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ABSTRACT: Fabricating large areas of geometrically complex
and precisely controlled topographies is required for the studies
of cell behavior on patterned surfaces. Direct laser writing
(DLW) is an advanced 3D-fabrication technique, which
facilitates the manufacturing of structures within various scales
(from a few hundred nanometers to millimeters). However,
this method requires improvements in the accuracy and
reproducibility of the submicron and nanoscale features that
are printed over a large area. Here, we present a scheme to both
improve the uniformity of the printed submicron patterns and
decrease the printing time. The eﬀects of various processing parameters (e.g., laser power and writing ﬁeld) on the dimensions
and uniformity of submicron pillars as well as on their Young’s modulus and surface wettability were assessed. Decreasing the
writing ﬁeld to 33 × 33 μm2 signiﬁcantly improved the uniformity of submicron pillars that were printed over an area of 4 mm2
in a single-step process. Preosteoblast cells (MC3T3-E1) were used to assess the cytocompatibility of the used material (IPL780 resin) with a focus on cell morphology, cell proliferation, cytoskeletal organization, and the elastic modulus of the cells.
The cells cultured for 2 days on the submicron pillars showed a polarized shape and a higher Young’s modulus of the area
corresponding to the nucleus relative to those cultured on ﬂat surfaces. Taken together, the results of the current study clearly
show that the submicron patterns created using DLW are both cytocompatible and could modulate the morphology and
mechanical properties of cells. This work paves the way for direct printing of submicron features with controlled Young’s moduli
over large areas in a single-step process, which is necessary for systematically studying how such patterns modulate cellular
functions.
KEYWORDS: Direct laser writing, topography, cell-surface interaction, 3D printing, submicron pillars, Young’s modulus
nanopatterning.18 In fact, there is 5−6 orders of magnitude of
diﬀerence between the length scale of the required nanopatterns (10−500 nm13) and that of the microarchitecture of
the scaﬀold (10−900 μm19) used for bone implants. On one
hand, no single freeform fabrication technique could create
precisely controlled structures over such a wide range of length
scales. On the other hand, combining multiple techniques is
not feasible given the huge internal surface of porous
biomaterials that cannot be reached once they have been
fabricated. To put this technical challenge in perspective, it is
worth reviewing the length scales that can be achieved by
diﬀerent types of 3D printing techniques. On the side of large
length scales, the techniques based on material extrusion (e.g.,
fused deposition modeling20), powder bed fusion processes21
(e.g., selective laser sintering22,23 and electron beam melting24), and material jetting (e.g., inkjet technology25−27) could
achieve length scales between 250 μm and 1 mm. Stereolithography can reach somewhat higher resolutions (i.e., down

1. INTRODUCTION
Controlling cellular processes such as cell migration,
proliferation, and diﬀerentiation is required for guiding and
modulating tissue formation and regeneration.1−4 In naturally
occurring systems, the micro- and nanotopography of the
extracellular matrix (ECM) plays an important role in this
regard.5−7 Mimicking the small-scale topography of the ECM
and assessing the resulting cell−surface interactions are,
therefore, necessary when developing novel biomaterials.8−12
Indeed, recent studies have shown that nanoscale topographical features incorporated onto biomaterial surfaces
could be used to guide the diﬀerentiation of stem cells toward
the osteogenic lineage13−15 and kill bacteria that may otherwise
cause biomaterial-associated infections.16,17 Achieving the
desired eﬀects is, however, often contingent on decorating
the entire surface of (usually porous) biomaterials with
precisely deﬁned and geometrically complex nanopatterns.6
Fabricating porous biomaterials whose surface is covered by
such types of nanopatterns remains a major unsolved challenge
due to the inherent incompatibilities existing between the
technologies required for the freeform fabrication of a complex
porous structure and those required for freeform surface
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to 10 μm) while being capable of manufacturing large
structures.28 On the side of smaller length scales, electron
beam induced deposition29 could be used for freeform
fabrication of structures with feature sizes between 10 nm
and a few micrometers.30
A notable exception to the above-mentioned rule is direct
laser writing (DLW) working on the basis of two-photon
polymerization (2PP).31 Although not capable of covering the
entire range of the desired length scales, it covers a signiﬁcant
part of that range with features sized as small as 200 nm and as
large as 100 mm.32,33 Fine-tuning this technique to its limits
has even allowed sub-20 nm feature sizes.34 2PP is therefore
ideally positioned to address the challenge of freeform
fabrication of nanopatterned porous biomaterials.
Incapability of tuning the deﬁned geometries, particularly at
high spatial resolutions and over specially large areas, has
restricted the investigations of the eﬀects of nanofeatures on
the cellular behavior.14 Even though DLW is a promising
technology to fulﬁll these requirements, controlling this
process over such a large range of length scales, to combine
high enough speeds with high enough accuracy and
repeatability, is technically extremely challenging. In fact,
even submicron and nanoscale patterning of large surface areas
has not been suﬃciently addressed before. In a previous
study,35 we demonstrated that the application of the piezomode DLW for the submicron patterning of large surface areas
is associated with both a long printing time and high levels of
inaccuracy (i.e., nonuniformity) of the resulting pillars. Here,
we followed an alternative DLW conﬁguration (the so-called
galvo-mode) for upscaling the area of patterned surfaces while
decreasing the printing time and enhancing the uniformity of
the fabricated features. Furthermore, we studied how diﬀerent
processing parameters inﬂuence the geometrical and mechanical properties of the resulting patterns. Finally, we created
large patterned surface areas and studied the eﬀects of patterns
on the morphology, proliferation, and mechanical properties of
preosteoblast cells.

