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Abstract: The proliferation of human cervical cancer (Hela) cells was investigated on a series
of nanostructured polymer latex surfaces. The physico-chemical properties of the surfaces,
composed of mixtures of polystyrene and acrylonitrile butadiene styrene dispersions, were
precisely controlled in the nanoscale range by adjusting the mixing ratio of the components
and thermal treatment. In addition, the proliferation response of HeLa cells was compared
to that of human dermal fibroblast (HDF) cells. A low dispersive surface energy and
peak or valley dominance (Spx/Syk) were observed to increase the proliferation yield of
the Hela cells. The HDF cells were less influenced by the surface chemistry and showed
improved proliferation on surfaces without dominant peak or valley features (S, and
Syk)- The observed changes in Hela cell behaviour underscored the critical role of material
surface properties in influencing cellular responses, with more significant accumulation
of nuclear patterning of filamentous actin (F-actin) on stiffer and smoother surfaces (e.g.,
borosilicate glass) due to higher mechanical stress. A more dynamic reorganisation of the
cytoskeleton was observed for cells grown on polymer surfaces with moderate roughness
and surface energy. These results emphasise the importance of characterising and tuning
surface properties to accommodate the specific behaviours of different cell types.

Keywords: nanostructure; surface roughness; epithelial cell; fibroblast; cell growth; passive
control; latex; atomic force microscopy (AFM); cell proliferation; cell-surface interaction

1. Introduction

Surface properties affect interactions between cells and materials. These response-
driving cues are provided by the surrounding cells, the surrounding materials, the extracel-
lular matrix (ECM), and other cells, and the cells adapt to them accordingly [1]. Cell-surface
interactions can be complex, and different cells may respond very differently to partic-
ular surface characteristics. This makes such studies challenging, yet highly intriguing.
Cell-material interactions can drive and modulate cell attachment, viability, mobility, dif-
ferentiation, and tumour formation. Detailed studies aim to develop models to explain the
mechanisms behind the cellular responses and the disruption of cellular homeostasis [1].
An improved understanding of cellular responses would enable the development of new
biomaterials tailored for specific applications and could pave the way for new materials
for disease treatment strategies. As an example, the response of antigen-presenting cells,
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which are crucial, e.g., in implant healing, can be controlled by modifying topography and
surface chemistry [2].

It is essential to consider both surface chemistry and topography and their combined
effects when relating the biological responses to material surface properties. A large variety
of different roughness parameters are available for versatile characterisation of a surface.
Indeed, vastly different surface geometries can appear similar if using a few roughness
parameters, which do not provide a comprehensive description of the surface. Besides the
commonly used average roughness (S,) or RMS roughness (root mean square, Sq) parame-
ters for describing height roughness, other useful parameters are, among others, effective
surface area, summit density, correlation lengths, and functional surface parameters such
as peak height and valley depth [3-5]. Indeed, using solely the S, and Sq parameters is
inadequate when studying particle-surface interactions [6].

Human tumours arise from normal cells accumulating mutations, which favour expo-
nential growth and epithelial-to-mesenchymal transformation. This reshapes the microen-
vironment inside the tumour tissue, which in turn leads to changes in surface properties
and tissue stiffness. The tumour environment induces inflammation as well as nutrient and
oxygen deprivation, leading to activation of cancer-associated fibroblasts (CAFs). Normally,
fibroblasts are vital in wound repair. However, CAFs are perpetually activated, leading
to tissue fibrosis. Both the activated CAFs and the restructured fibrotic tissue promote
tumour growth even further to a vicious self-promoting growth cycle [7]. Hela cells are one
of the most widely used immortalised epithelial cell lines in cell studies [8,9]. In 3D cell
cultures, Hela cells have the capability to undergo EMT and acquire invasive properties [10].
Furthermore, this cell type has also been observed to respond to surface properties. This has
been observed in studies of the effect of surface modifications of poly(dimethylsiloxane) [8]
and tissue-culture polystyrene—the latter by fluoropolymers and a blend of fluoropolymer
and silica nanoparticles [8]. The adhesion of Hela cells has been observed to respond
to stiffness and elastic modulus of soft hydrogel surfaces [11]. Roughness (measured by
stylus profilometry), together with surface energy, has also been observed to drive cell
attachment, growth, and spreading [1,12]. Similarly, chondrosarcoma cells have been ob-
served to respond to the stiffness of crosslinked poly(L-lysine)/hyaluronan films [13]. The
response of Hela cells to surface properties can be seen during metastasis and nanoparticle
uptake [14,15]. Also, a stiffer matrix has been shown to induce nuclear localisation and
expression of YAP/TAZ proteins [16]. Therefore, studying interactions of both Hela and
fibroblast cells with different surfaces improves the understanding of cancer formation and
disruptions in cellular homeostasis induced by variations in the microenvironment.

