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ABSTRACT

Developing high-throughput nanopatterning techniques that also allow for precise control over the di-
mensions of the fabricated features is essential for the study of cell-nanopattern interactions. Here, we
developed a process that fulfills both of these criteria. Firstly, we used electron-beam lithography (EBL)
to fabricate precisely controlled arrays of submicron pillars with varying values of interspacing on a large
area of fused silica. Two types of etching procedures with two different systems were developed to etch
the fused silica and create the final desired height. We then studied the interactions of preosteoblasts
(MC3T3-E1) with these pillars. Varying interspacing was observed to significantly affect the morpholog-
ical characteristics of the cell, the organization of actin fibers, and the formation of focal adhesions. The
expression of osteopontin (OPN) significantly increased on the patterns, indicating the potential of the
pillars for inducing osteogenic differentiation. The EBL pillars were thereafter used as master molds in
two subsequent processing steps, namely soft lithography and thermal nanoimprint lithography for high-
fidelity replication of the pillars on the substrates of interest. The molding parameters were optimized
to maximize the fidelity of the generated patterns and minimize the wear and tear of the master mold.
Comparing the replicated feature with those present on the original mold confirmed that the geometry
and dimensions of the replicated pillars closely resemble those of the original ones. The method pro-
posed in this study, therefore, enables the precise fabrication of submicron- and nanopatterns on a wide
variety of materials that are relevant for systematic cell studies.

Statement of significance

Submicron pillars with specific dimensions on the bone implants have been proven to be effective in
controlling cell behaviors. Nowadays, numerous methods have been proposed to produce bio-instructive
submicron-topographies. However, most of these techniques are suffering from being low-throughput,
low-precision, and expensive. Here, we developed a high-throughput nanopatterning technique that al-
lows for control over the dimensions of the features for the study of cell-nanotopography interactions.
Assessing the adaptation of preosteoblast cells showed the potential of the pillars for inducing osteogenic
differentiation. Afterward, the pillars were used for high-fidelity replication of the bio-instructive features
on the substrates of interest. The results show the advantages of nanoimprint lithography as a unique
technique for the patterning of large areas of bio-instructive surfaces.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

cent generations of cell-instructive biomaterials [4] have under-
scored the importance of directing the (stem) cell fate. While stem

The rapid expansion of cell-based therapies in a variety of cells demonstrate an extensive capacity for commitment to certain
pathological circumstances [1-3] along with the emergence of re- lineages in response to many biochemical and/or biophysical ex-
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ogenous stimuli [5,6], the complications associated with the use of
biochemical agents, such as the high cost of growth factors and
their potential adverse effects [7-9], have motivated researchers to
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investigate the physical interactions of cells and biomaterials to a
deeper extent.

Among such physical stimuli, submicron and nanoscale topogra-
phies have been demonstrated to be particularly effective in con-
trolling such cell behaviors as proliferation, migration, and differ-
entiation [10-12]. While many studies have been carried out to
elucidate the biological effects of surface patterns at the nanoscale
(below 100 nm) [13-16], less is known about the optimum dimen-
sions at the submicron scale (100-1000 nm) [6,17-19] for inducing
specific cell responses.

Despite much effort dedicated to understanding the effects of
surface topography on the various types of cell behavior, many as-
pects of such interactions remain poorly understood. One of the
main reasons underlying this lack of understanding is the large
number of design parameters that define the geometry and ar-
rangement of such topographies. Each of those design parameters
may influence the cell response in a unique way both in isola-
tion and in combination with other design parameters. Moreover,
the intracellular pathways by which the cells sense and respond
to their microenvironment are highly complex [7,13,20]. There is,
therefore, a need for extensive systematic studies to understand
the effects of different design parameters on the interactions be-
tween submicron and nanoscale surface patterns and cell behavior.
Such systematic studies are, however, hampered by practical con-
siderations regarding the nanofabrication techniques. The currently
available techniques for the fabrication of precisely controlled sub-
micron and nanoscale patterns include electron beam-induced de-
position (EBID) [21-23], electron beam lithography (EBL) [24,25],
two-photon polymerization [26], etc. All of these techniques suffer
from a major limitation, namely low throughout. A low through-
put means that it is infeasible to pattern large surface areas. Some
other techniques are available for high throughput patterning of
surfaces at the nanoscale and submicron scales, including reactive
ion etching [27,28], anodizing [29], and hydrothermal treatment
[30-32]. These high throughput techniques, however, offer lim-
ited geometrical precision and usually lack the capability to change
each design parameter independent from the others. There is,
therefore, an urgent need for high throughput yet precise nanofab-
rication technique for the patterning of bio-instructive surfaces at
the submicron and nanoscales. Nanoimprint lithography (NIL) is a
facile fabrication technique that offers a number of unique advan-
tages, including high throughput and scalability [33,34], the abil-
ity to pattern a large variety of geometrical features and materials
with ultrahigh resolutions [35], simplicity, and low cost [36]. Given
these favorable properties, NIL is widely used for the fabrication of
biosensors [37,38], photovoltaics [39,40], bactericidal [7,41] and os-
teogenic nanopatterns [13,42-44], and flexible electronics [45-47].