2. MATERIALS AND METHODS

Figure 1. Schematic drawing of the applied nanoscale 3D printing
technique and the results of the writing ﬁeld optimization process. (a)
Schematic illustration of the 2PP system: the system consists of an
exposure source (Ti Sapphire laser, pulse duration: 100 fs,
wavelength: 780 nm, and repetition rate: 80 MHz) and a λ/2
wavelength plate and a cube polarizer for attenuating the laser power.
The beam is expanded by a telescope and positioned into the resin
either by the galvo scanner or the 3D transition stage. The CCD
camera placed behind a dichroic mirror displays the printing process
online. Either a conventional (I) or a Dill conﬁguration (II) can be
used for the printing process. (b,c) Optical microscopy images
showing the uniformity of the DLW submicron pillars for writing
ﬁelds of 100 × 100 μm2 and 33 × 33 μm2, respectively. (d,e)
Frequency distribution of the pixel intensity obtained from optical
images (subﬁgures b, c). Gaussian functions (red curves) were ﬁtted
to the pixel intensity data. (f,g) Pixel intensity of large (100 × 100
μm2) and small (33 × 33 μm2) writing ﬁelds vs the printing time.

2.1. Fabrication of the Patterns. The geometry of individual
pillars (diameter = 200 nm, height = 700 nm) was imported as a
standard tessellation language (STL) ﬁle into a job preparation
software (Describe, Nanoscribe, Germany). Describe then produced a
general writing language (GWL) ﬁle from that STL ﬁle. The GWL
code was modiﬁed to upscale the submicron pillars (pitch = 700 nm)
so that they covered a large area of 4 mm2. The ﬁle was then imported
into the Photonic Professional GT machine (Nanoscribe, Germany)
for 2PP exposure. The machine was equipped with a femtosecond (fs)
laser source that emitted 100 fs pulses at 80 MHz with a wavelength
of 780 nm (Figure 1a).
The galvo writing mode and conventional conﬁguration were used
for patterning similar surface areas (Figure 1aI). A droplet of
photoresist (IP-L780, Nanoscribe, Germany) was placed atop a
borosilicate coverslip (Nanoscribe, Germany). The laser beam was
then focused within the resin using a 63× microscope objective
(numerical aperture [NA] = 1.4). After exposing, the development
process was performed in propylene glycol monomethyl ether acetate
(PGMEA, Sigma-Aldrich, Germany) for 25 min followed by 5 min
rinsing in isopropyl alcohol (IPA) (Sigma-Aldrich, Germany) and
subsequent blow-drying with air.
The submicron pillars were written using a scanning speed of 1200
μm/s. The eﬀects of diﬀerent laser powers (Lp: 12−21% of the mean
power value at the objective aperture) on the dimensions and Young’s
moduli of the submicron pillars were assessed accordingly. The water
contact angle measurements, the measurement of the detachment

force of the pillars, and the cell experiments were then performed on
the pillars created using a Lp of 21%.
2.2. Microscopic Characterization of the Patterns. The
features resulting from the writing processes were characterized
using a scanning electron microscope (SEM, Nova Nano Lab 650
dual beam system, FEI company, USA) before and after culturing cells
on them. All samples were gold-sputtered using a sputter coater (JFC1300, JEOL, Japan) for 60 s (coating thickness ≈ 5 nm) before
imaging. Two-dimensional maps of the patterned areas were also
B

