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External mechanical stimuli represent elementary signals for living cells to adapt to their adjacent
environment. These signals range from bulk material properties down to nanoscopic surface topography
and trigger cell behaviour. Here, we present a novel approach to generate tailored surface roughnesses
in the nanometer range to tune surface properties by particle size and volume ratio. Time-resolved local

mean-squared displacement (LMSD) analysis of amoeboid cell migration reveals that nanorough surfaces
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1 Introduction

The ultimate goal in the field of biofabrication and tissue
engineering is to imitate the physiological environment of
living cells in order to provide a controlled artificial environ-
ment as natural as possible. For the development of 3D cell
scaffolds as basic modules in regenerative medicine and lab-on-
chip applications, production methods including 3D printing,*
stereolithography,” nanoimprint,® and direct laser writing*® are
used. These can be applied to various material classes ranging
from hydrogels® to glass” and metals.®* Simultaneously, manifold
structure designs from 2D° to 3D' as well as chemical"* and
mechanical*” surface altering procedures are under investigation,
all with the aim to mimic the native extracellular 3D matrix and to
influence cell behaviour in defined ways. This is an extremely
challenging task, since many factors are involved when it comes to
biophysicochemical interactions at the interface of the cells'
membrane and the scaffold surface.” Besides the biochemical
influence of the extracellular matrix, mechanical stimuli of the
surrounding scaffold induce inter- and intracellular responses like
proliferation,™ cell differentiation” and gene expression.*
Several mechanical bulk- and surface properties, e.g. the
elastic modulus'” or surface topography in the micro-** and
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with adjustable surface roughness in the nanometre range.

nanometre® range as well as different geometrical surface
features,” have been investigated over the last years. Recently
the surface roughness, which is adjustable in multiple ways via
additive® or subtractive*> methods, raised special interest due
to its potential to significantly influence proliferation, cell
adhesion,* and stem cell differentiation.”***> To generate the
desired surface roughness, different techniques are used like
photolithography, nanoimprint, or self assembling polymer
films.”® They offer a high resolution and design freedom,
however, for most of them the production process is expensive,
due to the costly equipment and multiple processing steps. An
easier way is the utilization of particles to create an adjustable
surface roughness.”” Besides the cheap and easy processing,
several bulk and surface functionalities can be tuned for every
specific requirement. In this way, it is easy to add and vary
properties of a 3D scaffold, with custom shape and custom
surface roughness. Furthermore, optimizations in terms of
surface chemistry, intrinsic fluorescence for imaging purposes
up to incorporated drug-delivery systems are possible. To
enhance the scaffold with antibacterial or actuatoric charac-
teristics, silver or magnetic particles can be used.?®

In many physiological processes cell migration plays
a crucial role, from embryogenesis to immune response and
wound healing. To study amoeboid cell migration influenced by
external cues, Dictyostelium discoideum (D. discoideum) is
a popular cell model organism in the biophysical field,* since
many properties can be transfered to mammalian cells.*®
During cell migration a distinct cell-surface interaction is
necessary in order to transmit forces generated by the cyto-
skeleton to deform the cell body and to move it along the
substrate. Simultaneously, the cell explores its surrounding via
mechanosensing by its randomly arranged protrusions, where
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mechanical stimuli induce biochemical reactions. This can lead
to cell polarization followed by directed cell migration and can
be exploited for directed cell guidance.*** Compared to
mammalian cells, D. discoideum do not carry genes for integrins
or most extracellular matrix proteins and therefore do not
develop focal adhesion points on the substrate.*® However, the
so-called actin foci transmembrane protein SadA is found to
mediate force transmission in surface adhesion and phagocy-
tosis,>** among other involved proteins like phg1A, sibA and
talin A. Apart from that, adhesion is based on van der Waals
forces,** which depends on the polarizability of the involved
molecules and can be either attractive or repulsive and originate
from permanent charges or ions inside the cell medium and are
apparent at any contact site.

In this work, we present a novel approach to fabricate
tailored surface roughnesses in the nanometre range by incor-
porating silica particles into a photo-structurable matrix, which
is part of the hybrid polymer class ORMOCER®. It is widely used
as smoothing® or passivation layer®*® in different applications
and known for its excellent processability ranging from bulk
material down to sub-micron resolution structures and from
simple surface coating® to the creation of custom freeform 3D
micro structures via two-photon polymerization.*® This matrix
material is processable with every light curing method and its
biocompatibility has been proven with different cell types*-*
making it ideally suited for future biomedical applications.
Under normal conditions, ORMOCER® I (OC-I) - like many
other light curable polymers - is polymerized under exclusion of
oxygen, since it acts as a radical scavenger suppressing radical
curing.** Here, we exploit this behaviour of OC-I forming a thin,
oxygen-induced inhibition layer, when cured under ambient air.
When dissolving this layer after curing, the surface exhibits
a topography in the nanometre range corresponding to the
particles protruding out of the matrix surface. The surface
nanoroughness is tunable by adjusting the diameter and filling
degree of incorporated particles. Here, tailored nanorough
surfaces have been tested for biological application by their
influence on the cell migration behaviour of D. discoideum
amoebae. The living cells were seeded onto the sample surface
and monitored via time-lapse fluorescent microscopy. The cell
locomotion paths were analysed using a local mean-squared
displacement (LMSD) algorithm in order to distinguish
between directed and quasi-random migration modes depend-
ing on the surface roughness of the sample.

