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Abstract: Microstructured surfaces are renowned for their unique properties, such as waterproofing
and low adhesion, making them highly applicable in the biomedical field. These surfaces play a
crucial role in influencing cell response by mimicking the native microenvironment of biological
tissues. In this study, we engineered a series of biomimetic micropatterned surfaces using
polydimethylsiloxane (PDMS) to explore their effects on primary breast cancer cell lines, contrasting
these effects with those observed on conventional flat surfaces. The surface topography was varied
to direct cells’ attachment, growth, and morphology. Our findings elucidate that surface-free energy
is not merely a background factor but plays a decisive role in cell dynamics, strongly correlating
with the spreading behaviour of breast cancer cells. Notably, on micropillar surfaces with high
surface-free energy, an increase in the population of cancer cells was observed. Conversely, surfaces
characterised by lower surface-free energies noted a reduction in cell viability. Moreover, the
structural parameters, such as the gaps and diameters of the pillars, were found to critically
influence cellular dispersion and adherence, underscoring the importance of the microstructures’
topography in biomedical applications. These insights pave the way for designing advanced
microstructured surfaces tailored to specific cellular responses, opening new avenues for targeted
cancer therapies and tissue engineering.

Keywords: superhydrophobic surfaces; micro/nanofabrication; micro pillars array; cell culture;
breast cancer cell

1. Introduction

Cell adhesion and migration are crucial in cell biology and biomedical research, playing
significant roles in processes such as mechanosensing, where cells detect and respond to the physical
properties of their surroundings. These properties include surface morphology, texture, stiffness, and
topography [1,2]. These mechanical cues are translated into biochemical signals inside the cell,
influencing various cellular processes, including adhesion, migration, proliferation, and
differentiation [3,4].

Cells within tissues establish adhesion and communication with their surrounding extracellular
environment through specific cell-cell and cell-extracellular matrix interactions [5]. The initial
recognition of surface topography’s impact was credited to Harrison and led to the development of
contact guidance principles [6,7]. Since then, topographical attributes have been harnessed as signals
to steer the alignment and proliferation of cells.

Cell adhesion is a critical regulator of cellular behaviour, with cells sensing their surroundings
through ion channels and receptors located on their membranes [8]. Cancer cells and their
microenvironment interaction profoundly influence disease progression and treatment outcomes.
Microstructured surfaces have recently emerged as promising platforms to modulate cellular
behaviour in various biomedical applications such as drug discovery and tissue engineering [9-11].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Various methods for creating patterns and applying selective chemical modifications across
different length scales can produce biocompatible surfaces [12-18]. These surfaces can control cellular
interactions within micro and sub-micrometre dimensions, mimicking the organisation of cells [1].
Numerous studies have explored the fundamental principles of cell-surface interactions and have
detailed cellular responses to various substrate topographical patterns [19-33].

Exploring how cells respond to surfaces featuring micrometer-scale topographical variations has
involved using diverse natural and synthetic substrates. These investigations have revealed that such
structured surfaces can induce cell polarisation, guide cell migration, and potentially influence gene
expression and cellular signalling pathways. For example, Antmen et al. showed that breast cancer
cells exhibit increased deformability when subjected to micropatterned surfaces [34]. For instance,
Jungbauer et al. demonstrated how cellular shape regulation is influenced by structured surfaces [35].
Understanding the intricate relationship between the behaviour of breast cancer cells and the
apparent surface-free energy (SFE) of microstructured surfaces offers a novel perspective in
deciphering the molecular mechanisms governing cancer progression. It holds immense potential in
advancing the development of targeted therapies and precision medicine.