DOI: 10.1021/acsami.9b17425
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

Research Article

ACS Applied Materials & Interfaces

are the components of FN along the two orthogonal directions (x and
y) normal to the axis of the pillar (z). From the beam theory and after
applying the geometry considerations, FN, can be calculated as

acquired by an optical microscope (Keyence Digital Microscope
VHX-6000, USA) to check the uniformity of the patterns. The
dimensions of 100 diﬀerent pillars were quantiﬁed from SEM images
using ImageJ (http://rsb.info.nih.gov/ij/index.html).
2.3. Contact Angle Measurement. A drop shape analyzer
(KRUSS DSA100, Germany) was used to measure the wettability of
the patterned surfaces. Deionized water droplets (volume = 2 μL)
were placed on the nonpatterned (borosilicate coverslips) and
patterned surfaces. The contact angle was measured after 5 s (three
measurements per specimen). The specimens were cleaned with IPA
and dried with nitrogen gas prior to the measurements.
2.4. Mechanical Characterization. Young’s modulus. The
mechanical experiments reported here were performed using an
atomic force microscope (AFM) (JPK Nanowizard 4, Berlin,
Germany) while the corresponding data postprocessing was carried
out with the JPK SPM data processing software (JPK instruments, v
6.1, Berlin, Germany).
The Young’s moduli of a number of large deposits of the IP-L780
resin (i.e., pillars with a diameter of 1 μm and height of 500 nm)
written at diﬀerent laser powers were measured using the quantitative
imaging (QI) mode, and an NM-TC probe (Bruker, Billerica, USA)
with a nominal spring constant of 350 N/m. The deﬂection sensitivity
of the cantilever was calibrated on a sapphire surface using the contact
method and resulted in a value of 21.33 nm/V. The spring constant of
the probe was assumed equal to the nominal value, and the relative
method of calibration was applied to estimate the corresponding tip
radius. A polystyrene sample with a nominal Young’s modulus of 3
GPa was used as the reference material. The tip radius was then
adjusted to make the measured Young’s modulus of the reference
sample equal to the nominal value at an indentation depth of 10 nm.
A Poisson’s ratio of 0.4 was assumed. A tip radius of 10 nm was found
to result in a Young’s modulus of 3.1 GPa for the polystyrene. Then, a
constant set point force of 500 nN was applied to each sample in
order to obtain an indentation depth of 10 nm. The Hertz’s contact
mechanics model was used to calculate, from the force−distance
curves recorded in each point of the scanned area, the Young’s
modulus corresponding to each scanned point. The Young’s modulus
of 3 pillars for each 2PP printing condition was calculated, from the
Young’s modulus map, as the average values in a selected area
corresponding to the top of the pillar.
Detachment Force of Pillars. The measurement of the detachment
force of the pillars was performed using the same instrument and a
NCHV probe (Bruker) with a nominal spring constant of 40 N/m, a
nominal cantilever length of 115 μm, a thickness of 3.5 μm, and a tip
height of 10 μm. The thermal noise calibration technique was used to
measure the spring constant and the sensitivity of the probe, which
were found to be, respectively, 38.26 N/m and 19.51 nm/V.
Areas of 20 μm × 20 μm (containing 13 pillars) were scanned
successively in QI mode, with a pixel time of 18 ms, a Z length of 500
nm, and increasing values of the lateral force (from 2 μN to 5.5 μN)
obtained by setting increasing values of the set point deﬂection (from
52 to 130 nm). The number of detached pillars corresponding to each
level of applied force and the eventual changes in the morphology of
the scanned pillars due to the applied force were evaluated by
acquiring, after the application of each force value, a QI image with a
low set point deﬂection (i.e., 1.5 nm).
The scanning direction was chosen such that the contact between
the probe and the pillars occurred on one of the lateral faces on the
front of the pyramidal AFM tip. The force (FN) applied to the pillar is
therefore directed along the normal to that surface.
The magnitude of the lateral component of the force applied to the
pillar was calculated as
2
2
FN,
x + FN, y