2 Materials and methods

2.1 Sample preparation

2.1.1 Hybrid polymer matrix ORMOCER® OC-I. OC-I is
synthesized via an anorganic condensation reaction of the
silane precursors 3-methacryloxypropyltrimethoxysilane
(MEMO) and diphenylsilanediol (DPD, both ABCR GmbH,
Germany), mixed in a molar ratio of 1 : 1.** Adding 2 wt% of the
photoinitiator Irgacure® 369 (2-benzyl-2-dimethylamino-1-(4-
morpholinophenyl)-butanone-1), Ciba Geigy, Switzerland)
results in a UV-curable resin.***

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2.1.2 Silica particles. All incorporated particles were
synthesized via a modified Stoeber process according to
Dembski et al.*®* and Milde et al.* In the synthesis process of
silica particles, 225 g of the precursor tetraethoxysilane (TEOS,
98%, Sigma-Aldrich Chemie GmbH, Germany) is hydrolyzed in
4.5 L ethanol (Sigma-Aldrich Chemie GmbH, Germany) and
225 mL of the catalyst ammonium hydroxide (NH,OH 25%,
Fluka®, Honeywell International, Inc., USA). During aging at RT
for 3 days, hydrolysis and condensation reaction of the silanol
groups enable the formation of colloidal silica particles. Before
further use, the solvent is evaporated and the particles washed
three times with ethanol.

2.1.3 Preparation of composite and cured layers. A silica
particle butanone suspension was added to OC-I and mixed for
36 hours on a 40 °C hotplate allowing the solvent to evaporate.

A drop of the composite was placed onto a 1.5 H high
precision cover slip (Marienfeld, Germany), doctor-bladed to
a 30 pm layer and cured in an iron-light source UV-Chamber (BK
850, Beltron®, Germany) under ambient air for 5 minutes.
Oxygen leads to an inhibition surface layer® of several
micrometers, which was removed during a 15 min development
step in a mixture (1 : 1) of isopropanol and 4-methyl-2-pentanon
(Sigma-Aldrich Chemie GmbH, Germany). The samples were
UV-cured again for 5 minutes within the solvent bath to cross-
link remaining carbon double bonds. This was followed by a 24
hours post heating step at 60 °C under a vaccum of 100 mbar to
ensure complete evaporation of the solvent and post-curing of
the anorganic network of the ORMOCER® matrix. Table 1
shows the produced surface samples with the respective particle
diameter and filling ratio. Only particles with diameters smaller
than 0.5 pm were utilized for the creation of nanorough surfaces
to achieve surface roughness values in the nanometre range
distinct from a truly three-dimensional environment.

2.2 Sample characterization

2.2.1 Scanning electron microscopy. All scanning electron
microscopy (SEM) samples were sputter coated with platinum
(Medo10, former Balzers Union, Lichtenstein, now Baltec, Ger-
many) before imaging with a scanning electron microscope using
Inlens- and SE2-detectors (Supra25, Carl Zeiss AG, Germany).

To analyze the silica particle size distribution, a drop of
highly diluted silica particle butanone suspension was applied
onto a SEM sample holder and dried before sputter coating. A
watershed separation was performed on the SEM images using
Image] 1.51 h (National Institutes of Health, USA) in order to
enhance the particle detection, before determining the particle size
using the Image] plug-in “Analyse Particle”. The error in particle
diameter is based on the standard deviation of this analysis.

For imaging of cured composite layers, the coated cover slip
was cut and the layer surface and layer cross section were
examined under a 60 and 90 degree angle, respectively.