In this study, we investigated the cell viability and morphological response of Hela
cells to a set of two-component latex polymer surfaces. The objective was to allow for a
thorough analysis and comparison of the viability response of the Hela cells to the physico-
chemical properties of the surfaces, that is, surface chemistry and surface topography.
These latex surfaces were used for the possibility to tune their surface topography and high
processability. Roll-to-roll methods can be used to process them into cell-study platforms
with tuneable surface properties that offer the cells a more natural environment in 2.5D
screening, or allow for new approaches to cell-surface interactions [17], and they can be
processed into Surface-Enhanced Raman Spectroscopy active surfaces [18]. Characterisation
of the surfaces with a substantial set of roughness parameters provides detailed information
on such topographical features that are relevant to cell-surface interactions [4,19]. It was
also of interest to compare the response of Hela cells to that of HDF cells on the same
surfaces, as was performed in [20]. Herein, the analysis of topographical drivers of HDF
viability was also deepened. In addition to the HDF viability, these surfaces have previously
been observed to affect the Staphylococcus aureus phenotype and biofilm formation [21], as
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well as ARPE-19 cells [22]. Surface—protein interactions have also been studied [23]. Cell-
surface interaction studies with several cell lines, both mammalian and bacterial cells, allow
for the use of them in more complex environments where the growth of some cells needs
to be enhanced and some impeded, such as implant materials. This is also essential for
deepening the understanding of how different cells respond to the same surface properties.

2. Materials and Methods
2.1. Surfaces

The surfaces used in this study were manufactured using two aqueous latex disper-
sions, one with a high glass transition temperature (Tg) and the other with a low Tg. The
high-Ty latex (105 °C) was a dispersion of polystyrene (PS) particles (HPY83, Styron Europe
GmbH, CH, Richterswil, Switzerland) with an average particle diameter of 130 nm. The
low-Tg (8-10 °C) dispersion consisted of acrylonitrile butadiene styrene (ABS) copolymer
particles (HPC26, DOW Europe GmbH, CH, Horgen, Switzerland) with an average particle
diameter of 140 nm, as reported by the manufacturer. The solids contents of the high-Tg
latex and the low-Tg latex dispersions were 47.9% and 54.5%. The surface films were manu-
factured by volumetric mixes of the PS and ABS dispersions, and the volumetric ratio of
the PS was used to name the samples. The dispersions were drop-cast on borosilicate glass
coverslip substrates with a radius of 13 mm (VWR, ECN 631-1577, Darmstadt, Germany)
(30 uL per coverslip). These coverslips were also used as a reference for normalising the
viability data.

The final nanostructured surface texture was obtained through irradiation of the latex-
coated substrate 1 h after drop casting with an infrared (IR) heater (IRT systems, Hedson
Technologies AB, Arlov, Sweden). During the heat treatment, the PS particles in the film
co-annealed and deformed. In addition, the relative particle size, mixing ratio, and film
formation temperature of the components contributed to the final topography and surface
chemistry [24,25]. The IR-treated samples were rinsed with water and ethanol and dried
in ambient conditions. Good adhesion between the latex film and the glass surface was
ensured by a 60 min heat treatment at 105 °C, i.e., above the boiling point of water but
below the Tg of the polymer. It has been shown that non-ionic, hydrophilic sulphonate
surfactant additives in the ABS are removed during IR thermal annealing [1].

These surfaces have been shown to be highly transparent for visible wavelengths
(90%), even when coated with ultra-thin gold films (70%) [2]. This allowed for optical
studies of the cells.

2.2. Cell Culture

Hela and HDF cells were acquired from ATCC (Manassas, VA, USA). They were
grown and maintained in DMEM medium (Sigma-Aldrich, St. Louis, MO, USA) with 10%
foetal calf serum (BioClear, Wiltshire, UK), 2 mM L-glutamin, 100 U/mL penicillin and
100 pg/mL streptomycin at 37 °C in a 5% CO;/95% O, and 90% RH atmosphere, and they
were kept under sterile conditions in a cell culture incubator.

2.3. Atomic Force Microscopy

The topography of the surfaces was imaged with a Nanoscope V MultiMode 8 atomic
force microscope (AFM; Bruker, Billerica, MA, USA). Images of 5 um by 5 pm size and a
resolution of 1024 by 1024 pixels were captured with NSG10 cantilevers with a nominal tip
radius of 10 nm (NT-MDT, Apeldoorn, The Netherlands).

The image analysis software Scanning Probe Image Processor (SPIP) by Image Metrol-
ogy (Lyngby, Denmark) was used for image analysis and calculation of the surface rough-
ness parameter values. The captured topographic images of the latex surfaces were pro-
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cessed with the software’s Gaussian filter according to ISO 16610-21:2011 standards [26]. A
0-th degree LMS fit was also applied when necessary.

Several different roughness parameters were calculated from the AFM images. The
RMS roughness (Sq) measures vertical deviations from the mean plane as the root mean
square average of all height points. The surface area ratio (S4;) is a measure of the roughness-
induced increase in area compared to the projected flat plane. The autocorrelation length
from the autocorrelation function (S.j37) is a measure of the lateral spacing between surface
features, the definition being the length over which the correlation function reduces to 37%,
ie., 1/e, of its initial height at the origin [3,4]. Skewness (Sq) describes height asymmetry,
i.e., the distribution of height values in relation to the mean height. A negative skewness
represents a surface dominated by valleys (heights lower than the mean), while for a
positive skewness, peaks dominate the height distribution. Kurtosis (Sy,) describes the
shape relative to the mean, with a normal distribution having a kurtosis of 3. A distribution
with a kurtosis higher than 3 has tails that approach 0 more quickly than the normal
distribution, while for a distribution with a kurtosis lower than 3, the tails approach 0 more
slowly. The density of summits, S4s, is a measure of the number of local maxima per unit
area. Similarly, functional parameters obtained from the bearing area curve are utilised.
Parameters such as S,y (the reduced peak height), which relates to the height of the peak
region of the surface, Syi (the reduced valley depth), which relates to the valley depth of
the surface, and Sy, which relates to the height of the core layer roughness Sy (the core
roughness) can be read out from the material ratio curve as follows. The material ratio
curve is a plot of the sum of the ratio of material intercept through a bearing plane, which
is parallel to the mean plane, at each height of the surface plot. In the material ratio curve,
a least mean square line (LMS) is fitted to 40% of the curve in such a way that the LMS
line has the lowest decline (see Supplementary Material Figure 521). The Sy is the height
difference between extrapolations of the LMS to 0% and 100% material ratios. Further, if
horizontal lines are drawn from the top and bottom levels of the LMS curve, where these
intersect the material ratio curve, so that the areas of the formed triangles are equal to the
area between the horizontal line and the bearing area curve, the heights of the triangles
give the Spi and the Sy [27]. These last three parameters have been observed to distinguish
between surfaces that have a similar amplitude roughness [28] and have been useful in
analysing the response of S. aureus to nanostructured surfaces [21].