(1)

FN, x = FNcos β cos γ

(2)

FN, y = FN sin β cos γ cos φ − FN sin γ sin φ

(3)
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3 h tip +
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2

)

sin β cos γ

(4)

where dz is the set point deﬂection of the cantilever, k* is the
equivalent spring constant of the system cantilever + pillar, β is the
half front angle of the tip (measured by SEM imaging of the probe),
and γ is the angle of inclination of the tip wall with respect of its axis
i ltipsin β y
and is calculated as γ = arctanjjj h zzz where ltip is the length of the
k tip {
tip (measured by SEM imaging of the probe). The other parameters
include φ that is the tilting angle of the cantilever holder with respect
to the horizontal direction (10° in JPK systems), htip that is the height
of the tip, and t that is the thickness of the cantilever. The parameter
k* was measured as the slope of the contact region of the force−
distance curves when the tip was in contact with the pillar (e.g., at a
scan point before pillar failure).
2.5. Cell Experiments. Cell Seeding and Culture. Preosteoblast
cells (MC3T3-E1, Sigma-Aldrich, Germany) at passage 11 were
seeded on the control (borosilicate coverslips) and patterned surfaces
(n = 4) at a concentration of 25 × 103 cells/mL. The samples were
incubated in the alpha minimal essential medium (α-MEM without
ascorbic acid: supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% (v/v) penicillin-streptomycin (10 000 units/mL), pH =
7.5, Life Technologies, USA) for 2 or 4 days (37 °C, 5% CO2). The
medium was refreshed after 2 days.
Cytoskeleton Staining. Actin staining was performed on days 2
and 4. Therefore, the cells were washed two times with phosphatebuﬀered saline (PBS, Sigma-Aldrich, Germany) and then ﬁxated in
4% formaldehyde/PBS (Sigma-Aldrich, Germany) at room temperature for 10 min. Then, the samples were rinsed with PBS and the
cells were permeabilized with 0.5% Triton/PBS (Sigma-Aldrich,
Germany) at 4 °C for 15 min. The specimens were then incubated in
1% bovine serum albumin (BSA)/PBS (Sigma-Aldrich, Germany) for
5 min at 37 °C followed by the addition of rhodamine conjugated
phalloidin (1:1000 in 1% BSA/PBS, Life Technologies, USA) and
incubation for 1 h at 37 °C. Subsequently, the samples were washed 3
times for 5 min with 0.5% Tween/PBS (Sigma-Aldrich, Germany)
followed by washing with PBS for 5 min. Next, 70 μL Prolong gold
(containing 4′,6-diamidino-2-phenylindole (DAPI), Life Technologies, USA) were added to the cells and the samples were mounted on
glass slides and observed using a ﬂuorescence microscope (ZOE
ﬂuorescent cell imager, Bio-Rad, USA).
Consequently, the stained specimens were rinsed 2 times with
distilled water for 5 min. The cells were then dehydrated in a series of
graded ethanol/PBS solutions (Sigma-Aldrich, Germany) as follows:
15 min in 50%, 20 min in 70%, and 20 min in 96%. The specimens
were allowed to dry overnight and were gold sputtered for SEM
imaging.
Image Analysis. The images of the stained cells on days 2 and 4
were processed using ImageJ. First, the image overlay of the
ﬂuorescently stained F-actin and nucleus was split into channels to
separate the nucleus from the F-actin network. The grayscale nucleus
and F-actin images were thresholded to produce binary nucleus and
F-actin images, respectively. The cell density was determined through
counting the nuclei observed in four diﬀerent 1 mm2 areas of each
specimen. The area of the cells was quantiﬁed through measuring the
actin area of 150 single cells on four diﬀerent 1 mm2 area of the
specimens. By ﬁtting an ellipse to the actin area of each cell, which can
be performed through particle analyzing in ImageJ, the degree of
anisotropy (DA) was calculated using the following equation:

where

DA = 1 − d 2/d1

(5)

