

are known to influence the extracellular proteins expressed by
preosteoblasts.63 At the nanoscale, shorter pillars enhanced the
bone matrix nodules in hMCSs.9 While at the submicron scale,
we observed an opposite trend. The tall and dense submicron
pillars were the most potent physical stimuli to alter the
response and function of preosteoblast cells. Furthermore, the
roughness of the osteogenic pattern identified in our study is in
the range of the roughness values (150−450 nm) that have
been found in the literature to enhance the osteogenic
differentiation of osteoblasts and MSCs.4,64

In addition to the surface design, the substrate stiffness can
influence the response of cells. It is known that in soft materials
such as hydrogels, a higher stiffness is needed to favor
osteogenic differentiation in hMSC and preosteoblasts.65,66 On
the other hand, the scale of surface topographies affects
osteogenic differentiation on very stiff substrates, such as
titanium. For example, at the nanoscale, short titania pillars
(around 15 nm in height) have been found to be effective for
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the mineralization of MSCs.9 At the submicron scale,
roughness values around 150−450 nm have been shown to
stimulate the adhesion and osteogenesis of osteoblasts and
MSCs.4,64 By comparison, macroscale roughness (1050 nm)
tend to attenuate the osteogenic mineralization of MSCs4 and
the formation of FAs in osteoblasts (Ra = 2.190−3.400 μm).67

Substrate stiffness and topographies can induce intracellular
tension by promoting the polymerization of actin and
increasing actomyosin forces.68,69 Increasing the stiffness of
the substrate activates RhoA/ROCK signaling pathways,
leading to the enhanced osteogenesis of hMSCs.68,70 The
presence of stretch and tension in the osteoblast cytoskeleton
leads to the activation of the mechanocoupling phase and is a
messenger of the mechanotransduction process.62 A direct
mechanotransduction pathway may be activated by the S3
pattern via integrin clustering, followed by the signal
transduction through the cytoskeleton elements toward the
nucleus where mechanoactuators activate the mechanosensi-
tive genes. These mechanotransduction pathways include
kinase pathways that involve the phosphorylation of kinase
proteins, such as FA kinase, and the subsequent upregulation
of late osteogenic markers, such as the OPN gene in
preosteoblasts.12,62 Further research is required to gain insights
into the mechanotransduction pathways activated by such a
patterned surface.

4. CONCLUSIONS
We performed a systematic study on the effects of the design
parameters of 3D-printed submicron pillars on the response of
preosteoblasts from initial adhesion to the formation of the
extracellular matrix. This included the single-cell measurement
of the adhesion parameters (i.e., adhesion force and work of
adhesion), a study of cell morphology and cytoskeletal
organization, mapping of the elastic modulus within individual
cells, and expression of late osteogenic markers (i.e., OPN).
The adhesion of cells and the subsequent formation of FAs
were positively modulated by the surface topography only
when the pillars were tall and dense enough, in which case the
cells settled onto the surface in the “top state”. Furthermore,
the cells interacting with tall and dense pillars were
characterized by numerous thick actin stress fibers in the
perinuclear region and the upregulation of OPN. Our findings
reveal previously undocumented mechanistic pathways
through which submicron pillars with specific geometries and
spatial organizations initiate a cascade of events that regulate
the cell response starting from initial adhesion and continuing
all the way to matrix mineralization. These findings pave the
way toward the discovery of early and quantifiable markers
capable of predicting the osteogenic potential of biomaterials.
This improved understanding of how the design parameters of
submicron pillars influence the bone tissue regeneration
process could inform the future designs of instructive surfaces,
thereby enhancing the osseointegration of future orthopedic
implants.
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