2.4. Contact Angle Measurements and Surface Energy Determination

The equilibrium contact angles (CAs) were determined with a CAM200 goniometer
(KSV Instruments Ltd., Helsinki, Finland). Three probe liquids were used, MilliQ water,
diiodo methane (DIM) and ethylene glycol (EG), to allow for calculating the surface en-
ergy. The droplet volume was 2 pL (1.4 puL for DIM). Contact angles were determined
from the captured images of the droplets using the instrument software, which utilised a
Young-Laplace fitting method to the droplet silhouette curvature. The measured contact
angle values were corrected for roughness using the Sy, parameter as described in [25].
Readers should be aware of the ongoing discussion of the applicability of the Wenzel
equation [29-31].

Surface energies were calculated using the van Oss-Chaudhury—Good method. Ac-
cording to Fowkes, this the sum of all contributions of different intermolecular interactions,
accounting for dispersive interaction forces (London forces), dipole-dipole interactions
(Keesom), permanent-induced dipole interactions (Debye), hydrogen bonds, etc. Van Oss,
Chaudhury, and Good proposed that this can be sufficiently approximated by considering
van der Waals interactions and acid—base interactions [32,33]:

vi = vV + P (1)
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The acid and base contributions, i.e., polar-positive and polar-negative characteristics,
of a surface can be separated as

1
A = 2(yf )2 (2)

The 7iLW components account for London, Keesom, and Debye forces, while ’ylAB
accounts for polar interactions, such as hydrogen bonding as well as donor-acceptor pairs
and electrophile-nucleophile interactions [32]. Surface energies were calculated using the
van Oss—Chaudhury—Good method. The surface tension values of the probe liquids were
those published by van Oss—Chaudhury-Good [5].

2.5. Light Microscopy for Observing Cell Proliferation

Both HDF and Hela cells were seeded at a density of 5-10° cells per glass coverslip or
coated glass coverslip that had been placed in 24-well plates. Cell growth was conducted
in complete DMEM cell medium. Samples were sterilised using 70% ethanol before cell
plating. The cell growth was conducted as follows: First, the cells were allowed to adhere
to the surfaces over a period of 4 h, after which the plates were placed in an automated
Cell-1Q live cell imaging instrument (CM Technologies, Lieto, Finland) for a further period
of 72 h. The total incubation time was thus 96 h. With the Cell-IQ, a 3 x 3 phase contrast
image raster of the substrates was obtained for each well at six-hour intervals.

2.6. Crystal Violet Staining for Quantifying Cell Growth

After the incubation, both HDF and Hela cells were washed with phosphate-buffered
saline (PBS), and the nuclei were stained using 0.2% crystal violet dye (CV) in a 2% ethanol
solution. Excess dye was rinsed off with repeated MilliQQ water washing cycles, and then
air-dried at RT. After drying, the CV was re-solubilised in 2% sodium dodecyl sulphate
(SDS) and the absorbance of each well was determined at 570 nm using a HIDEX micro-
plate reader (Hidex, Turku, Finland). To give an end-point measurement of cell growth on
different materials of interest, the absorbance of each sample was normalised to the mean
value of the glass coverslip samples measured in parallel. Here, this is called the “viability”
of the cells.

2.7. Cell Viability and Cellular Morphology

A total of 5 x 10° Hela cells were seeded onto glass coverslips or glass coverslips
coated with the different latex blends. The cells were cultured with complete medium in
24-well plates. The viability of the Hela cells was evaluated for 96 h using a live/dead cell
assay. At two time points, 24 h and 96 h, the Hela cells were stained with 0.5 um Calcein-
AM/1.6 um EthD-III in PBS and incubated at 37 °C and 5% CO, for 1 h. After this, the cells
were imaged with fluorescence microscopy using a Zeiss Axio Vert.A1l microscope (Zeiss,
Oberkochen, Germany) and further processed with Fiji Image] software (v. 1.54f) [34].

To better understand the cell-material interaction, a total of 5 x 10 Hela cells (per
coverslip) were seeded onto glass coverslips and selected latex coatings. After 24 h of
incubation, Hela cells were stained to observe vimentin, F-actin, and the nuclei. A brief
description of the staining protocol follows: Coverslips with cells were blocked with 1%
bovine serum albumin for 1 h after fixation and permeabilised with 3.7% paraformaldehyde
and 0.05% Triton X-100 at room temperature. Samples were incubated with the primary
antibody (anti-vimentin, Sigma-Aldrich, Schnelldorf, Germany) for 1 h and subsequently
incubated with the secondary antibody tagged with a fluorophore (anti-mouse, Alexa Fluor
546, Thermo Fisher, Waltham, MA, USA) for 1 h. Thereafter, the coverslips were stained
with 165 nM Alexa Fluor 488 Phalloidin for 30 min to visualise F-actin filaments, followed
by staining with 259 nM DAPI for 15 min to visualise nuclei. Finally, the coverslips were
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mounted on glass slides and analysed using a 3i Marianas CSU-W1 spinning disc confocal
microscope (Intelligent Imaging Innovations GmbH, Goéttingen, Germany) with a 63x oil
objective, using excitation wavelengths of 488 nm, 561 nm, and 640 nm. The staining agents
were chosen so that the interference from the innate autofluorescence of the latex coatings
(see Supplementary Material Figure 520) was minimised.