The influence of surface wettability and chemical composition on cell adhesion and protein
adsorption onto a substrate is a widely recognised phenomenon [36-39]. Alves et al. observed the
interaction of bone marrow-derived cells with these poly(L-lactic acid) surfaces and concluded that
their superhydrophobic nature notably impacted cell culture [40]. These textured surfaces hinder cell
adhesion and growth to a greater extent than a smoother surface. Song et al. proved that with oxygen
plasma treatment, the hydrophilicity of the substrate increases and enhances cell attachment [41].
While substantial research has been conducted on cell-material interactions, the relationship between
breast cancer cell behaviour and the apparent SFE of microstructured substrates remains unexplored
[42,43]. Apparent SFE, a fundamental physicochemical property characterising the interaction
between materials and cells, is crucial in determining cellular adhesion and dispersion. Notably,
Majhy et al. explored the impact of surface energy on cell adhesion and growth using HeLa and
MDA-MB 231 cancer cell lines [44]. Expanding upon these findings, our study adopts a novel
approach by explicitly examining how variations in micropillar gaps, diameters, and SFE impact cell
behaviour. This research provides fresh insights into how different microtopographies influence cell
dispersion, assembly, and free spreading, extending the investigation scope beyond merely surface
energy.

Building on our pioneering research, we continue to explore the impact of microstructured
surfaces on cellular dynamics and microfluidic applications [45]. Our investigations have ranged
from evaluating the mechanical properties of micropillar and microhole arrays in microfluidic
channels [46,47], to the development of novel microfluidic devices integrating electrospun
membranes for advanced cell culture applications [48]. This work underscores the importance of
surface design in manipulating cellular environments and its potential in biomedical engineering and
diagnostic applications. Further, we have advanced the understanding of how microscale texturing
can influence cell adhesion and migration, which is crucial for applications in tissue engineering and
regenerative medicine [49]. Complementing these studies, we explored three-dimensional modeling
of avascular tumor growth within both static and dynamic culture platforms, which provided
insights into how microenvironments can be engineered to influence tumor development and
treatment outcomes [50]

These studies have set the groundwork for our current investigation into the roles of micropillar
topography and surface energy on the dynamics of cancer cells, emphasizing the design of
microenvironments that mimic physiological conditions more closely than ever before. The
controlled microenvironments created by pillar arrays simulate the extracellular matrix, offering
insights into cell spreading, proliferation, and migration.

To the best of our knowledge, this study is the first to explore the relationship between the
apparent SFE of hydrophobic micropillar surfaces and the behaviour of breast cancer cells, marking
a significant advancement in understanding cancer cell microenvironment interactions. This
constitutes the primary focus of our current research endeavour. To achieve this objective, we
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fabricated various micropillar surfaces based on polydimethylsiloxane (PDMS) and assessed their
wettability by measuring both apparent SFE and contact angles. Next, we observed the behaviour of
breast cancer cells and their morphology on these microstructured surfaces. Understanding these
unique microenvironment interactions could pave the way for innovative breast cancer therapies,
including tailored drug delivery systems and personalized treatments

2. Materials and Methods
2.1. Fabrication of the Mould

Figure 1 depicts the process of creating micropillars of uniform circular shape with diameter (L),
gap (G), and height (H = 10 pm) using conventional soft lithography. The procedure was explained
in detail in our previous work [51].

UV exposure

\ l l Mould
. '} s
Photoresist N '/’ ‘._.:’ ’ t‘, v,
’—::’:” \‘.s".',v’l‘
—_— s  — - e 3 -
7 Develop PDMS cast

Wafer

Figure 1. Schematic to show the creation of microstructured PDMS using lithography technique. A
clean wafer was spin-coated with a positive photoresist. A mask aligner was then utilised during the
process of UV lithography. With the circular micro-hole arrays standing on the wafer, PDMS was
carefully poured onto the masters and then gently peeled from the mould to form a PDMS sample
featuring arrays of micropillars on its surface.

2.2. Cell Culture

MDA-MB-231 human breast cancer cells were cultured in DMEM/F12 (Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12) medium (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA). These media contained 5% fetal bovine serum (FBS) and antibiotics (1%
penicillin/streptomycin) (Life Technologies, Grand Island, NY, USA). Cells were maintained at 37°C
and 5% CO: in a humidified incubator and detached from the culture dish by trypsin prior to the
experiment. The PDMS sample was sterilised with 80% ethanol, followed by ultraviolet (UV)
irradiation for 30 minutes. Subsequently, the sample was washed (3x) with sterile 1x Hank’s balanced
salt solution (HBSS). Before cell seeding, the PDMS membrane was treated with 3 mL of DMEM-F12
medium and incubated at room temperature for one hour to further enhance its biocompatibility.
Once the cells reached 80% confluence, they were harvested from the flasks and counted with a
hemocytometer. In total, we seeded 50,000 cells onto the PDMS surface. The cells were placed inside
the incubator for 4 days to optimise their adhesion and growth on the patterned surface.