2.2.2 Atomic force microscopy. Surface roughness param-
eters were determined using an atomic force microscope (AFM,
Alpha 300A, WITec, Germany). To neutralize electrostatic
charges, the samples were cleaned with ionized compressed air
(Haug, Germany) directly before the AFM measurements, which

RSC Adv, 2021, 11, 4286-4296 | 4287


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06530g

Open Access Article. Published on 21 January 2021. Downloaded on 4/3/2026 1:21:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 1 Overview of all sample variations with specifics on particle diameter and volume fraction as well as the gas environment during UV-

curing

Sample Particle diameter (nm) Particle filling ratio (vol%) Curing environment
OC-TAR — — Argon

OC-1 — — Ambient air

52-20 52+ 8 20 Ambient air

165-5 165 + 11 5 Ambient air

165-10 165 £ 11 10 Ambient air

165-20 165 + 11 20 Ambient air

421-20 421 + 22 20 Ambient air

421-20 AR 421 + 22 20 Argon

were performed in tapping mode with non-contact cantilevers
(42 N m™*, 285 kHz, WITec, Germany). For each surface type
one sample was investigated at, five 10 pm x 10 pm spots
(approximately corresponding to the cell-substrate contact
area), which were scanned with a resolution of 512 px x 512 px
and a velocity of 1 s per line. A first order slope correction and
a first order line correction were performed on each topography
(WITec Project 2.10, WITec, Germany) followed by a 2D FFT
filter correction in order to suppress noise (Gwyddion 2.48). The
surface roughness was distinguished from the sample waviness
by a 2 um L-filter and the surface roughness parameters were
calculated with the software SPIP 6.7.2 (Image Metrology A/S,
Denmark). The arithmetical mean deviation of the two-
dimensional profile S, is defined as:

1 M—-1 N-1
L= —— z(Xxp, 1
S. MN 2 ]Z] (X, 1)l W

where M, N are the length of the 2D image in pixels and x, y and
z the 3D values for each pixel and describes the mean height
deviation of all pixels from the mean height of the 2D area.
The peak-to-peak height S, describes the height difference
between the highest z,,, and lowest z,,;;, pixel value in the image:

Sz = Zmax — Zmin (2)

The error bars of arithmetic mean values of the roughness
parameters are based on the standard deviation of five
measurements for each sample type and are below 5% and 10%
for S, and S,, respectively.

2.3 Cell culture and microscopy imaging

2.3.1 Cell culture. For all live cell experiments an axenic D.
discoideum strain expressing freeGFP (obtained from Dr
Giinther Gerisch, MPI for Biochemistry, Martinsried, Germany)
was used. The cells were cultivated in HL5 medium (For-
Medium™, Hunstanton, UK) at 21 °C and pH = 6.7, com-
plemented by the antibiotic gentamycin at a concentration of 20
ug mL™' (G-418, Biochrom AG, Berlin, Germany). The cell
confluence was kept below 40%.

For microscopy experiments, HL5 medium was exchanged
by phosphate buffer (PB), adjusted to pH = 6.0. Cell suspension
was kept in a polytetrafluoroethylene (PTFE) frame, placed onto
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the cured composite layer. Image acquisition was started after
at least 45 min resting time to ensure all cells are settled down
onto the sample surface.

2.3.2 Live cell imaging. The microscopy measurements
were carried out on a Nikon Eclipse Ti microscope (Nikon
Instruments Inc., Japan). Images were recorded using a 20x,
objective with a numerical aperture of 0.7 (Nikon Instruments
Inc., Japan) and a 1000 px x 1000 px EM-CCD camera (C9100,
Hamamatsu Photonics K.K., Japan) at temperatures of 19-
21 °C. Fluorescence and bright field images were acquired every
8 s for 60-90 min with exposure times below 150 ms.

2.3.3 Image processing and cell tracking. The fluorescent
image time series were employed for the cell migration analysis
while the bright field images were used as a control during
image processing and analysis, which was carried out using the
open source software Image] 1.51 h (National Institutes of
Health, USA). After binarization, the time series was analysed by
the Image] plug-in “Cell Evaluator”, which determines and
correlates the centre-of-mass for every cell throughout the time
sequence yielding time-dependent centre-of-mass trajectories.
For migration analysis, only trajectories exceeding 100 time
points have been taken into account. To get a statistically reli-
able data set, each sample type has been measured on at least
two different days, for which a new sample with freshly seeded
cells was used each time. Every sample was measured twice in
different regions with a time interval of several hours. Every
time two cell migration time-lapse videos were recorded using
the multi-point method. This resulted in at least 100 analysed
cells for each sample type (Table S17).

A high number of cells is important in order to minimize
biological related noise. However, even similarly treated and
genetically identical cells exhibit a significant and inevitable
variability in cell behaviour due to intrinsic biological noise.*"**

2.4 Cell migration analysis

The obtained cell centre-of-mass trajectories have been evalu-
ated with the MATLAB® (The MathWorks, Inc., USA) algorithm
Cell Motion Analysis, which is based on an algorithm designed
for intracellular particle motion® and was adjusted to distin-
guish different modes of cell migration.**** For amoeboid
migrating cells, like D. discoideum, the migration behaviour
consists of two distinct types: directed runs with higher velocities

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and only small changes in direction in contrast to phases of
diffusion-like motion, during which the cell probes its environ-
ment. For this study a third classification was implemented
additionally, which separates cells that are moving less than
a given distance from their starting position over the whole time
sequence. These are classified as “non-migrating” and not taken
into account for the migration analysis. Here, we used 5 um as
a minimum distance for cells to move, which estimates half of an
average cell diameter. The percentage of time points categorised as
“non-migrating” are listed in Table S27 for every sample type.