Here, we use a combination of EBL and NIL for high through-
put patterning of bio-instructive surfaces with geometrically pre-
cise submicron pillars. Variations in the interspacing of submicron
pillars fabricated by two-photon polymerization have been recently
shown to induce osteogenic differentiation in preosteoblasts [6].
The settling state of the cells on the pillars and traction forces ap-
plied to the pillars resulting in their tips to be displaced were hy-
pothesized to determine the long-term osteogenic response of the
cells. Nevertheless, the relatively low stiffness of the pillars could
be a reason why they bent underneath the cells, thus, it is still an
unanswered question whether the same pillar geometry and di-
mensions would induce the same biological response if there is no
tip displacement and bending. Moreover, these pillars were fabri-
cated on a very small area (1 mm?2) which limits practicing cer-
tain biological assays. In this study, to show the potential of the
fabrication process developed in this study, we used EBL to pat-
tern a large area (3 x 5 mm?) of fused silica substrates (signifi-
cantly stiffer than the polymeric resin used in two-photon poly-
merization) with submicron pillars whose dimensions were similar
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to those of the abovementioned study. The EBL parameters, includ-
ing resist type, resist thickness, exposure parameters (e.g., beam
current, spot size, and electron dosage), and mask thickness were
optimized to generate submicron pillars with the highly precise di-
mensions in as short of a processing time as possible. We then, for
the first time, cultured preosteoblasts on a fused silica substrate
containing submicron pillars that were made of the same mate-
rial to study the interaction of the preosteoblasts with the sub-
micron features of fused silica and verify that the effects of the
submicron pillars on those cells are independent from the chem-
ical properties and stiffness of the material. Moreover, we created
hybrid PDMS molds (replica of the master mold) that enabled us
to replicate the patterns multiple times, thereby substantially de-
creasing the costs and time associated with the proposed nanofab-
rication process and making it possible to economically produce
large enough number of specimens. Fused silica was chosen as the
final substrate and by finding the appropriate hard mask, thermo-
plastic resist, etching gasses, and nanoimprint parameters, the de-
sired submicron patterns were successfully replicated from the hy-
brid PDMS replica mold into the fused silica substrate. The high
transparency and mechanical properties of fused silica make it a
proper candidate for both UV and thermal NIL. Although there are
some studies on transferring the nano/submicron features into the
different types of polymers using NIL technique, to the best of our
knowledge, there is no study on transferring them onto fused silica
which has more relevant properties for the intended research and
clinical applications.

2. Materials and methods
2.1. Master mold fabrication by EBL

The process steps involved in the fabrication of the master
mold are illustrated in Fig. 1a. Double side polished 4-inch (diame-
ter = 10.16 cm) fused silica wafer (thickness = 525 + 25 pm) (Uni-
versity Wafers Inc, MA, USA) was cleaned in the Piranha solution
(a mixture of 3:1 (v/v) H,SO4 (Honeywell, Bucharest, Romania) and
H,0, (VWR international, Amsterdam, The Netherlands)) at room
temperature for 12 min, was rinsed with deionized (DI) water, and
was dried with a nitrogen gun. The wafer was then covered with
a thin layer of photoresist to protect its surface from damage. Sub-
sequently, the wafer was diced into 1 x 1 cm? specimens using
a disco dicer (Disco Hi-Tec Europe GMbH, Munich, Germany). Af-
ter dicing, the photoresist layer was removed by placing the pieces
into acetone (Sigma-Aldrich, The Netherlands) combined with ul-
trasonication for 20 min. The cleaning process was followed by
immersing the specimens in isopropyl alcohol (IPA, Sigma-Aldrich,
The Netherlands) and DI water, respectively, and drying them with
a nitrogen gun.

Polymethyl methacrylate (PMMA) resist (495, A8) (495 K
molecular weight, 8 wt% in anisole, Microchem Corp, USA) was
spun coat on the fused silica substrate at 3000 rpm and was baked
at 185 °C on a hotplate for 20 min. Once it cooled down, PMMA
AR-P 679.02 (950 K, ALLRESIST GmbH, Germany) was spun coat on
the specimen at 6000 rpm. The specimen was then baked at 185
°C for 10 min. A multilayer resist was used to make the lift-off pro-
cess easier. The resist thickness was measured using a Dektak pro-
filometer (Bruker, Karlsruhe, Germany). Then, 15 nm of chromium
(Cr) with a rate of 0.5 °A/sec was evaporated on the specimens us-
ing an e-beam evaporator (Temescal FC-2000, Ferrotec, Germany)
to make them conductive before e-beam exposure. The PMMA re-
sist was directly patterned using EBL (Raith EBPG 5200) operated
at an acceleration voltage of 100 kV and a beam current of 364
pA. The designed file included circular features with a diameter
of 250 nm and two different values of interspacing, namely 700
nm and 1000 nm. As the optimized electron dosage had to be
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Fig. 1. (a) A schematic drawing of the procedure of fabricating submicron pillars on the fused silica master mold using electron beam lithography. Top (b) and tilted (c-e)
SEM images of the resulting submicron pillars with the interspacing values of 700 and 1000 nm formed on the fused silica substrate. Scale bar = 2 pm. (c) submicron pillars
after 255 s of etching using ICP RIE, (d) submicron pillars after 8 min of etching using ICP RIE, and (e) submicron pillars after 90 min of etching using RIE.

determined for each dimension, a broad range dose test was per-
formed from 500 ©C/cm? to 2000 puC/cm?. After exposure, the Cr
layer was removed by immersing the specimens in a Cr etchant
(Chromium Etchant N1, MicroChemicals, Ulm, Germany) for 20 sec.
The specimens were then rinsed in DI water for 5 min and were
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dried with a nitrogen gun. The PMMA resist was developed us-
ing a methyl isobutyl ketone (MIBK, Sigma-Aldrich, The Nether-
lands)/IPA 1:3 solution for 75 sec, rinsing in IPA for 30 sec, and
drying with a nitrogen gun. To remove the resist residues from
the holes, the specimens were exposed to an oxygen plasma (PVA
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Tepla M4L Gas Plasma System, Corona, USA) with an oxygen gas
flow rate of 200 sccm and a power of 100 W for 20 sec. After the
plasma treatment, 60 nm Cr was deposited on the specimen as a
mask using an e-beam evaporator (evaporation rate = 0.5 °A/sec,
chamber pressure = 1.5 x 10~6 mbar). A lift-off process was per-
formed to remove the resist from the area around the features. To
do so, N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich, The Nether-
lands) was heated up to 80 °C and was used for soaking the spec-
imens for 2 hours. To transfer the patterns into the substrate and
create the submicron pillars, two different etching methods of the
fused silica were investigated: ICP RIE (Adixen AMS 100 I-speeder,
Alcatel, France) or RIE (Sentech Etchlab 200, Sentech Instruments,
Germany). In the case of ICP RIE, a gas mixture of C4Fg/CHy4/He
(15/15/150 sccm) was used for different durations to reach the
desired height. The other etching parameters were as follows: a
source power of 2500 W, a bias voltage of 23 V, and a tempera-
ture of 0 °C. In the case of RIE, a gas mixture of CHF3/0, (68/5
sccm) with an RF power of 102 W, a bias voltage of 340 V, and
a chamber pressure of 15 pbar were used. As the submicron pil-
lars were formed on the fused silica substrate, the Cr mask was
removed by immersing the specimens into the Cr etchant for 20
sec. This process was followed by rinsing the specimen with DI
water for 5 min. The final step before SEM inspection was clean-
ing the specimens with the piranha solution for 12 min to remove
the organic and polymeric contaminants which had formed on the
substrate during the etching process, followed by rinsing with DI
water for 5 min and drying with a nitrogen gun.