2.3. Quantification and Detection of MDA MB-231

To quantify the number of viable cells in the experiment, first, the cells were detached from the
PDMS and collected by centrifugation. The collected cells were added to 96-well plates. A cell
counting kit (AbcamTM WST-8) dye was introduced into the test sample to determine the cell count.
The dye is designed to undergo a colour change in the presence of metabolically active cells.
Following the addition of the dye, the test sample was incubated for 4 hours at 37°C, and the
absorbance was measured at 460nm.

2.4. Statistical Analysis
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Statistical analysis for all experiments was conducted using Microsoft Excel (Microsoft, USA).
The data presented represent the mean values obtained from three independent repetitions. We
employed Student’s t-test to determine the associated p-values. Results were considered statistically
significant when the calculated p-values were below 5%.

2.5. Immunofluorescence Staining

We employed conventional immunofluorescence staining techniques to examine the actin
filaments and cell nuclei on the PDMS membrane. The cells were first fixed with 4%
paraformaldehyde (PFA) for 15 mins, followed by washing with HBSS (3x). Next, the cells were
stained with ActinGreen™ 488 (Thermo Fisher Scientific) and NucBlue™ ReadyProbe™ reagents
(Thermo Fisher Scientific) and kept for incubation at room temperature for 30 min (based on the
manufacturer’'s recommendations). Finally, the stained cells were washed with HBSS (3x) and kept
in DMEM-F12 medium at 4°C.

2.6. Fluorescence Microscopy

We took the PDMS membrane containing the stained cells (the immunostaining procedure is
explained in the previous section) and placed it directly onto a microscope slide. A fluorescent
microscope (Nikon Eclipse Ti2, Tokyo, Japan) was used to capture the images of the actin fibres and
nuclei of the cells. We used Image ] 1.47v (National Institutes of Health, Bethesda, MD, USA) for
subsequent image processing.

2.7. Contact Angle Measurement

Wettability, which signifies how a surface interacts with a liquid, can be assessed by measuring
contact angles (CA). The procedure was explained in detail in our previous work [51].

2.8. Surface Free Energy Measurement

The apparent SFE, representing the apparent surface tension of the solid surface, was
determined using the Owens, Wendt, Rabel, and Kaelble (OWRK) approach to the contact angle
values [52-54]. SFE is an intrinsic property of surfaces, defined with respect to their ideal, flat state.
Surface roughness does not impact SFE [55]. A superhydrophobic surface is characterised by its
heterogeneity, consisting of two components, air and solid. These components interact with liquids
that come into contact with the surface. Consequently, even for surfaces that conform to the widely
used Wenzel and Cassie-Baxter models for characterizing wettable and non-wettable surfaces,
respectively, establishing the SFE is a complex task. To address this issue, the term ,normalised
surface free energy (NSFE)” was introduced as a solution [55]. The NSFE predicts how different
liquids will behave when they come into contact with actual surfaces. A detailed calculation and
explanation of the NSFE were provided in our previous paper [51].

The selection and explanation of measured liquids were mentioned in our previous work [51].

2.9. Characterisation of Micropillar Surfaces

The pattern qualities, including pattern shape, size, and surface topology, were inspected by
scanning electronic microscopy (SEM). Our findings demonstrate that the fabricated micropillars
closely match the intended design with minimal deviation. Error! Reference source not found.
summarises all geometrical parameters of these pillar structures.