where d2 and d1 are the minor and major diameters of the ﬁtted ellipse
(ImageJ, BoneJ2, https://github.com/bonej-org/BoneJ2/tree/bonej6.1.1). DA = 0 means the cell is fully isotropic and does not have
C
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Figure 2. Submicron pillars characterization. (a−d) SEM images of the submicron pillars printed using laser powers of 12%, 15%, 18%, and 21%,
respectively. (e) Dimensions of the submicron pillars as a function of the laser power. (f) Young’s modulus of the submicron pillars as a function of
laser power. (g) Experimental and theoretical measurements of the water contact angle on the ﬂat and patterned surfaces (Lp = 21%). The dotted
lines are included to guide the eye.
directionality, while DA ∼ 1 indicates a strong preferential orientation
in the cells.
AFM Characterization. The morphology and mechanical properties (Young’s modulus) of living cells at day 2 were characterized
using an AFM (JPK Nanowizard 4, Berlin, Germany). The JPK Petri
dish heater was used to maintain cells at 37 °C during the
measurements. A MLCT-Bio probe (type B, rectangular) with a
nominal spring constant of 0.02 N/m and a tip having the shape of a
square-based pyramid (nominal front, side, and back angles of 35°)
was used. The probe was calibrated using thermal noise method,
resulting in a sensitivity of 23.29 nm/V and a spring constant of 0.017
N/m. A set-point force of 1 nN, a pixel time of 18 ms, and a Z length
of 1.5 μm were used for the measurements on each cell. The Young’s
modulus was calculated by ﬁtting the force−distance curves obtained
in each point of the scanned area to the Hertz-Sneddon model
considering a square-based pyramid as the indenter. The maximum
height of the cells was measured in the region corresponding to the
nucleus. The reported values of the Young’s modulus are the average
of the Young’s moduli measured in selected areas corresponding to
the cell nucleus.
2.6. Computational Models. A nonlinear ﬁnite element solver
(Abaqus 6.14) was used for the numerical simulations of the reaction
force of the pillar under bending. The 3D geometries of a pillar and a
glass plate were ﬁrst created in the ﬁnite element program. Two
diﬀerent linear elastic material models were assigned to the pillar (Enp
= 4.55 GPa, νnp = 0.4) and the glass plate (Eg = 63 GPa, νg = 0.236).
The Young’s modulus of the pillar (printed with Lp = 21%) was
already measured through a nanomechanical system and explained in
more details in section 2.4. The pillar was assumed to be attached to
its glass base. Therefore, a tie constraint was used at their interface. A
20-node quadratic brick element with hybrid mode formulation
(C3D20H) was used to create the 3D mesh.
To apply the displacement-controlled boundary conditions, a
reference point was deﬁned at the top surface of the pillar, which was
kinematically coupled to the corresponding nodes of that surface.
Diﬀerent displacements (up to 235 nm at which point the submicron
pillars partially detached from substrate, as obtained from the SEM
images of the cells) normal to the main axis of the pillar was applied
to the reference point. The reference point was free to rotate in three
directions. A clamped boundary condition was applied to the base
plate to constrain the possible rigid body motions of the submicron
pillar and base plate. The reaction force (along the direction of the
applied displacement) at the reference point was calculated. We also
performed a mesh sensitivity analysis for diﬀerent minimum element

sizes (i.e., 80, 60, 40, 20 nm). An element size equal to 20 nm led to
<1% variations in the calculated value of the reaction force and was,
therefore, used to obtain all of the results that are reported below.