Top and tilted SEM images of the resultant master mold were
taken using a Helios Nano Lab 650 (FEI company, US) SEM, with
an acceleration voltage of 10 kV and a beam current of 50 pA. The
diameter and height of the submicron pillars were measured from
the tilted SEM images, while the interspacing values were mea-
sured from the top view SEM images.

2.2. Interactions of MC3T3-E1 preosteoblast cells with the patterned
surfaces

All the fused silica specimens were sterilized prior to cell seed-
ing by immersing them in 70% ethanol and exposing them to
UV light for 20 min. The specimens were rinsed twice with 10X
phosphate buffered saline (PBS, Sigma-Aldrich, Germany), were
submerged in a solution of 50 wg/ml bovine fibronectin (Sigma-
Aldrich, US), and were incubated at 37 °C and 5% CO, for 30 min
to improve the cell adhesion [48]. MC3T3-E1 preosteoblast cells
(Sigma-Aldrich, Germany) cultured in the alpha minimum essen-
tial medium («-MEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) penicillin-streptomycin (all from Thermo
Fisher Scientific, US) were seeded on the specimens (1 x 104 cells
per sample) in a 24 well-plate (Greiner, Bio-One, The Netherlands)
and were incubated at 37 °C and 5% CO,.

After 1 day of culture, the specimens (n=3) were washed
twice with 10X PBS and the cells were fixated using a 4%
(v/v) formaldehyde solution (Sigma-Aldrich, Germany). Following
the cell membrane permeabilization using 0.5% Triton X-100/PBS
(Sigma-Aldrich, Germany) at 4 °C for 5 min, the samples were in-
cubated in 1% BSA/PBS (Sigma-Aldrich, Germany) at 37 °C for 5
min. The specimens were then incubated in anti-vinculin mouse
monoclonal primary antibody (1:100 in 1% BSA/PBS, Sigma-Aldrich,
Germany) and rhodamine-conjugated phalloidin (1:1000 in 1%
BSA/PBS, Thermo Fisher Scientific, US) for 1 h at 37 °C. The cells
were then washed three times with 0.5% Tween-20/PBS (Sigma-
Aldrich, Germany) and were incubated in Alexa Fluor 488 (i.e.,
donkey anti-mouse polyclonal secondary antibody, 1:200 in 1%
BSA/PBS, Thermo Fisher Scientific, US) for 1 h at room tempera-
ture. After washing with 0.5% Tween-20/PBS and 1X PBS, the sam-
ples were mounted on microscopic glass slides using 10 ul of the
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Prolong gold antifade reagent containing DAPI (4’,6-diamidino-2-
phenylindole) (Thermo Fisher Scientific, US). Finally, the specimens
were imaged using a fluorescence microscope (ZOE™ fluorescent
cell imager, Bio-Rad, The Netherlands). For the SEM observations,
the stained samples (n=3) were washed twice with distilled wa-
ter for 5 min and were then dehydrated in 50%, 70%, and 96%
ethanol solutions for 15 min, 20 min, and 20 min, respectively.
After air-drying overnight at room temperature, the samples were
gold-sputtered before SEM imaging.

To evaluate the osteogenic properties of the patterned surfaces,
the cells were stained for osteopontin (OPN) after 21 days of cul-
ture in osteogenic medium. Following the fixation and permeabi-
lization of cells, they were incubated with OPN antibody conju-
gated to Alexa fluor 488 (1:100 in BSA/PBS, Santa Cruz Biotech-
nology, US) for 1 h at 37 °C (n=3).

Image] 1.53c (NIH, US) was used to quantify the morphological
characteristics of the cells as well as the area of focal adhesions
and OPN according to methods described before [49,58].

2.3. Contact angle measurements

A drop shape analyzer (KRUSS DSA100, Germany) was used to
evaluate the wettability of the surfaces used for cell culture (i.e.,
the flat and patterned surfaces, n=3). A droplet of deionized water
with a volume of 3.0 uL was placed on the surface. The images
were recorded after 5 sec.