3. Results
3.1. Properties of the Nanostructured Polymeric Surfaces

The nanostructured polymeric surfaces used in this study were similar to those used to
study HDF (human dermal fibroblast) cells in [20] and S. aureus in [21]. In addition, protein
adsorption has been studied on these polymeric surfaces [23] as well as their use in a cell
study platform and a SERS substrate [17,18]. Detailed descriptions of the surface properties,
specifically surface roughness and surface chemistry, can be found in [21]. To investigate
the influence of surface chemistry and roughness on cell response, these quantities were
thoroughly parameterised. In addition, studies of the stiffness of the 50% PS surface have
been reported previously [20].

3.1.1. Surface Chemistry of the Polymer Coatings

In previous studies [21], the polymer surfaces have been observed to progress from
being moderately hydrophilic at low PS content to becoming (near) hydrophobic (contact
angles from 66°-72° to 92°) at high blend ratios (>70% of PS) . This is also observed as
a decrease in the polar component of the surface energy towards high-PS% blends (from
approx. 10 mJ/m? to near 0 mJ/m?). Similarly, there was a slight decrease in the dispersive
component and total surface energy for the near-equal blend ratios of the two components
of 40-60% PS, where the energy decreased from approximately 42 mJ/m? to 38 mJ/m?,
with both lower and higher PS% content showing higher surface energy. This change in
surface chemistry was likely due to a tendency of the film-forming ABS to cover the PS at
low blend ratios. At high PS ratios, there was too little ABS to cover the PS surface, and
increasingly large surface areas of PS remained uncovered by ABS.

3.1.2. Surface Properties of the Blend Films

The surface roughness of the latex surfaces was determined from the AFM images. The
roughness of the latex surfaces varied clearly as a function of the mixing ratio of the blend
components. The RMS roughness, Sq, increased from approximately 4 nm for the pure ABS
film to a maximum of 15 nm for the 50-60% PS coatings. Similarly, the effective surface
area, Sg,, reached a maximum of 8% at 60% PS. The S.37 varied from about 80 nm to about
110 nm, with a trend roughly opposite to those observed for Sq and Sg;. Representative
images of the different surface films are shown in Figure 1. The roughness variations were a
result of a rather smooth pure ABS film (low-Tg film-forming latex) becoming progressively
more textured as the proportion of PS (high-Tg non-film-forming latex) increased in the
blend film. At around 50% PS, most of the surface area was covered by PS particles
(Figure 1B). At even higher PS content, height variations were predominantly caused by
valley structures rather than peak structures (see Figures 1 and 2). This can be quantified
with the functional parameters Sy (valleys below the core surface) and Sy (peaks above
the core surface) and their ratio. The valley dominance described by Sy was smaller than
the peak dominance (Spk), up until the 40% PS surface. For films with a PS content higher
than 40%, the valley depth was greater than the peak height (Figure 2). The domination
of peaks over valleys was the strongest for 50-70% PS but diminished towards 100% PS
surfaces, where the surfaces consisted of a rather smooth PS film, which was rather weakly
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valley dominated. For the cell interaction studies, surfaces with a PS content between 20
and 80% were used, since these surfaces had a tangible nanostructure.

Figure 1. Representative images of the latex surfaces showing the characteristic topographies of
(A) 30% (left, Z = 65.98 nm), (B) 50% (middle, Z = 118.4 nm) and (C) 70% (right, Z = 179.9 nm) PS

surfaces.
T2 : . . . T T
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Figure 2. (A) The peak and valley contributions compared as variations in reduced peak height (S
black) and reduced valley depth (Syy, red) with varying PS% in the nanostructured polymer films
(left); (B) the reduced peak height to reduced valley depth ratio (Spk /Syk) parameter (right). Error
bars indicate the 99% confidence interval.

The surface chemistry also showed some changes as a function of the mixing ratio
of the latex blend. A pure ABS surface was slightly hydrophilic (CA 71.8°) with a surface
energy of 43.1 mJ] m~2, which was negatively polar (11 m] m~2). The overall polarity of
the pure PS surfaces was similar in total surface energy (44.6 mJ m~?) but nearly non-polar
(0.7 mJ] m~2); this was also seen as a decrease in hydrophilicity (CA approx. 90°). For
low-PS% blends, the CA was relatively stable with values between 72 and 77°. A change
was seen for 60% PS content, where the hydrophilicity decreased progressively. The surface
energy of the bicomponent surfaces was 38-43 m] m~2. The lowest value was observed
for the 50% PS blend with a progressively increasing surface energy as more ABS or PS
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was introduced into the mixture. The negatively polar component of the surface energy
was observed to decrease from approx. 80% PS content [21]. The variations in surface
energetic properties as a function of mixing ratio of the lattices made it possible to search
for correlations between surface energy and cell growth.