The cell motion analysis algorithm is based on the local
mean-squared displacement (LMSD) (AR?(t)); where the mean-
squared displacement (MSD) is calculated in a rolling time
window of T:

(AR(0) = ((R(ti+0) = R(1))) 1 r 6
ti— 5<ti<ti+5

where R(t;) is the initial cell position and R(¢; + 1) the cell posi-
tion after the passed lag time 7. This calculation is done for
every time point and the obtained lag time-dependent LMSD is
fitted by a power law for every time point.

(AR@); _ 4 (l) i @)

12 To

By choosing [ = 1 pm and 7o = 1 s, the pre-factor 4; carries no
physical dimensions.”® Depending on the obtained value for «,
every time point is classified as either “directed” for 1.75 < o <
2.00 or “quasi-random” for « < 1.75. This is based on previous
work*"** and adjusted for this experiment.

The total of the median values of the alpha and velocity
distributions were subjected to a statistical analysis, in
comparison to the flat reference surface without particles. Since
the median values are not normally distributed, the non-
parametric Mann-Whitney test was used. In order to check
whether the distributions differ significantly from each other,
a Kruskal-Wallis analysis was performed. All calculations were
conducted using the software OriginPro 2019 9.6.0.172, (Ori-
ginLab Corporation, USA).

For each analyzed cell measurement video, the percentage of
active migration phases was determined. From all videos of
a sample variation a mean value with corresponding standard
deviation was calculated.

3 Results and discussion

In this work, we developed a novel type of fabrication process to
create tailored surface roughnesses in the nanometre range
utilizing particle-polymer composites under exploitation of an
oxygen inhibition layer. These nanorough surfaces are made of
a biocompatible UV curable composite based on a hybrid-
polymer ORMOCER® with incorporated silica particles. The
polymer matrix material was successfully used as cell scaffold
with different mammalian cell types, like rabbit muscle-derived
myogenic stem cells** and human microvascular endothelial
cells.* The influence of the acquired nanoroughness on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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migration behaviour of D. discoideum cells has been acquired by
time-lapse microscopy and analysed by the local mean-squared
displacement of the cell motion.

To fabricate the surfaces, the composite (Fig. 1A) or the
reference material of pure resin (Fig. 1E) were applied onto
a cover slip via doctor blading. According to the standard
procedure, this is followed by a UV curing step under argon
atmosphere (composite: Fig. 1B2, pure resin: Fig. 1F2), resulting
in a smooth surface for both surface types, which is confirmed
by AFM measurements of the final surfaces (composite:
Fig. 1D2, pure resin: Fig. 1H2). The particles (here: 421 nm) are
hidden under the polymer surface, proving the excellent surface
smoothing properties of the ORMOCER® matrix. In contrast to
this standard procedure, we achieve tailored nanorough
surfaces by exploiting the fact, that an oxygen related inhibition
layer is created at the sample surface when cured under
ambient conditions (composite: Fig. 1B1. pure resin: Fig. 1F1).
The monomer conversion increases with increasing distance to
the air boundary due to the decreasing oxygen concentration. At
a given layer depth the degree of polymerization is high enough
to endure the development step while the uncured inhibition
layer is dissolved (composite: Fig. 1C1, pure resin: Fig. 1G1).
Since the particles are not affected by the solvent, they protrude
from the polymer surface generating roughness values in the
nanometre range (Fig. 1D1).

Tailored surface roughnesses has been achieved by (1)
utilizing differently sized particles (marked blue in Fig. 2) and
by (2) varying the volume fraction of the particles in the poly-
meric matrix (marked green in Fig. 2). For (1) three different
surface roughnesses — each with a particle volume fraction of
20 vol% - have been manufactured with particles of diameters:
52 nm, 165 nm and 421 nm (see Table 1). To investigate the
contribution of the particle volume fraction on the surface
roughness, for (2) three different surfaces have been fabricated,
each containing particles with a diameter of 165 nm and
a varying particle volume fraction of 5 vol%, 10 vol% and,
20 vol%. Flat surfaces made of pure OC-I polymer without any
particles serve as a reference. Additionally, two surface types,
one of the reference material (OC-1 polymer without particles)
and one composite of the largest particle diameter (421 nm)
have been prepared via the standard curing process under
argon atmosphere, thus without oxygen inhibition layer. Table 1
lists all prepared surfaces, which are named by the used particle
diameter and the particle volume fraction.