2.4. Fabrication of the hybrid PDMS replica molds

A schematic drawing illustrating the process steps of soft
lithography is presented in Fig. 2a. Prior to performing hy-
brid PDMS molding, the fused silica master mold was first
placed, for 30 min, in a vacuum desiccator close enough to
a glass petri dish containing a droplet of octyltrichlorosilane
(OTS) (Gelest Inc., Germany) to coat the surface of the mas-
ter mold with a hydrophobic layer, thereby preventing the cured
hybrid PDMS layer from sticking to the master mold. The hy-
brid PDMS mold consisted of two layers: a thin layer of hard-
PDMS (hPDMS) (a 30-40 pm stiff layer), that was in direct
contact with the patterns during the molding process, and a
PDMS (a 3-5 mm flexible layer) that formed the bulk of the
replica mold. The hPDMS was made by mixing 0.85 g of 7-8 %
(vinylmethylsiloxane)-dimethylsiloxane copolymer, trimethylsiloxy
terminated (Gelest Inc., Germany), 2.0 pl of 2,4,6,8-Tetramethyl-
2,4,6,8-tetravinylcyclotetrasiloxane (Sigma Aldrich, Germany), and
3.0 pl of platinum-divinyltetramethyldisiloxane complex in xy-
lene (Gelest Inc., Germany) for 5 min. This combination was
left in a vacuum desiccator for 30 min to remove the air bub-
bles present in the mixture. After this step, 0.25 g of (25-35
% methylhydrosiloxane)-dimethylsiloxane (PDMS copolymer, 25-35
cSt, Gelest Inc, Germany) was added to the previous mixture, was
mixed for 3 min, was poured, and was spun coat on the fused sil-
ica master mold for 40 sec using a spinning rate of 1000 rpm, fol-
lowed by curing in an oven at 60 °C for 20 min. PDMS (Sylgard
184, Dow Inc., Midland, MI, U.S.A.) combined with the curing agent
at a weight ratio of 10:1 was mixed thoroughly, cast on the master
mold, and desiccated in vacuum for 30 minutes to remove the air
bubbles. The fused silica master mold (with the hybrid PDMS on
top) was then cured in an oven at 40 °C for 16 h. After curing, the
hybrid PDMS was carefully peeled off from the substrate. The mas-
ter and the replica molds were finally sterilized by IPA. We verified
that the same master mold could be used at least 5 times to apply
the patterns into PDMS without a significant loss of fidelity.

The quality of the patterns replicated into the hybrid PDMS was
evaluated using SEM. Prior to SEM imaging, the PDMS substrates
were gold-sputtered.
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Fig. 2. A schematic drawing of (a) the steps involved in the preparation of the hPDMS/PDMS daughter molds and (b) the thermal nanoimprint process used to transfer the

submicron pits from the hPDMS/PDMS mold to the fused silica substrate.

2.5. Cross-sectional characterization using FIB milling

In order to measure the depth of the replicated patterns (sub-
micron pits) on the hybrid PDMS mold, focused ion beam scanning
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electron microscopy (FIB-SEM) was performed in a FIB microscope
(FEI, Helios G4 CX dual beam workstation, Hillsborough, USA). The
specimen was tilted to 52° and the surface was milled using Gal-
lium ions with a 7 pA ion beam (acceleration voltage = 30 kV).
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2.6. Pattern transfer from the hybrid PDMS replica mold to the
substrate of interest by thermal nanoimprint

The details of the process steps involved in NIL are presented
in Fig. 2b.

Firstly, Cr (30 nm) was evaporated on the 1 x 1 cm? fused sil-
ica specimens. PMMA (950 A3) (950 K molecular weight, 3 wt% in
anisole, Microchem Corp, USA) was then spun coated on the spec-
imens at 4250 rpm, and baked on a hotplate at 185 °C for 20 min.
The nanoimprinting was carried out using a commercial thermal
nanoimprinting EVG bonder (EVG 520, EVgroup, Austria). The hy-
brid PDMS replica mold containing submicron pits and the fused
silica specimens were brought into contact with each other (hy-
brid PDMS on top and fused silica at the bottom). The tempera-
ture was then increased to above the glass transition temperature
(Tg) of PMMA (140 °C) (T of PMMA = 105 °C). The hybrid PDMS
mold was then pressed into the PMMA layer with a set force of
1250 N for 3 min at the embossing temperature. After imprint-
ing, the chamber was cooled down below Tg (80 °C in this study)
with a rate of 2 °C/min. The slow cooling rate was chosen to re-
duce the thermal stress caused by cooling in the material. To pre-
vent the polymeric microstructures from flattening and rounding
of the edges, the embossing force was maintained during the cool-
ing down process. The force was released one minute after reach-
ing 80 °C (de-embossing temperature). The cooling down process
was continued to reach 40 °C, and then the hybrid PDMS mold
and the fused silica specimen were separated gently and taken out
from the chamber afterward.

To transfer the submicron pillars formed on the PMMA into the
fused silica substrate underneath, we first used oxygen plasma to
remove the residues of the PMMA that rest in between the pillars
(Fig. 2b) in a process called descum. The descum process was per-
formed using 20 sccm O, plasma, with a power of 20 W, and at a
chamber pressure of 40 pbar in a plasma etcher- RIE Etchlab 200
(Sentech Instruments, Germany) for 2 min.

To have access to the surface of the fused silica specimens,
the Cr layer was etched using a Chlorine-based ICP RIE machine
(PlasmaLab System 100, Oxford Instruments, UK) while employing
PMMA as the mask. The etching process was conducted under the
following conditions: RF power = 50 W, Cl, = 50 sccm, O, = 5
sccm, temperature = 40 °C, chamber pressure = 12.5 pbar, and
etching time = 90 sec. Once the patterns were transferred into the
Cr layer, the PMMA mask could be removed. To do so, the speci-
mens were soaked in NMP at 80 °C overnight. This step was fol-
lowed by transferring the submicron pillars into the fused silica
substrate, by using the Cr layer as the mask during the etching
step. The fused silica was etched using ICP RIE (Adixen AMS100
I-speeder, Alcatel, France), by C4Fg/CH4/He: 15/15/150 sccm as the
etching gasses for 4 min and 15 sec, and with a source power of
2500 W, an RF power of 250 W, a bias voltage of 23 V, and at 0
°C. The Cr mask was then etched away using the Cr etchant and
the specimens were dried using a nitrogen-gun and were gold-
sputtered before SEM imaging.

2.7. Statistical analysis

To statistically analyze the results of cell culture experiments,
the raw data was first tested for normal distribution using the
D’Agostino-Pearson omnibus normality test in Prism version 9.1.2
(GraphPad, US). For normally distributed datasets, the Brown-
Forsythe and Welch ANOVA test was performed, followed by the
Dunnett’s T3 multiple comparisons test to determine the statisti-
cal significance of the differences between the means of the differ-
ent experimental groups. For the datasets which did not pass the
normality test, the non-parametrical Kruskal-Wallis test was per-
formed, followed by the Dunn’s multiple comparisons test. All data

722

Acta Biomaterialia 140 (2022) 717-729

are presented as mean =+ standard deviation and a p-value below
0.05 was considered to indicate statistical significance.