3.2. Cell Growth on the Latex Surfaces and Reference Materials

The cell viabilities of Hela and HDF cells were measured as end-point measurements
relating the number of cells to the number of cells on borosilicate glass references, at the
end point after 72 h of incubation. The number of cells was quantified after crystal violet
staining (see the Materials and Methods Section). Each surface type was studied in two
separate experiments, with four replicate samples each.

The variations in cell numbers on the different surfaces are presented in Figure 3
(left: HeLa cells; right: HDF cells). The statistical significance of differences between
the responses is marked in Supplementary Material Tables S1 and S2. For the Hela cells,
the 40-60% and 80% PS samples showed no statistical difference in cell numbers (cutoff
p =0.90). However, the 20% PS sample showed an approximately 20% increase, and the 30%
PS and 70% PS samples showed an approx. 40% increase in Hela cell numbers compared
to the glass reference. The differences were statistically significant for the 40-60% PS on a
p = 0.95 level or higher. The highest HDF cell viability was measured for the 50-60% PS
samples. Moreover, the maximum cell growth of HDF was observed to be higher (approx.
220% on 60% PS) than the maximum observed for the Hela cells (approx. 130% on 30% PS).
On the 40% PS surface, the growth appeared most similar for both cells.

B 25%~75% B B 25%~75%
2.4+ T Range within 1.51QR Y a0l T Range within 1.51QR
— Median Line 38] — Median Line
2.2 - = Mean
> = hiean 3.6 o
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Figure 3. Box charts of the Hela viability (cell numbers at the end point relative to borosilicate glass
reference) on the latex samples (A); HDF cell data (B) on surfaces of the same type [20].

Cell Morphology and Staining

Although the numbers of cells on the surface were similar at 24 h, images of surfaces
with a PS content of 30% and 70% showed clearly higher numbers of live Hela cells than
their 50% PS and borosilicate glass counterparts after 96 h of incubation (Figure 4). The 50%
PS and glass reference appeared to yield similar cell numbers after this incubation time.

At 24 h, the morphology of the cells grown on the glass reference and 30% PS sample
was also different from that observed on the 50% PS and 70% PS samples. On glass and
30% PS samples, the cells had a more spherical shape rather than an irregular shape. A
difference between 50% PS and 70% PS was observed after 96 h, when the cells on the
glass reference were less spread out than on the other sample surfaces. The Hela cells
had a more elongated shape on surfaces of 30% PS and 70% PS, compared to those grown
on the borosilicate glass reference surface and 50% PS sample (Figure 4). The elongated
morphology and evenly distributed cells correspond well with the viability results that
support the high cell viability observed on these surfaces (Figure 3).
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24 h 96 h

Glass surface

50/50 30/70

70/30

Figure 4. Live (green)/dead (red) staining of the Hela cells grown on a borosilicate glass reference as
well as on surfaces made with different PS/ABS blend ratios. Fluorescence imaging was performed
at 24 h (left) and 96 h (right). The scale bar is 100 nm.
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50/50 30/70 Glass surface

70/30

DAPI

Confocal microscopy was used to visualise details of the cell morphology and adher-
ence patterns as well as the cellular response to the surfaces (Figure 5). The Hela cells grown
on the glass reference had a distinguished localisation of F-actin inside the cells. The 30% PS
sample and 70% PS samples have a clear peripheral distribution of the F-actin, whereas the
50% PS samples have more evenly distributed F-actin localisation, and formation of stress
fibres can be observed. Z-stack data show approximate thicknesses of 15 pm, indicating a
single layer of cells.

F-actin Vimentin Merge

Figure 5. Confocal microscopy images of Hela cells grown on different surfaces: (rows, top to bottom)
borosilicate glass reference, as well as latex surfaces at different PS/ABS ratios stained with (columns,
left to right) DAPI, F-actin, vimentin, and a merged image of the three staining channels. The shown
scale bars are 15 pm.

The nanostructured latex coatings gave an auto-fluorescent background during fluo-
rescence imaging. F-actin staining showed that Hela cells grown on the borosilicate glass
surfaces expressed more nucleus actin compared to the less stiff latex coatings. This could
be a response to cellular stress [35].
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4. Discussion

Analysis of the relative cell viabilities of the Hela cells grown on the nanostructured
PS:ABS latex blend surfaces showed statistically significant differences in cell numbers at
the 72-h end point. Interestingly, the surface coatings that had been previously observed
to yield high cell numbers with HDF cells proved to be relatively poor drivers of Hela
cell yield. For Hela cells, the surfaces with 30% and 70% PS content proved to yield the
highest cell numbers. In fluorescence imaging, Hela cells grown on the latex surfaces
appeared healthy and showed low dead cell counts. At 24 h, the Hela cells were observed
to adopt a more spherical shape on 30% and 70% PS surfaces. A spherical shape indicates
poor attachment to these two surfaces or that the cells were undergoing mitosis [36,37].
Certain topographies at the nanoscale have also been observed to inhibit cell stretching,
thus resulting in cell rounding [38]. On the 30% and 70% PS surfaces, the cells showed a
higher elongation, indicating a spreading response of the cells to these surfaces.