3. RESULTS AND DISCUSSION
3.1. Pattern Fabrication. The 2PP technique can
accurately manufacture microscale structures (i.e., with feature
dimensions above one micron). The main challenge, therefore,
is in printing submicron and nanoscale features with high
precision over large areas of the surface.34,35 One of the
important parameters aﬀecting the uniformity of DLW objects
at these length scales is the writing ﬁeld, which was assessed by
the optical imaging of the arrays of pillars printed with two
diﬀerent ﬁeld sizes and analyzing the contrast of the images
obtained for each ﬁeld (Figure 1b,c). By decreasing the writing
ﬁeld from 100 μm × 100 μm to 33 μm × 33 μm, the tilt and
the astigmatism of the galvo scanning process were less
pronounced, which led to more uniform pillars (Figure 1c).
The variation in the pixel intensity shows the diﬀerence in the
height of the printed pillars. The coeﬃcient of pixel variation
(i.e., CV = SD/mean) was 3 times smaller after optimizing the
printing process (i.e., decreased from 17.6% to 5.25%, Figure
1d,e), meaning that the procedure proposed in this study
resulted in a multifold decrease in the variations observed in
the height of the submicron pillars (Figure 1c,e). Furthermore,
for the larger writing ﬁeld (i.e., 100 μm × 100 μm), a decrease
in the pixel intensity was observed with the printing time
(Figure 1f), which shows an increase in the height of the pillars
(the lower the intensity, the larger the height of the pillars). In
addition, larger variations were observed within each ﬁeld. On
the other hand, for the smaller writing ﬁeld (i.e., 33 μm × 33
μm), the pixel intensity inside various ﬁelds was more or less
constant regardless of the printing time (Figure 1g), which
suggests that the height of the pillars is uniform. In this study,
the submicron patterns were uniformly reproduced over areas
up to 4 mm2. In terms of the printing time, the technique
proposed here resulted in three times shorter printing times for
the same area as compared to the piezo printing mode
reported in our previous study.35 Obviously, the printing time
depends on the dimensions and density of the printed pillars,
D
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Figure 3. Fluorescence microscopy images of the MC3T3-E1 cells cultured on the ﬂat control and patterned surfaces (a), (b) F-actin (red) and
nucleus (blue) staining of cells on the control (i.e., glass) and patterned surface (Lp = 21%) on day 2. (c,d) F-actin and nucleus of the cells cultured
on the control (i.e., glass) and patterned surfaces (Lp = 21%) on day 4. (I−IV) Magniﬁed views of the indicated regions in a-d. (e−g) Cell density,
degree of anisotropy, and F-actin area measured on the control (C2, C4) and patterned (P2, P4) surfaces on days 2 and 4, as determined from the
ﬂuorescence images. (h−j) AFM-measured morphological images of the cells cultured on the control and patterned surfaces on day 2 (h,i) and the
values of the cells maximum height (j). (k−m) The AFM mechanical maps on the control and patterned surfaces on day 2 (k,l) and the values of
the Young’s modulus measured in the area corresponding to the nucleus (m). The Student’s t test was used to compare the statistical signiﬁcance of
the diﬀerences between both groups. A p value below 0.05 was considered statistically signiﬁcant (* denotes p < 0.05, ** denotes p < 0.01, ***
denotes p < 0.001).

such small features, ﬁne-tuning of the printing parameters in
general and the laser power in particular is needed. Figure 2e
indicates how the diameter and height of pillars in the
submicron range can be controlled through the adjustment of
the laser power. As the laser power increased from 12% to
21%, the mean diameter of the submicron pillars almost
doubled (from 222 to 426 nm) while their mean height
increased from ∼600 nm to ∼900 nm (Figure 2e). The
standard deviation of the diameter of the pillars was
particularly low (i.e., 4−8 nm), while the pillars’ height

and the area to be patterned. For example, the printing time
was 6−8 h for covering an area of 1 mm2 with pillars whose
diameter and height are presented in Figure 2e.
The laser power signiﬁcantly inﬂuenced the dimensions of
the pillars including both diameter and height (Figure 2a−e).
Increasing the laser power will increase size of the volume
around the focal point of the focused laser beam, where the
intensity is high enough to initiate two-photon processes. This
aﬀects the feature dimensions on the submicron scale (i.e.,
feature sizes ≤1 μm). Therefore, to control the dimensions of
E
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showed somewhat higher levels of variation (i.e., 30−50 nm)
(Figure 2e). Furthermore, the small coeﬃcient of variation in
diameter and height (2% and 5%, respectively) for diﬀerent
laser powers underlined the reproducibility of the process. A
proper selection of the laser power is therefore essential for the
fabrication of pillars with controlled dimensions in the
submicron to nanoscale range.
3.2. Mechanical Properties. An increase in the Young’s
modulus from 3.35 to 4.55 GPa was also observed for the used
material (IP-L780) with increasing the laser power from 14%
to 20% (Figure 2f). This could be explained by a higher degree
of cross-linking and, thus, increased Young’s modulus resulting
from a higher laser power (at a constant writing speed).37 The
possibility to tune the Young’s modulus of DLW material using
the laser processing parameters and within the same single-step
fabrication process can be of great utility when trying to
manufacture 3D structures with gradient stiﬀnesses at
microscale. It would, however, be increasingly more challenging to achieve the same with submicron features, because the
laser power will aﬀect both the Young’s modulus and the size
of the structures. That said, the dimensions of submicron
patterns can be controlled even when the laser power and
writing speed are kept constant (to ensure the Young’s
modulus remains unchanged).
3.3. Water Contact Angle. According to previous
studies,38,39 both chemical composition and geometric
parameters aﬀect the wettability of patterned surfaces. In this
study, the contact angle decreased from 58 ± 1.35° (n = 6) on
the nonpatterned substrate to 48.9 ± 2.29° (n = 6) on the
patterned surface, indicating a shift toward hydrophilicity as a
result of patterning (Figure 2g). This observation can be
explained through the Hemiwicking’s phenomenon38 according to which a patterned surface can absorb the water droplet
due to its surface roughness. Therefore, the water penetration
propagates through pillars beyond the droplet and a liquid ﬁlm
forms over the surface. The Hemiwicking’ phenomenon occurs
when the contact angle of a nonpatterned surface (Young’s
angle = θ) is smaller than a critical value θc given by the
following relationship:38
cos θc = (1 − φs)/(r − φs)