3. Results
3.1. Fabrication and characterization of the master mold

In the case of ICP RIE and after 255 s of etching, the submicron
pillars with an interspacing of 700 nm had a height of 508 + 24
nm and a diameter of 269 4+ 19 nm while the submicron pillars
with an interspacing of 1000 nm had a height of 523 4+ 25 nm
and a diameter of 275 + 22 nm (Fig. 1c). After 8 min of ICP RIE
etching, the submicron pillars with an interspacing of 700 nm had
a height of 990 + 37 nm and a diameter of 245 & 22 nm while the
submicron pillars with an interspacing of 1000 nm had a height of
1046 + 31 nm and a diameter of 255 + 31 nm (Fig. 1d). In the
case of RIE, after 90 min of etching, a height of 973 + 43 nm and
a diameter of 206 + 14 nm was reached for the submicron pillars
with an interspacing of 700 nm while the submicron pillars with
an interspacing of 1000 nm had a height of 1068 + 41 nm and a
diameter of 222 + 13 nm (Fig. 1e).

3.2. Adaptation of preosteoblasts to the patterned surfaces

MC3T3-E1 preosteoblast cells presented different morphologies
on the flat and patterned surfaces (the ones etched using ICP RIE
for 8 min) after 1 day of culture (Fig. 3a-c and Fig. S1). While the
majority of the cells had a polygonal shape on the flat surfaces,
more cells with a stellate or polarized shape [6] could be recog-
nized on the patterned surfaces (Fig. 3a). The actin fibers in most
of the cells residing on the flat areas were oriented towards the
vertices of the polygonal shape of the cell body (Fig. 3b). Interest-
ingly, actin fibers were collectively organized more homogenously
along the whole cell body in the polarized cells residing on the
submicron pillars with an interspacing of 700 nm. Nevertheless,
the cytoskeleton was less organized in the cells cultured on the
submicron pillars with an interspacing of 1000 nm as compared to
the last two surfaces. Further SEM observations revealed different
settling states for the cells residing on submicron pillars with dif-
ferent values of interspacing. A “top state” was identified for the
cells residing on the submicron pillars with an interspacing of 700
nm, meaning that the cell body was on top of the pillars (Fig. 3c, d
and Fig. S2). The cells on the submicron pillars with an interspac-
ing of 1000 nm, however, presented a “mixed state” in which the
areas of the cell closer to the cell nucleus seemed to be in a “top
state” while farther from these regions (i.e., at the cell periphery),
showed a “bottom state”. At these regions, the cell was not only in
contact with both the tip and lateral sides of the pillars but also
with the substrate.

The cell projected area decreased as the interspacing of the sub-
micron pillars increased (Fig. 4a). An opposite trend was observed
for the cell aspect ratio (i.e., more polarization for the larger inter-
spacing value). However, the cell shape index (i.e., the roundness
of the cells) was not significantly different between the flat and
patterned surfaces. Despite the differences in the cell nucleus pro-
jected area and shape index between the flat controls and the pat-
terned surfaces with an interspacing of 700 nm, a discernible trend
was not observed regarding the effects of interspacing on the mor-
phological characteristics of the nucleus (Fig. 4b).

The average FA area was found to be significantly affected by
the surface topography. The cells residing on the submicron pillars
with an interspacing of 700 nm formed significantly smaller FAs
as compared to the flat controls and patterned surfaces with an
interspacing of 1000 nm (Fig. 4c). Finally, the expression of OPN in
the matrix was significantly upregulated on the patterned surfaces
(Figs. 3c and 4d). The pillars with an interspacing of 1000 nm were
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Fig. 3. (a) Immunofluorescent staining of vinculin (green), actin (red), and nucleus (blue) of the MC3T3-E1 preosteoblast cells cultured on the flat and patterned specimens
for 1 day. Scale bar = 100 pm. (b) Representative images of the cytoskeletal organization of the cells residing on the flat and patterned specimens (red: actin and blue:
nucleus). Scale bar = 20 um. (c) Top view SEM images of the representative cell morphology on the flat and patterned specimens. (d) Highly magnified tilted SEM views
of the settlement state of the cells on the patterned specimens and their interactions with the single pillars at cell periphery. (e) The expression of OPN visualized using

immunostaining after 21 days.

found to have a significantly higher potential for promoting OPN
expression as compared to the pillars with an interspacing of 700
nm.

3.3. Water contact angle

While the contact angle for the flat fused silica was 34.0 +
3.3° (n = 3), it was significantly decreased to 7.0 &+ 4.3° (n = 3)
on the patterned fused silica specimens with an interspacing of
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700 nm and to 9.0 £ 6.3° (n = 3) on the patterned fused silica
specimens with an interspacing of 1000 nm, indicating the super-
hydrophilicity of the patterned surfaces (Fig. 4e).

3.4. Fabrication and characterization of the replica mold

The hybrid PDMS mold, containing two sets of submicron pit
arrays were successfully replicated from the fused silica master
mold with the shorter submicron pillars (the one illustrated in
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Fig. 4. (a) The morphological characteristics of the preosteoblasts (i.e., projected area, aspect ratio, and shape index) cultured on the flat (n=3) and patterned (n=3) spec-
imens after 1 day. (b) The morphological characteristics of the cell nucleus (i.e., projected area, aspect ratio, and shape index) cultured on the flat (n=3) and patterned
(n=3) specimens after 1 day. At least 250 cells were analyzed for each geometrical parameter. (c) The average focal adhesion area of the cells residing on the flat (n=3) and
patterned (n=3) specimens. At least 10 cells were analyzed per study group. (d) The average area covered with OPN after 21 days (n=3). At least 8 images were taken from
each sample of each study group for quantification of OPN area. (e) Water contact angle on the flat (n=3) and patterned (n=3) specimens. (* p < 0.05, ** p < 0.01, *** p <

0.001, and **** p < 0.0001).