Adhesion between the cells and ECM occurs through focal adhesions (Fas), i.e., formed
supramolecular complexes. These FAs comprise an integrin signalling layer, a force trans-
duction layer, and an actin regulatory layer. Through this, the cells can sense biochemical
and geometrical cues [2]. Clustering of integrins activates focal adhesion kinase (FAK)
through autophosphorylation. This causes a reactivation of integrins, which increases
their binding strength. Activated FAK also increases the activity of Racl and Rap, lead-
ing to improved actin polymerisation, dynamic cell adhesion (protrusions) and adhesion
maturation [1]. F-actin and vimentin are crucial components of the cytoskeleton, often in-
teracting to provide structural support and maintain the normal morphology of cells. They
resist deformation and preserve cellular integrity in response to mechanical stress [39-41].
Cytoplasmic F-actin provides structural support, participates in cell motility, and facili-
tates intracellular transport, while vimentin contributes to cellular integrity and elasticity,
promotes cell migration, and aids in organelle positioning [42]. Unlike the network-like
structure of cytoplasmic F-actin, nuclear F-actin predominantly forms shorter filaments
or clusters within the nucleus, participating in chromatin remodelling and gene expres-
sion [43]. In focal adhesions, F-actin is shown to have different functions, including their
positioning [44]. Vimentin intermediate filaments have also been associated with the mod-
ulation of the structure and function of focal contacts, as well as their size [45]. These
observations could be indicative of their roles in the adhesion and surface-sensing of cells
to surfaces.

Cell behaviour observed on different material surfaces reflects their response to chemi-
cal and mechanical properties [12], as well as their topography, such as size and shape of
topographical features [46]. The cellular responses to these different material properties can
interplay, due to the complex behaviour of living cells. The higher occurrence of nuclear
F-actin observed in the reference sample may be due to the high stiffness and smooth char-
acteristics of the borosilicate glass surface, which impose greater mechanical stress on the
cells. Additionally, the smoother surface provides fewer adhesion sites, making it difficult
for the Hela cells to form stable adhesion plaques and stress fibres. To counteract this
stress, cells may accumulate more F-actin in the nucleus to reinforce the nuclear skeleton,
thereby maintaining cellular structural and functional integrity [47]. On the other hand, the
latex-coated surfaces with different PS contents exhibited nanoscale roughness and specific
chemical properties that promoted cell adhesion and spreading, resulting in more dynamic
cytoskeletal reorganisation. The moderate surface energy and hydrophilicity of the 30%
and 70% PS samples favoured cell adhesion, resulting in a more pronounced distribution
of F-actin at the cell periphery, since cells were more likely to form adhesion patches and
stress fibres on these surfaces. In contrast, the 50% PS samples had a more balanced surface
energy and roughness, which favoured the formation of more prominent stress fibres
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due to their uniform and consistent surface properties (Figure 5) [48,49]. Proteins that
recognise topographical curvature have been observed to activate downstream signalling
components such as N-WASP, Cortactin, and the Arp2/3 complex to form branched actin,
suggesting a possible response [46]. The used surfaces have been shown to have a stiffness
of 1.6 GPa and 0.13 GPa for PS and ABS, respectively [20]. This can be compared to borosil-
icate glass, the reference surface, which has a reported stiffness in the 64-89 GPa range [50].
These surfaces can all be considered very rigid compared to the used cells. The elemental
composition of the surfaces has been analysed in [22]. On the surfaces, mostly Cls, Ols,
Nals, and S2p were observed (ABS: 76.9%, 15.3%, 5.0%, 2.8%,; PS: 96.8%, 2.8%, 0.4%, 0%;
50% PS: 93.6%, 6.4%, 0%, 0%). As has been observed previously, surface properties seemed
to influence F-actin localisation and stress fibre formation [20,51,52].

After obtaining the viability data, potential physico-chemical drivers behind the
responses of the two cell lines were sought. This was performed by plotting different
physical and chemical surface properties against the observed cell viability data.

When the viability of the Hela cells was plotted against the dispersive surface energy,
the most beneficial surfaces for the Hela cells were those with intermediate dispersive
surface energy (Figure 6A). However, two groupings were seen—one for the three roughest
samples in terms of Sq, and one with the less rough samples. That the 80% PS surface
had low viability could partially be a result of the lower polar-negative surface energy
component (Supplementary Material Figure S19). Using data from HDFs grown on the
same surfaces in [20], no correlation was found between the HDF cell data and either the
dispersive surface energy or the polar-negative surface energy component (Supplementary
Figures 517 and S19).
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Figure 6. The measured Hela cell viability on the used surfaces plotted against different surface
characteristics: (A) dispersive surface energy, (B) RMS roughness, Sq, (C) density of summits, Sqs,
and (D) reduced valley depth Syy.

Similarly to what was observed for HDF cells in [20], the Hela cells showed the
highest cell yield for samples with an intermediate Sq roughness within the studied range
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(Figure 6B). The samples with the highest Sq roughness had the lowest viability (40-60%
PS). The roughness corresponding to the maximum cell yield (approx. 5-8 nm) is lower
than what was observed for HDF cells (approx. 11 nm). Other amplitude parameters, like
the Syo, (Supplementary Material Figure S2), also indicated that a surface with smaller
height variations was more likely to give a higher Hela cell yield. For the HDF cells, the
opposite observation was made.

The influence of effective surface area (S4;, Supplementary Material Figure S3) on
Hela cell growth was unclear, whereas it was suggested in [20] to have an optimum value
for HDF cells in this range. The autocorrelation length of the surfaces also showed that
higher values or a larger lateral roughness was beneficial. The 70% PS sample cannot be
described by this, having a rather high cell yield but a short S.j37 compared to the studied
surfaces. An increasing Sy, appeared to drive a rather linear increase in cell yield for all
samples but the 30% PS (Figure 6C). These two surfaces, 30% and 70% PS, often appear
to stand out in these plots. They share two properties, an intermediate core roughness (Sy
approx. 12-13 nm) and fractal dimension (S¢q, approx. 2.13-2.16) (Supplementary Material
Figures S6 and S7). Nearly Brownian fractal dimensions (2.5), here measured as S¢4, have
been observed to significantly improve the adhesion of fibroblasts [1] and did not clearly
influence the proliferation of Hela cells for these geometries. Plotted against each other, the
Sk, Sqs and Sgq parameters for these surfaces appeared to have a linear relationship [21].