This equation accurately predicts both a theoretical contact
angle (θ* = 51°) that agrees with the experimental value of the
contact angle (49°) and an increase in hydrophilicity that is
also observed in our experiments (Figure 2g).
3.4. Response of MC3T3-E1 Cells to the 2PP Patterns.
The pillars made with the highest laser power (i.e., Lp = 21%)
were selected for the preliminary cell experiments, because
they showed the highest Young’s moduli (Figure 2f).
Moreover, a stiﬀer substrate is known to stimulate the
osteogenic diﬀerentiation of osteoprogenitor cells.41 First, the
MC3T3-E1 cells cultured on the patterned surfaces showed no
signs of death indicating that the polymer is not cytotoxic for
these cells and time of exposure. From the second day of
culture, the cells residing on the nonpatterned surfaces
developed a well-spread, polygonal morphology with areas
around 3000 μm2 (as determined from the actin cytoskeleton
staining) (Figure 3a,c, I,III). Furthermore, the number of cells
increased from day 2 to day 4 on this surface while cell
morphology and degree of anisotropy did not change
signiﬁcantly (Figure 3a,c,e,f).
By comparison, the cells cultured on the patterned surfaces
appeared highly polarized on day 2 with clear ﬁlopodia
developed for attachment and signiﬁcantly smaller cell area,
resulting in higher anisotropy (Figure 3b, II, f, g). Over time,
the cells grew in size and adopted a more well-spread stellate
morphology on the patterned surfaces (Figure 3d, IV, g).
Consequently, the degree of anisotropy of the cells signiﬁcantly
decreased from day 2 to day 4 on the patterned surfaces
(Figure 3f). In addition, the proliferative capacity of the cells
was found to be at least similar to that of the cells cultured on
the nonpatterned surfaces, as indicated by the measurement of
the cell density (Figure 3e). The actin ﬁbers were oriented
parallel to the stretching direction on both nonpatterned and
patterned surfaces, but they were less organized on the
patterned surfaces due to the stretching in all directions
(stellate shape) (Figure 3d, IV).
The morphological analysis of living cells performed using
AFM on day 2 revealed a number of other interesting ﬁndings.
First, the heights of the cells cultured on patterned surfaces
were lower as compared to the cells cultured on nonpatterned
surfaces, conﬁrming the highly polarized morphology of the
cells interacting with the patterns (Figure 3h,i,j). In addition,
for the cells interacting with the patterned surfaces, the
presence of perinuclear actin cap ﬁbers was observed in the
mechanical maps (Figure 3l). This could contribute to the
higher value of the Young’s modulus (Figure 3l,m) measured
in the area corresponding to the nucleus of these cells. By
comparison, thicker and peripheral actin ﬁbers were observed
on the nonpatterned surfaces (Figure 3k,m).
A closer look at the cell−surface interface by SEM revealed
that the cells’ ﬁlopodia used the pillars as anchoring sites and
that some of the pillars bent, especially at the local regions
around the edge of the cells (Figure 4a−d). This implies that
the cell adhesion forces diﬀered locally, with possibly higher
forces at the leading front than at the rear of the cell. Based on
the SEM image analysis, the lateral displacement of the pillars
by cells was estimated to be between 0 and 235 nm (Figure
4c,d). Our computational model of the pillars was then used to
estimate the corresponding reaction force of the pillars given
the measured Young’s modulus of the material (Figure 4e). We
found that forces around 2.5 μN corresponded to the
maximum measured displacement. AFM nanomechanical
experiments indicated detachment forces of the pillars from