3.1 Homogeneity of prepared composites

SEM imaging and image analysis (Fig. 2A-C) were used to verify
the quality and particle size distribution of the spherical silica
particles. For each particle type, the arithmetic mean diameter
was calculated as well as the standard deviation. Particle sizes
range from (52 £ 8) nm, (165 &+ 11) nm to (421 + 22) nm. The
particle size distributions were fitted with a log-normal function
which reveals a FWHM of 31% in respect to the mean value of
52 nm which drops to 15% and 12% for 165 nm and 421 nm
particles, respectively.

RSC Adv, 2021, 11, 4286-4296 | 4289
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Fig.1 Work flow of sample production and characterization via AFM, for the case of particle filled resin 421-20 (A-D), and pure resin OC-I| (E-H).
(A and E) A thin material layer is applied on a coverslip via doctor blading, which is cured under ambient (B1 and F1) or argon atmosphere (B2 and
F2) creating an inhibition layer in the case of ambient air, which is dissolved during a development step (C and G). This results in particles
protruding from the sample surface after removal of the inhibition layer (D1) whereas the OC-| is smoothing the surface in the case of UV curing
under argon gas (D2) (note the different z-scale). Without particles the OC-I polymer creates smooth surfaces for the standard argon curing (H2),
while a waviness in the micrometer regime occurs after development of the inhibition layer when curing under ambient atmosphere (H1).

The OC-I polymer has a silicate (Si-O-Si) backbone and
shows a very good processability with the incorporated silica
particles. Their highly matched refractive indices lead to a low
opacity for a composite material and enables observation via
optical methods. To obtain surfaces with isotropic roughness,
the homogeneity of the particle dispersion is crucial. However,
particles tend to agglomerate with decreasing particle diameter.
This effect is caused by the increasing surface-to-volume ratio
and thus increasing van der Waals- and surface charge forces.
Moreover, the surrounding media, adsorbed molecules and
other surface interactions are essential for the particle-particle
interaction and hence for a stable particle dispersion.*® To
circumvent particle agglomeration, which is enhanced in
composites with high filling degree, several particle surface
modifications, depending on the dispersion media, were re-
ported.””*® To minimize the amount of additional processing
steps, we overcame this problem even for a particle volume
density up to 20 vol% without any surface modification by
choosing an appropriate ORMOCER® matrix with a high inor-
ganic fraction of 25 wt%. Additionally, the absence of any
solvents and therefore the high viscosity of the resin suppresses
particle diffusion and a similar mass density of particles and
matrix leads to a homogeneous particle distribution and

4290 | RSC Adv, 2021, 11, 4286-4296

therefore stable composite resin. The particles are inclosed by
the matrix material during polymerization, resulting in
a homogeneously cured particle-polymer composite.

To verify the homogeneous distribution of the particles
across the surface and within the bulk material, SEM investi-
gation of cross sections (Fig. 2D, G, J, M, P and S) and the layer
surface (Fig. 2E, H, K, N, Q and T) were performed. For all
prepared samples, the particle distribution was random and no
agglomeration was visible neither inside nor on top of the
composite layers, including for the smallest particles with
52 nm in diameter. Overall, homogeneous surface roughness
was achieved for all particle sizes and filling degree variations.

3.2 Oxygen inhibition layer and resulting surface roughness

The widely used photoinitiator Irgacure® 369 is a type I initiator
and exhibits a high UV absorption with a high free radical
initiation rate and therefore short curing times.> After excita-
tion via photon absorption the initiator molecule decays and
forms free radicals, which react with the carbon double bond of
the 3-methacryloxypropyltrimethoxysilane (MEMO), which
itself attacks another monomer forming a growing polymer
radical. Depending on the photoinitiator and the monomer,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A—C) Scanning electron microscopy images of silica particles used for ORMOCER®—particle composites. The insets show the particle
size distribution and the particle mean diameters of 52 nm (A), 165 nm (B) and 421 nm (C), which were determined via SEM image analysis. (D—-U)
Scanning electron microscopy images of the cross section and 60° tilted sample as well as atomic force microscopy images of UV-cured
ORMOCER®-silica particle composites, cured under ambient air, after dissolving the inhibition layer. (D-L) Samples with constant particle
volume concentration of 20 vol% and increasing particle diameter from 52 nm (D-F), 165 nm (G-I) to 421 nm (J-L). (M-U) Samples with
a constant particle diameter of 165 nm and increasing particle volume concentration from 5 vol% (M-0), 10 vol% (P-R) to 20 vol% (S—-U).
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several side and termination reactions are possible, finally
leading to a finish of the chain reaction and a polymerized
resin. However, cured under ambient conditions, oxygen
molecules are solved inside the resin surface. There, they react
with the initiator and growing polymer radicals, forming peroxy
radicals, which leads to low monomer conversion even up to an
uncured layer. This process depends on the oxygen concentra-
tion at its diffusion characteristics inside the resin, on the
photoinitiator activation rate and on the chain reaction
kinetics.”