Utilising functional parameters, the Sy parameter, which describes the prevalence of
deep valleys, showed that the high-Hela-cell-yield substrates had a small S, (Figure 6D).
This could be related to the amplitude parameters S, and Sq, which indicate a preference of
the Hela cells for smoother surfaces. As indicated by the Spk /Syk parameter, the surfaces
with a peak dominance showed a higher cell yield (70% PS being an exception; Supplemen-
tary Material Figure 512). This could explain the differences between the observations made
here and the previous observations that Hela cells typically prefer rougher surfaces [15,53].
The results here suggest that Hela cells prefer surfaces that have a higher, peak-dominated
roughness. Further, this highlights that researchers should use a broad range of parameters
to describe their surfaces in cell-surface interaction studies [3,27,54,55].

Developing the HDF cell yield response investigation performed in [20] with fur-
ther parameters gave more insight into the driving characteristic of the surfaces. Func-
tional parameters indicated that HDFs benefit from surfaces with valley-driven roughness
(Figure 7B), contrary to what was observed for Hela cells. This is also indicated by the
viability—Spi /Syk plot (Supplementary Material Figure S12) where particularly low val-
ues, i.e., valley-dominated samples, more likely caused increased viability compared to
moderate and high values. While showing large variations for these surfaces, the S, (Sup-
plementary Material Figure S8) and Sy (Figure 7A), however, show that surfaces with both
peak and valley domination may benefit HDF proliferation. Unlike what was observed for
Hela cells, the Sy45 appeared to proportionally decrease the HDF viability (Figure 7C). While
an S¢q closer to Brownian (2.5) has been observed to be preferential for HDF cells through
its possible activation of FAK signalling [1], such an observation could not be made from
these data. We have previously observed that Sy and S¢q seem to describe similar surface
features for these surfaces [21]. As S44 describes the number of local maxima (i.e., peaks)
separated by lower regions, a de facto correlation between Sys and S¢q could thus indicate
that the S¢q characteristic has more relevance for peak-driven topographies. However, this
would need to be investigated further.
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Figure 7. HDF cell viability data from [20] further developed with new roughness parameters:
(A) reduced valley depth, Sy, (B) reduced valley depth over core roughness, Si /Sy, and (C) density

of summits Syg.

Previously, the surface energy influence on cellular attachment has been investigated
as a polar/dispersive ratio by, e.g., [56], with the observation that a higher polar/dispersive
surface energy ratio was better for African green monkey kidney fibroblast COS7 and
human osteosarcoma MG63 growth. Similarly, investigations of the polar surface free
energy component have shown it to be an important factor supporting cytoactivity [57,58].
Satriano et al. observed that the ratio of different surface free energy components critically
altered the conditioning proteinaceous film forming on a surface in a protein solution [59].
Indeed, differences in polarity are commonly associated with differences in the accumu-
lation, alignment, and activity of the surface proteins of the cells and the ECM [57,58].
Similar approaches have also been used for bacterial cells, for which the interaction of
bacteria with surfaces has been observed to correlate with the ratio of the dispersive and
the electron donor surface energy component of the substrate in extended DLVO in silica
studies [60-62]. Several accounts on the influence of surface free energy alone have been
performed, indicating that a higher surface free energy benefits adhesion and spreading,
while lower surface free energies can inhibit cell behaviour [49]. In silica studies of the
influence of roughness on the interaction energy of particles showed that the interaction en-
ergy is more influenced by roughness when the particles are smaller than the topographical
features, and vice versa [6].

Based on these results, we then searched for a rudimentary combination of surface
characteristic parameters that could account for how nanotopography and surface energy
affect the viability of both Hela and HDF cells: % - Dy (Figure 8).
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with the dispersive surface energy (Disp) and polar-negative (Pol-) surface energy component from
the acid-base theory. Trend lines illustrate the authors” interpretation.

The developed description tries to take into account both the roughness and the surface
energy of the surface. Specifically, this combination accounts for the relative abundances of
valleys and peaks g—; , as well as the amplitude of said features (above or below the core
roughness), as well as the ratio of Lifshitz—van-der-Waal and the electron donor component
of the surface free energy (Zf;f
values indicate high peaks and/or surfaces with a high electron donor component, and vice

), assuming the surfaces are at least slightly polar. Low

versa. The dispersive surface energy is always higher, at 38-44 mJ/m?, than the relatively
stable electron donor component, which is 10-11 mJ/ m?. As such, changes in the surface
properties are dominated by the roughness descriptor, the peak-height-to-valley-depth
ratio. Whether this analysis is also suitable for other combinations of surfaces and cell lines
would need to be affirmed with separate studies. Nonetheless, it highlights the opposite
responses of Hela and HDF cells to these nanostructured surfaces, likely owing to their
differences in the tissue microenvironment.