(6)

where ϕs is the density of the submicron pillars and r is the
roughness factor on rough surfaces. The roughness factor is
deﬁned as the ratio of the rough surface area to that of the ﬂat
surface area (for a smooth surface r = 1, and for a rough surface
r > 1). Approximating pillars as cylinders, for the square pillar
arrays, ϕs and r are given as38,40
φs = πd 2/4p2

r=

p2 + 4 ×
Ar
=
Af
p2

(7)

( π4dh ) = 1 + πdh/p2
(8)

Substituting the dimensions of the submicron pillars (d =
426 nm, h = 913 nm, p = 700 nm, p is deﬁned as the distance
between the center of two adjacent pillars) into eqs 6−8, yields
ϕs = 0.3, r = 3.49, and θc = 77°. As θc is higher than the
Young’s angle (58°), the water contact angle on the submicron
pillars can be calculated as38
cos θ* = 1 − (1 − φs)cos θ

(9)
F
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the height of the pillars, and increasing the interface distance
during the printing process.35
These ﬁndings suggest that cells on the patterns initially
required a period of adaptation to the surface but once
attached, their migration, proliferation, and spreading were
supported by the patterned surfaces probably with the
contribution of the enhanced hydrophilicity of these
surfaces.35,42−44 The eﬀects of diﬀerent cell morphologies
observed at the early time points on the later cellular functions
such as osteogenic diﬀerentiation need to be further
investigated.
The ability of the presented methodology to generate large
areas covered by submicron patterns with a controlled height,
diameter, interspacing, and Young’s modulus in a single-step
process is unique among 3D printing techniques. Furthermore,
the possibility of creating 3D structures decorated with such
surface nanopatterns allows us to approach the complexity of
stem cell niche with regard to the extracellular matrix
characteristics. Together with the shown cytocompatibility of
the used resins for mouse preosteoblasts (IP-L780 resin, in this
study) and human stem cells (IP-Dip resin, in our previous
study35), the 2PP process enables the systematic studies of the
eﬀects of these complex structures on cellular functions.

4. CONCLUSIONS
In summary, we presented a comprehensive study on an
advanced 3D printing method for generation of patterns with
controlled morphology and mechanical properties in a singlestep process, relevant for modulating cell behavior. Our results
led to an optimized 2PP method for a fast and improved
reproducibility of DLW submicron features over large areas by
modifying the writing mode and ﬁeld while optimizing the
laser power of the DLW system. More speciﬁcally, we could
achieve a 3-fold decrease in the printing time and uniform
patterns (coeﬃcient of variation ∼5%) over an area of 4 mm2.
Increasing the laser power not only increased the polymerized
volume but also resulted in a higher Young’s modulus of the
structure. Both experimental and simulation data showed that
forces in the range of 2.5−5.5 μN could detach the pillars from
the substrate. The hydrophilicity of the surface was enhanced
by patterning. Importantly, our cell experiments conﬁrmed that
the IP-L780 resin used here is compatible with MC3T3-E1
cells. The surface patterns signiﬁcantly inﬂuenced the
morphology of these cells as compared to the nonpatterned
surfaces while proliferation showed a similar trend over the 4
days of culture. In addition, the Young’s modulus corresponding to the nucleus area of the cells cultured on the patterned
surfaces for 2 days was signiﬁcantly higher than of those
cultured on the nonpatterned surfaces. This study indicates
that the 2PP process provides unique possibilities for studying
the eﬀects of highly controlled submicron patterns on the bone
tissue regeneration process.

Figure 4. Cell−surface interactions. (a,b) SEM images of the cells
cultured on the patterned surfaces (Lp = 21%) after 2 and 4 days,
respectively. (c,d) Magniﬁed views of the indicated regions in
subﬁgures a and b. (e) Results of the computational model which
represent the pillars reaction force (F) vs displacement. The inset
ﬁgures visualize the von Mises stress distribution within the
submicron pillars for lateral displacement of 0 and 235 nm. (f)
AFM experimental results of submicron pillars detachment force. The
bright dots in the micrographs represent the pillars remaining after the
application of a certain force. This indicates that the pillars “peeled
oﬀ” from the substrate, suggesting that the failure occurred at the
interface between the substrate and the pillar.
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