Fig. 1c and Table 1). The patterns replicated into the PDMS were
geometrically similar to the original patterns (Fig. 5a). SEM images
indicated no irregularity, clogging, or any other artifacts or signs of
incomplete replication of the submicron pits or any damaging of
the imprinted substrate (Fig. 5a, b). The average diameter and in-
terspacing of the replicated submicron pits, measured on SEM im-
ages, confirm the precision of the imprinted patterns (Table 1). To
quantify the submicron pits, FIB milling of the submicron pits was
performed. The depths measured were 428 + 55 nm and 402 + 25
nm for the submicron pits with the interspacing values of 700 nm
and 1000 nm, respectively (Fig. 5¢).
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The SEM images of the fused silica master mold, after gently
peeling off the hybrid PDMS from it, revealed that the morphol-
ogy of the submicron pillars had not changed and that there were
no significant differences between the dimension of the submicron
pillars before PDMS molding and after it (Fig. 5d and Table 1).
Furthermore, only negligible amounts of PDMS residues remained
in-between the submicron pillars, confirming that the fused silica
master mold can be used for several rounds of molding without
being damaged.
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Table 1
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The means and standard deviations of the dimensions of the submicron patterns produced/replicated after the application of every fabrication technique.

design interspacing = 700 nm

design interspacing = 1000 nm

pattern diameter interspacing  height aspect diameter interspacing  height aspect

mold type (nm) (nm) (nm) ratio (nm) (nm) (nm) ratio

master mold (fused silica) before molding  submicron 269 +£19 712 £+ 13 509 +25 19+£02 275+£22 1013 +21 523 £25 19+0.2
pillars

replica mold (hybrid PDMS) submicron 293 £ 20 685 + 24 — — 245 +£28 980 + 33 - -
pits

master mold (fused silica) after molding submicron 275 +£19 702 + 14 516 £20 19+02 291+£16 1003 + 15 517 £25 1.7 £0.1
pillars

final patterns (fused silica) submicron 235+ 19 720 + 12 501 £27 21+£02 221+13 1022 +18 492 £30 22 +02
pillars

700 nm of fused silica using Cr mask, were respectively 501 + 27 nm and

1000 nm

[ 2 um,,

Fig. 5. (a) Top and (b) tilted SEM images of the replica patterns (i.e., submicron
pits) that were successfully transferred into the hybrid PDMS mold. (c¢) SEM im-
age of the hybrid PDMS replica mold after FIB milling showing the depth of the
submicron pits. (d) SEM images of submicron pillars present on the master mold
after peeling off the PDMS that confirm the patterns were nicely transferred into
the PDMS without damaging or destroying the master mold. (e) SEM images of the
successfully transferred submicron pillars into the fused silica substrate.

3.5. Characterization of the patterns transferred into the fused silica
substrate through thermal nanoimprinting

The heights of the transferred submicron pillars with the in-
terspacing values of 700 nm and 1000 nm, after 255 sec etching
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492 + 30 nm (Table 1, Fig. 5e).

4. Discussion

The design and fabrication of bioinspired and/or rationally de-
signed nanoscale and submicron patterns on the surface of bio-
materials could enhance their functionality by eliciting certain cell
responses and guiding cells towards the desired lineages. The de-
velopment of high-throughput and highly precise fabrication pro-
cesses that make it feasible to fabricate large areas of patterned
surfaces on a variety of substrates regardless of their composition
and geometry (i.e., flat or curved) is of importance. The main chal-
lenge here lies in simultaneously achieving high geometrical pre-
cision and high throughput. There has hardly been any nanofabri-
cation technique that can satisfy both requirements. For instance,
such techniques as ICP RIE and hydrothermal treatment enable the
rapid production of nano/submicron patterns over a large area but
are limited in their geometrical precision when compared with
low-throughput techniques, such as EBID, EBL, or FIB, while also
not being able to adjust every single design parameter indepen-
dent from the others [21,22]. The main contribution of this study,
therefore, is the development of a rapid and accurate fabrication
process to overcome the abovementioned challenges. Nanoimprint
lithography offers geometrical precision and high resolutions on
the one hand and high-throughput on the other. Moreover, it pro-
vides the opportunity to transfer the patterns into the flat and
curved substrates as well [50-52]. The availability of such tech-
niques is expected to enable more extensive studies of the inter-
actions between cells and nanopatterns, thereby broadening our
knowledge of how cells interact with surface topography and how
topographical cues can be exploited to promote tissue regenera-
tion. While other materials, such as titanium alloys, may be more
suitable as bone substitutes, we used fused silica in the current
study to benefit from its high transparency that makes it an ideal
material for both thermal and UV nanoimprint lithography, as well
as for imaging purposes during cell studies.

4.1. Interactions of MC3T3-E1 cells with patterns

The early-stage adaptation of the cells to the surface and their
interactions with the topographical cues of the surface largely de-
termine the long-term response of cells, including their osteogenic
differentiation [6]. It has been shown that cell shape and area af-
fect the cytoskeletal organization, as well as the formation and
distribution of FAs, which together modulate the stem cells fate
[53-55]. Cell shape can also regulate the phenotype independently
from tension-based mechanisms [56]. Moreover, in the case of high
aspect ratio pillars, direct nuclear mechanotransduction pathways
could determine the cell fate [57]. In our study, the submicron pil-
lars significantly affected the morphological characteristics of the
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cells in terms of area and aspect ratio. In agreement with a num-
ber of reports available in the literature, the presence of the pillars
on the biomaterial surface decreased the cell spreading area [58-
60]. The spreading area decreased further as the pillar interspac-
ing increased [58-60]. It seems that as the pillars become more
separated, the cells tend to confine their area to secure their ini-
tial adhesion points as well as an optimized membrane traffick-
ing [61,62]. The differences in the cytoskeletal organization and FA
area between the 700 nm and 1000 nm submicron pillars could be
interpreted within this context. The cells residing on the 1000 nm
submicron pillars likely undergo a slower adaptation as their actin
fibers are not yet well-oriented (as compared to the cells residing
on the 700 nm submicron pillars). On the other hand, a larger FAs
area on the 1000 nm submicron pillars may be indicative of the
fact that the cells are still attempting to form stronger adhesions
to the surface.