During the development step the inhibition layer is dissolved
while the particles are not affected by the solvent. Therefore,
they are washed away if their contact area to the remaining
polymerized matrix is not sufficient, while embedded particles
remain inside the composite and protrude from the sample
surface (Fig. 1D1). During drying, the polymerized matrix
material covers the enclosed particles due to the high adhesion
between silica particles and siloxane based ORMOCER®. The
coating of the particles can also be observed in the SEM images
of the surface which exhibit a smoothed cover (Fig. 2E, H, K, N,
Q and T) compared to the rough layer cross section (Fig. 2D, G,
J, M, P and S). Consequently the surface chemistry is homoge-
neous and similar to the pure polymer reference as all particles
are covered by OC-I but surface roughness is still existent. In the
ESIT close-up SEM images of the top (Fig. S3Af) and cross-
section (Fig. S3Bt) are provided, which illustrate that the
particles are completely embedded beneath an ORMOCER®
layer. When using polymerization techniques at which no
inhibition layer is formed a much more pronounced surface
roughness can be accomplished. In this case, however the
sample surface is not chemically homogeneous, since the
particles are not covered by the polymer. As an example
Fig. S3CT shows a 3D structure created via direct laser writing,
which exhibits a distinct boundary between the particle surface
and the ORMOCER® matrix.

We further measured the contact angle of water and ethylene
glycol on the composite surfaces with a filling ratio of 20 vol%
and calculated the surface energy. We did not find a significant
difference in both values compared the flat reference surface
(Fig. S41), which is a strong indicator that the surface chemistry
does not change on the different investigated surfaces. Further,
the added surface roughness does not significantly change the
contact angle. The fabrication process is finished with
a temperature treatment inducing a condensation reaction of
the unfunctionalized silica particles and the silicate fraction of
the hybrid polymer matrix, ensuring a strong particle-matrix
interaction.

The Young's modulus of the cell environment can trigger cell
behaviour in certain ways. The bulk OC-I exhibits a value of
(1.01 £ 0.03) GPa, while silica particles are in the order of
45 GPa, depending on their porosity.®® Both values are beyond
those of the natural cell environment® and the particles are
covered with OC-I. Therefore we might conclude that cell
behaviour is not directly affected by the silica particle's Young's
modulus.

Due to the inhomogeneous diffusion of the oxygen inside the
resin before and during the polymerization step, OC-I cured
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under ambient conditions reveals an additional waviness over
a length scale of several micrometers (Fig. 1H1). In the case of
the particle composite, this surface waviness is superimposed
with the nanotopography, determined by the particle radius
and volume fraction. In order to distinguish the surface wavi-
ness from the particle induced surface features, the AFM data
was separated with a 2 pm L-filter to calculate the surface
roughness parameters S, (arithmetical mean deviation, Fig. 3A)
and S, (height difference of the highest and lowest point of the
image, Fig. 3B).
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Fig. 3 Surface roughness parameters based on AFM measurements.
(A) Arithmetical mean deviation of the assessed 2D profile S, (B) peak-
to-peak value of highest and lowest point in 2D profile S, (the error
bars of arithmetic mean values are based on the standard deviation of
five measurements for each sample type). Sample group with
a constant particle volume concentration of 20 vol% and increasing
particle diameter from 52 nm, 165 nm to 421 nm is highlighted in blue.
Sample group with a constant particle diameter of 165 nm and
increasing particle volume concentration from 5 vol%, 10 vol% to
20 vol% is highlighted in green.
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For both curing cases, under argon and ambient air, the S,
values of pure OC-I (without particles) just differ slightly with
S,(OC-I AR) = 0.5 nm and S,(OC-I) = 0.6 nm. In the case of stan-
dard curing under argon, the particle composite with the largest
particle diameter exhibits a S, value with S,(421-20 AR) = 0.9 nm,
comparable to pure OC-], indicating that the smoothing properties
of ORMOCER® hinder the formation of nanotopography. As ex-
pected, the S, values increase with the particle size at a constant
filling degree of 20 vol% (Fig. 3A, marked blue) from
S,(52-20) = 2.0 nm, S,(165-20) = 7.0 nm to S,(421-20) = 18.6 nm.
For a constant particle diameter of 165 nm (Fig. 3A, marked green),
the surface roughness can be adjusted via the volume fraction as
the S, value increases with a higher filling degree from
84(165-5) = 3.2 nm to S,(165-10) = 5.9 nm to S,(165-20) = 7.0 nm.

The S, value is an indicator for the maximum feature height
cells are sensing during migration and for a particle fraction of
20 vol%, it ranges from S,(52-20) = 27 nm to S,(165-20) = 80 nm
and to S,(421-20) = 189 nm (Fig. 3B). As these values of the
maximum height in the surface profile are in the order of half the
respective particle diameter, apparently particles that protrude
more than half of the particle diameter from the surface are
washed away during the development step. This hypothesis is also
affirmed by the S, values of the samples with a constant particle
diameter of 165 nm, which show no direct correlation of the S,
value with increasing particle volume fraction. This means that
more particles protrude from the sample surface with increasing
filling degree and leading to higher S, values, but the maximum
protrusion height stays constant within a certain range.