According to this interpretation, the Hela cells benefited from a nanotopography
with clearly dominating peaks or valleys, while the HDF cells preferred surfaces where
neither peaks nor valleys clearly dominated when the influence of surface free energy was
accounted for. This could explain the ambiguity in the HDF response when studying cell-
surface interactions using only amplitude roughness. Similarly, a dominating dispersive
surface energy or electron donor component of the surface free energy could be beneficial
for the Hela cells, while a balanced surface energy ratio appeared to have been preferred
by the HDF cells. To solidify these observations, HDF and Hela interactions with surfaces
with a wider range of surface topographies and energies would need to be investigated. In
such cases, computer tools such as design of experiments would be very useful. Roughness
parameters accounting for the density /spacing of asperities (e.g., peak density, Sp4, and
autocorrelation length, S;;) should also be considered in a truly holistic approach, even
though they did not appear to influence the response of the cell lines in this study, as they
can describe features that may influence the initial attachment of cells. Correlating changes
in the surface proteome of the studied cells with different surface properties would also
add a crucial level of detail to the understanding of cell-surface interactions, even on a
molecular level.

5. Conclusions

In this study, the viability of Hela cells grown over a period of 72 h on a set of
nanostructured bicomponent latex surfaces was studied, and the responses to surface
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features were compared to those of HDF cells studied on similar surfaces [20]. The observed
end-point viabilities relative to those on borosilicate glass coverslips were analysed from
the perspective of surface chemistry and several roughness parameters. The HDF study
was also expanded using some additional roughness parameters found relevant for Hela
cells and in biofilm studies [21].

By adjusting the mixing ratio of the two components, PS and ABS, the roughness
of the resultant surfaces could be tuned in the nanometre range (Sq approx. 4-15 nm).
Additionally, the roughness of the surfaces shifted from being peak-dominated to being
valley-dominated. The dispersive component of the surface energy of the surfaces varied
between 38 and 43 m]/m?2. The polar-negative component of the surface energy was approx.
10 mJ/m? for most surfaces, while it was lower for the 70% PS and 80% PS surfaces—approx.
8 mJ/m? and 6 mJ/m?, respectively. The variations in the surface properties made the
surfaces interesting candidates for studying cell-surface interactions. That said, being
able to adjust the surface chemistry and topography independently would have made
decoupling the parameters easier.

It was observed that Hela cells respond to nanoscale differences, surface roughness,
and surface chemistry, like other cell lines [1], with changes in attachment, proliferation,
and also ECM component expression. The role of actin, e.g., has actively been investigated
in carcinogenesis [37-40]. This highlights the need for in vitro conditions that are chosen
carefully to avoid misleading results.

Of the surface chemical parameters, the dispersive surface energy component ap-
peared to influence Hela viability. A lower dispersive surface energy tended to increase the
cell proliferation yield. The effect of roughness also appeared very small in comparison to
the dispersive surface energy, but a rougher surface (Sq and Sg,) likely decreases the cell
yield contrary to what has been previously reported [8]. Other amplitude parameters (e.g.,
S10, and Sp) showed a similar trend. A peak- or valley-dominated character of surfaces
and its effect on viability were seen using the functional parameters Sy, Syx and Spy /Sy
This could possibly be due to the valley-dominated features of the studied surfaces, which
had the largest height variations of the length scale of the roughness studied—the Sq was
observed to be merely 16 nm at its highest. When accounted for together, these results
propose that rather than roughness amplitude, the cell-yield-driving surface characteristic
is the peak or valley dominance of a surface.

Investigating the HDF response with these parameters allowed for several interesting
observations beyond what was previously disseminated in [20]. First, the HDF appeared
to be little affected by surface chemistry. But on the other hand, a higher cell yield was
caused by surfaces with either clear peak or valley dominance, and of these two, a more
valley-driven roughness was preferred. The previous observations showing an optimum
cell yield at average Sq values were thus likely a result of the surfaces not having a clearly
peak- or valley-driven topography.

These observations highlight the necessity of using multiple surface parameters to
properly examine the response of cells to surface properties, and how using these param-
eters can provide more meaningful conclusions if they are chosen with care [63]. In this
case, the use of functional parameters was critical to develop the understanding of cellular
growth responses to nanostructured surfaces. They also highlight how different cell lines
can respond dramatically differently to different surface characteristics.

This perspective on surface properties might explain a difference between the observa-
tions presented here and previous, more general, observations that increasing nanoscale
surface roughness is beneficial for cancerous cell types, including Hela cells [1,15,53]. Ulti-
mately, these observations could aid the development of new surface materials for tailored
biological applications.
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This study underscores the importance of tailored material design in biomedical
applications, where surface properties can be fine-tuned to optimise cell behaviour, po-
tentially leading to improved outcomes in regenerative tissue engineering, treatment of
wound healing, cancer research, and the development of biomaterials for other types of
therapeutic use.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS Acrylonitrile butadiene styrene
AFM Atomic force microscopy

CA Contact angle

CAF Cancer-associated fibroblast
Ccv Crystal violet

DAPI 4’ 6-diamidino-2-phenylindole
DIM Diiodo methane
DMEM  Dulbecco’s modified Eagle medium

EG Ethylene glycol
HDF Human dermal fibroblast
Hela Human cervical cancer cells
IR Infrared
PS Polystyrene
Sa Arithmetic average roughness
Saz7 Correlation length to 37%
Sar Effective surface area
SDS Sodium dodecyl sulphate
Stq Fractal dimension
Sk Core roughness
Sku Kurtosis
Sq Root mean square height variation roughness
Spd Peak density
Spk Reduced peak height
Ssk Skewness
Syk Reduced valley depth
Tg Glass transition temperature
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