The increased cell aspect ratio (i.e.,, elongation) is believed to
be beneficial for osteogenic differentiation [18,63]. The increase in
the cell aspect ratio has been shown to increase the anisotropy of
FAs [53,64]. Similarly, we observed that the FAs are preferentially
formed at the periphery of smaller and more elongated cells, espe-
cially on the 1000 nm submicron pillars. The increased expression
of OPN on the 1000 nm pillars suggests that the elongation of the
cells and the differential distribution of FAs at the early stages of
adaptation to the surface may favorably promote osteogenic differ-
entiation.

Different settling states in the cells residing on the submicron
pillars with different interspacing values could be another factor
and/or indicator of the varied cytoskeletal organization. The “top
state” observed on the submicron pillars with an interspacing of
700 nm ensures that the cells maintain a global convex geometry
(from the cell periphery towards the nucleus), which is shown to
be associated with higher forces exerted on the nucleus and even-
tually lead to higher levels of osteogenic differentiation [65]. The
“mixed state” observed on the submicron pillars with an interspac-
ing of 1000 nm, on the other hand, imposes a different geometry
on the cells at some regions as there is a significant difference in
the height between the nuclear area (the thickest part of the cell
body) and the cell periphery (deeply sunk into the submicron pil-
lars). This might hinder or delay the global cytoskeletal organiza-
tion. In a previous study involving pillars with the same dimen-
sions made of a commercial polymer, the pillars with an interspac-
ing of 700 nm, which induced a “top state” to the cells, showed the
highest expression of OPN [6]. Since the pillars in that study were
bent underneath the cells, the traction forces were, therefore, as-
sumed to have been transferred all the way to the nucleus via a
direct mechanotransduction pathway, affecting the long-term os-
teogenic response of the cells. In the present study, however, the
pillars were stiff enough to not be bent. There may, therefore, be
some differences in the cell traction forces observed in these two
studies.

In the current study, the pillars inducing the “mixed state”
maximized the expression of OPN. It could, therefore, be postu-
lated that engulfing the high aspect ratio pillars by cells in a
“mixed state” of the settlement could also trigger direct or indi-
rect mechanotransduction pathways that eventually increase the
expression of osteogenic markers, such as OPN [66]. Given that a
higher substrate stiffness and a reduced cell area lead to the ex-
ertion of larger traction forces [59], further studies using traction
force microscopy might shed some light on the origins of the ob-
served differences in the OPN expression between the pillars with
different interspacing values. Nevertheless, the results of this study
show that submicron pillars with specific geometry and dimen-
sions have a significant effect on the osteogenic differentiation of
cells regardless of their material. Therefore, having the possibility
to produce such submicron pillars using high-throughput methods
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that enable generation of a large number of samples with accept-
able reproducibility on various substrates is essential for further
research.

4.2. Water contact angle

The super-hydrophilicity of the patterned surfaces is in good
agreement with the predictions of Wenzel model [67,68]. In this
model, it is assumed that the liquid penetrates in between the pil-
lars. The contact angle of a rough surface () can then be esti-
mated using the following equation:

cos(By) = rcos(0)

(1)

where 0, and 6 are respectively the contact angles of the droplet
on the patterned and flat substrates and r is the ratio of the real
surface area to the projected surface area, called the roughness fac-
tor. Assuming the pillars to be cylindrical in shape with a diameter
of d, a height of h, and a pitch of p, r can be calculated as [26]:

Aea _ P40 wdh
2 =1+ —
Aprojected )% p

Based on the Wenzel relation Eq. (1)), a hydrophilic surface (8
< 90°) becomes more hydrophilic after patterning (6, < 6 )[68].
Substituting the dimensions of the submicron pillars (d = 245 nm,
h = 990 nm for p = 700 nm and d = 255 nm, h = 1046 nm for
p = 1000 nm) and 6 = 34° into Eqs. (1) and ((2) yields r = 2.14
and cos(fy) > 1 for p = 700 nm, and r = 1.54 and cos(6y) > 1
for p = 1000 nm. cos(6w) > 1 in both cases indicates that the sur-
face becomes completely wet (i.e., the surface is super-hydrophilic),
which is in a good agreement with the results of our experiments,
where the measured contact angle was 7 4+ 4° and 9 £ 6° for p =
700 nm and p = 1000 nm, respectively (Fig. 4e).

r=

(2)

4.3. Hybrid PDMS molding

The PDMS molds suffer from some limitations. First, due to the
low elastic modulus of PDMS, patterns with very high or very low
aspect ratio deform, collapse, or buckle and create some defects
on the patterned areas during the molding process, meaning that
the patterns cannot be fully transferred during the PDMS molding
[69]. On the other hand, the low elastic modulus of PDMS (~ 1.5
MPa) also limits the minimum feature size of the transferable pat-
terns (i.e., ~500 nm) [70,71]. In order to improve the accuracy and
resolution, Schmid et al., [72] have developed hPDMS that offers
enhanced mechanical properties [73]. Having hybrid PDMS molds
allows for reaching a resolution of 10 nm [35], which is the reso-
lution that can be reached by rigid molds. We, therefore, applied
hPDMS to the substrate prior to PDMS casting to precisely im-
print the submicron pillars from the master mold into the hybrid
PDMS replica mold. This hybrid mold was then used in the thermal
nanoimprint process thanks to its low deformation and high flexi-
bility. Comparing the dimension of the patterns present on the hy-
brid PDMS substrate with the original submicron pillars (i.e., those
of the master mold) indicated that the deviations in the diameter
of the pillars are only 9-10 % while deviations of 3-4 % were ob-
served for the interspacing values.