3.3 Cell migration analysis

To verify the influence of surface topographies in the nano-
meter range on cell behaviour, we analysed amoeboid migration
behaviour of D. discoideum cells on such nanorough samples, in
comparison to a chemically equivalent flat reference surface.
Bright field and fluorescent images of migrating cells were ob-
tained every 8 s for at least one hour per live-cell measurement.
The centre-of-mass of every cell was determined at all time
points. All cells are exploring their adjacent environment
intensely by forming protrusions on all investigated surface
topographies (see exemplary Videos S1-S61). Using a local
mean-squared displacement algorithm with a rolling time
window,* the trajectories of all migrating cells were separated
into directed and quasi-random migration states based on the
alpha value determined by the power law fit of the LMSD (eqn
(4)). During directed migration (1.75 < a =< 2.00), cells exhibit
a directed and faster motion pattern as compared to the
uniform search behaviour during a quasi-random phases (« <
1.75). Both cell migration modes occur alternately and can be
influenced via different external cues.** However, compared to
many other cell types, for D. discoideum the directed motion
pattern even occurs without any external gradient or other cues,
as amoeboid migration consists of alternating directed and
quasi-random phases.* For all nanorough surfaces, approxi-
mately 30 000 time points of cell migration were acquired in
order to assure a statistically reliable data set (Table S17).
Typical migration trajectories of a single cell migrating (Fig. 4A1
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and A2) on a pure polymer surface (Fig. 4B1) and on a nano-
rough composite surface (Fig. 4B2) illustrate that cell migration
is strongly confined on the nanorough surface (note the
different z-scales in Fig. 4B1 and B2).

Regarding the surface roughness, there are three intertwined
parameters: the particle diameter, the number of particles on
the surface per area, and the resulting surface roughness. It is
known that cellular behaviour can be influenced by these
roughness parameters and cells are able to detect topographies
down to 10 nm.* Therefore, nanorough surfaces with
a constant filling degree and varying particle diameter (marked
blue) affect cell migration via the mechanical stimuli, which are
generated by the density as well as the curvature of the surface
features. In the case of a constant particle diameter with varying
filling degree (marked green) however, only the feature density
changes, which makes it ideal for direct comparison of the cell
migration parameters. Estimating this particle density reveals
that one particle inside the 421-20 sample, corresponds to 17 in
the 165-20 sample and 531 in the 52-20 composite, respectively
(see Table S31 for details).

The alpha exponent of the power law fits to the local mean-
squared displacement values is a significant parameter to
characterize migration behaviour, with values of 1 for a diffu-
sion-like, quasi-random migration behaviour and values of 2
for a straight, directed cell motion. Here, we find lower median
values for the alpha exponent for cell migration on all nano-
rough surfaces (Fig. 4C, for detailed distributions see Fig. S1t)
as compared to the migration values on the polymer reference
surface without particles. This means that cell migration is
hindered on nanorough surfaces. For both sample groups,
increasing particle diameter (blue) and increasing particle
density (green), a trend towards smaller alpha values is
observable with increasing surface roughness. Cell migration
on both samples with the highest surface roughnesses 165-20
(Sa = 7.0 nm) and 421-20 (S, = 18.6 nm) yields median alpha
values in the diffusive range of « = 1.14 and o = 1.12, respec-
tively, compared to a much higher median alpha value of o =
1.4 for cell migration on the smooth reference surface.

Regarding the proportion of directed migration phases, it is
not possible to establish a correlation among the composite
samples, due to its standard deviation (Fig. 4D). Yet, all nano-
rough samples provoke a significant reduction of the directed
migration phases, which drops from more than (16 + 2)% for
the smooth polymer surface down to only (4 £ 2)% and (5 & 2)%
for the roughest surfaces 165-20 and 421-20, respectively. The
ratio of directed and quasi-random migration phases depends
upon other cues on the mechanical stimulus of the surface and
can be altered for instance by aligned surface structures to
induce cell guidance. In our case however, the surface features
are randomly distributed and might trigger isotropical
mechanical cues leading preferably to quasi-random locomo-
tion or even non-migrating cells. A directed motion is therefore
interrupted with a much higher probability compared to
a surface with no or much less surface features.

Analogously to the median alpha values, the median values
of the instantaneous velocities of directed and quasi-random
migration states (Fig. 4E, for detailed distributions see
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Fig. 4 Typical migration trajectories (Al and A2) of D. discoideum on
pure polymer surfaces (B1) and on nanorough composite surfaces (B2)
(note the different z-scale in the AFM images). The migration path is
separated in directed (red) and quasi-random migration phases (blue)
depending on the alpha value, determined via a local mean-squared
displacement analysis, which was used to compare the median alpha
value (C) (see eqgn (4)), ratio of migration phases classified as active (D)
and the cells median velocity (E) on different nanorough surfaces and
on a similarly treated pure polymer surface as reference. Sample group
with a constant particle volume concentration of 20 vol% and
increasing particle diameter from 52 nm, 165 nm to 421 nm is high-
lighted in blue. Sample group with a constant particle diameter of
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Fig. S21) are significantly lower compared to cell migration on
the reference surface. For increasing feature density, e.g.
a higher filling degree and constant particle diameter (green),
a clear trend towards lower migration velocities is observable.
However, for increasing particle size and a constant filling
degree (blue) the sample 421-20 does not follow this trend. Its
particle diameter is the highest and in the order of the diameter
of bacteria (0.2-10 um (ref. 62)), which is the standard prey of D.
discoideum,*® thus other pathways regarding phagocytosis
might be triggered and change the migration behaviour severely
for this surface type.

Cell-surface interaction of D. discoideum is based on van der
Waals forces and, among others, the transmembrane protein
SadA.**?*¢ Both adhesion mechanisms depend strongly on the
interaction area between cell body and substrate, which
increases with higher surface roughness. This might explain
our finding that cell migration is strongly suppressed by
nanorough surfaces, since the nanotopography increases the
contact area between cell membrane and the substrate, leading
to higher overall adhesive forces and suppressing the ability to
migrate fast and in a directed way. However, further studies
regarding the adhesion mechanism are needed to elucidate
these underlying phenomena by immunocytochemistry. For
several cell types, an optimum in adhesive strength is observed
in order to gain maximal migration rates® providing a high
adhesion to generate high cell forces as well as enabling easy
detachment to move the cell body. These here presented
nanorough surfaces can be used to adjust the contact area to
optimize cell adhesion and migration or to manufacture
heterogeneous samples combining pure resin with composite
to create selective areas with fast and slow migration rates.

4 Conclusions

In this study, we developed a novel procedure to fabricate
tailored surface roughnesses in the nanometre range based on
a biocompatible and UV curable particle-polymer composite.
This composite consists of the hybrid polymeric matrix
ORMOCER® OC-I with stable incorporated silica particles. We
demonstrated a tunable surface roughness via two different
approaches: (1) variation of the particle diameter or (2) by
changing the particle filling degree. Nanoroughness was ach-
ieved by exploiting the property of the composite matrix to
create an oxygen-related polymerization inhibition layer at the
surface, when cured under ambient air. After dissolving this
uncured inhibition layer, the particles protrude from the
surface and yield the nanorough topography. This was analyzed
via AFM measurements in order to verify the homogeneous
particle distribution and to determine the arithmetic mean
values of the surface roughness S,, which is adjustable from
2.0 nm to 18.6 nm compared to 0.6 nm of the flat reference.

165 nm and increasing particle volume concentration from 5 vol%,
10 vol% to 20 vol% is highlighted in green. Significance level (**: p =
0.01) is based on non-parametric Mann—Whitney test. Error bars in (C),
(E) represents standard error and in (D) standard deviation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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These customizable nanorough surfaces have been investi-
gated influencing the cell migration behaviour of D. discoideum
cells, which was analysed by a time-resolved local mean-squared
displacement analysis. This evaluation allows for the distinc-
tion of two amoeboid migration patterns: fast, directed runs
versus slow, random-like migration phases. Without exception
the migration was hindered on nanorough surfaces compared
to smooth reference samples lacking particles. The amount of
time spent in directed migration phases, the instantaneous
migration velocities, and the alpha exponent, derived from
power law fits to the local mean-squared displacement values,
were significantly reduced on nanorough surfaces as compared
to the flat surface reference. In particular for nanorough
surfaces with a constant particle diameter and varying filling
degree, a direct correlation between all investigated migration
parameters and the particle volume fraction exhibited that
increasing surface roughness suppresses cell migration. In this
case the alpha exponent can be tuned within a range of 1.4 and
1.1. As areason for this behaviour, we assume that the randomly
allocated particles perturb the cell polarization and thus hinder
phases of direct migration. Additionally, the higher contact
surface between cell body and substrate leads to higher adhe-
sion forces, which slow down the overall migration velocity.

The manufactured nanorough composite material is pho-
tocurable and 3D-structurable with any light-based fabrication
method, like lithography or two-photon polymerization. This
material class is therefore well suited as base material for
hierarchical structures in the order of centimetres and cell-
relevant features in the micrometer range with an adjustable
surface nanotopography. Besides that, the general incorpora-
tion of functionalized nanoparticles to the composite opens up
a wide range of tuneable material characteristics in order to
generate multifunctional structures and devices as cell scaffolds
for lab-on-a-chip or tissue engineering applications.
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