4.4. Thermal nanoimprint lithography

As PDMS is inert and hydrophobic, there is no need to perform
any post-processing on it prior to bringing it into contact with
PMMA, and the poor adhesion between PDMS and PMMA is an ad-
vantage during the nanoimprint process. After nanoimprinting, op-
timizing the etching parameters to properly transfer the patterns
from PMMA to the final substrate is the key step that affects the
feature sizes. Although Pandey et al. [35] have previously shown
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the potential of PDMS as the master mold in thermal nanoimprint
processes, they did not continue the process to transfer the pat-
terns into the final substrate. In other words, while they trans-
ferred the patterns of the PDMS mold to the PMMA layer, which
was coated on the final substrate, they did not use the PMMA or
any hard mask to etch the final substrate and transfer the patterns
into the final substrate. Here, the nanoimprinting process was fol-
lowed by the proper etching steps to have the desired patterns
transferred into the substrate of interest.

The nanoimprinting process parameters, including the applied
force, thermoplastic material, embossing temperature, time, and
chamber pressure determine the resolution and quality of the
transferred patterns. The values reported in the literature for the
embossing temperature, while using PMMA as the resist, vary be-
tween 120 and 180 °C [74]. At very low temperatures, PMMA is
not formable enough to follow the pattern of the master mold,
resulting in incomplete pattern transfer or in features that pos-
sess a lower aspect ratio than desired. On the contrary, emboss-
ing at a very high temperature may crush or destroy the master
mold [75]. In our study, the embossing temperature was set to 140
°C. However, PMMA was used as the mask to transfer the submi-
cron pillars first to Cr. Then, the Cr mask was employed to transfer
the submicron pillars into the fused silica substrate. Therefore, as
long as the height of the submicron pillars formed on PMMA is
high enough to etch the unwanted Cr layer, the embossing tem-
perature is not the critical parameter. The applied force and its
uniformity are the other crucial parameters to achieve homoge-
neous and high-resolution patterns throughout the substrate sur-
face and to prevent the mold and its underlying substrate from
being damaged. Applying very high forces will damage the hybrid
PDMS mold with the degree of mold deformation increasing with
the applied force [35]. On the other hand, very low forces result in
the nanopatterns not being thoroughly transferred. Achieving full
imprinting with high fidelity of the transferred patterns is, there-
fore, challenging and requires proper optimization of the involved
parameters. In our study, 250 N was high enough to fully transfer
the submicron pillars into the PMMA without damaging the hybrid
PDMS master mold.

Following the above-mentioned process steps led to the realiza-
tion of high-quality replicas from a single master mold. Inspecting
the dimensions and quality of the final patterns transferred into
the fused silica substrates (Fig. 5e) and comparing it with the mas-
ter mold (Fig. 1c) indicates that there are only minor deviations in
the diameter and interspacing of the submicron pillars (Table 1). In
the case of the submicron pillars with an interspacing of 700 nm,
the deviations were around 12% for the diameter and 1% for the
interspacing. As for the submicron pillars with an interspacing of
1000 nm, the deviations were around 19% for the diameter and 1%
for the interspacing. Considering the fact that the patterned area
was relatively large, the effects of such deviations on the patterned
area, in its entirety, are not significant. In other words, optimized
processing parameters lead to high-fidelity replica molds despite
the large number of the steps involved. These results confirm that
pattern replication by thermal nanoimprinting produces precisely
formed submicron patterns with minimal surface defects.

The primary limitation of the thermal nanoimprint lithogra-
phy is the process temperature of the master mold, which should
be lower than the embossing temperature. Even with this lim-
itation, nanoimprint lithography appears to be the best candi-
date for decorating the surface of biomaterials with cell-instructive
nano/submicron pillars [76].

5. Conclusions

In summary, we developed a precise and facile method for high
throughput patterning of various types of surfaces with nanoscale
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and submicron patterns whose geometries are precisely controlled.
First, we used electron beam lithography to fabricate two arrays
of submicron pillars with precise dimensions and controlled shape
over a large area (3 x 5 mm?) of a fused silica substrate. Assess-
ing the adaptation of MC3T3-E1 preosteoblast cells to the fabri-
cated patterns showed that varying the interspacing of the sub-
micron pillars significantly influences the cytoskeletal organization,
cell area, cell elongation, and formation of focal adhesions. The in-
teractions of the cells with the submicron pillars were found to
be subordinate to the settling state of the cells. The “top state”
observed on submicron pillars with an interspacing of 700 nm
shifted to a “mixed state” on submicron pillars with an interspac-
ing of 1000 nm, meaning that in the latter, the cells not only inter-
acted with the top of the pillars but also engulfed the whole pillar
and came into contact with its lateral sides as well as the sub-
strate. Both types of pillars significantly increased the expression
of OPN as compared to a flat control surface. Afterwards, to over-
come the restrictions of many fabrication techniques, namely being
expensive and time-consuming, we used soft lithography to repli-
cate the submicron pillars present on the original mold into the
hybrid PDMS mold. The shape, morphology, and depth of the repli-
cated patterns were analyzed with SEM and FIB, and the results
confirmed the geometric fidelity of the hybrid replica. As PDMS is
not the material of choice for cell studies, we used hybrid PDMS
molds as the master mold in thermal nanoimprint lithography to
transfer the patterns to the thermoplastic resist coated on the de-
sired final substrate (fused silica in our study). The results of this
study clearly show the advantages of nanoimprint lithography as
a unique high-throughput yet precise technique for the pattern-
ing of large areas of bio-instructive surfaces, while guarantying the
quality and resolution of the nanopatterns required for further bi-
ological assessments. The height/depth of the final patterns can be
adjusted by optimizing the applied force and embossing tempera-
ture as well as through the application of specific etching steps.
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