Table 1. Size of Diameter of Pillars (L) and Gaps between Pillars (G) of Different microstructured

PDMS surface.
L (um) G (um) Symbol
5 10 CL5G10

10 10 CL10G10
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Figure 2 indicates the successful fabrication of the PDMS samples with micropillars on top of the
surface. Figure 2a and Figure 2b show representative scanning electron microscopy (SEM) images of
the array of PDMS cylindrical micropillars, having a diameter of ~5 um, a gap of ~10 um, and a height
of ~10 um. Figure 2¢ and Figure 2d display SEM images of the PDMS array, having a diameter of ~20
pm, a gap of ~10 um, and a height of ~10 pm. These images indicate that these PDMS arrays are well-

defined with high accuracy and display defect-free order in extensive areas.

(a) W Scale bar: 20 pm

(b) memmm— Scale bar: 20 um

Figure 2. Representative SEM images of the micropillar array after fabrication. Images of the top

section of the fabricated PDMS structures with cylindrical shapes at a close distance. The approximate

height of the pillar is ~10 um. (a) to (d) The gap between pillars is kept constant at 10 um, and the

diameter of the pillars is varied from 5, 10, 15, and 20 pm, respectively. Scale bar: 20 um. (e) to (f) The
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gap between pillars is kept constant at 10 pm, and the diameter of the pillars is varied from 5, 15, and
20 pm, respectively. Scale bar: 20 pm. (h) A magnified view of the surface of a single pillar with 20
pum diameter and 10 um gap. Scale bar: 4 um. All the PDMS surfaces show no defects and are uniform.

3. Results and Discussion
3.1. Qualitative Analysis of Cells” Behaviour on Micropillars

Mechanosensing and mechanotransduction allow cells to detect and respond to the mechanical
and topographical signals present in their surrounding environment [56]. Mechanotransduction is a
critical process through which cells convert mechanical signals from their environment into
biochemical signals [57]. This process not only affects cellular adhesion and migration but also
extends to the regulation of nuclear mechanosensing, which plays a significant role in modulating
gene expression and determining cell phenotype. This process involves cell surface receptors like
integrins sensing mechanical cues from the extracellular matrix (ECM), cytoskeletal dynamics
transmitting mechanical forces to the nucleus, and the LINC (linker of nucleoskeleton and
cytoskeleton) complex facilitating signal transfer. The nucleus responds through mechanisms such
as chromatin remodelling, alterations in nuclear envelope proteins like lamin A/C, and the activation
or translocation of transcription factors (e.g., YAP/TAZ), leading to changes in gene expression.
Mechanotransduction influences gene activation, repression, and phenotype determination, as
mechanical signals can direct stem cell differentiation and induce epigenetic modifications. We
present a qualitative analysis of the behaviour of cells on micropillar surfaces. We aim to observe and
describe how breast cancer cells interacted with these microscale structures. This qualitative analysis
provides valuable insights into the initial response of cells to varying surface properties. The
distribution of cells on micropatterned surfaces is significantly influenced by two factors: space
constraints and adhesion induction mechanisms. These factors play a critical role in determining how
cells adhere, proliferate, and spread on different geometrical patterns [56,58,59]. The first mechanism,
space constraint, can direct cells” behaviour in different ways: geometrical confinement, cell-cell
interactions, migration, and proliferation. Firstly, cells on micropatterned surfaces experience
physical confinement, which can influence their shape and size. Confinement to smaller areas can
lead to higher cell density and force cells to adopt more compact morphologies. Conversely, larger
patterned areas allow for more extensive spreading and lower cell density. Secondly, the limited
space on micropatterned surfaces can enhance cell-cell interactions, promoting collective behaviours
such as synchronised movement and communication through gap junctions. This can affect overall
cell distribution and organisation. Thirdly, space constraints can restrict the migration of cells,
confining them to specific regions and influencing their proliferation rates. Cells may preferentially
proliferate in areas with adequate space, leading to uneven distribution. The second mechanism, cell
adhesion to micropatterned surfaces, can occur through various mechanisms, primarily influenced
by the pattern’s geometry and surface characteristics. Firstly, the stress fibre-based adhesion
mechanism involves the formation of actin stress fibres and focal adhesions. Stress fibres are bundles
of actin filaments that span across the cell, providing structural support and generating contractile
forces [60]. Focal adhesions are complex assemblies of proteins where integrins cluster and link the
extracellular matrix (ECM) to the actin cytoskeleton. They serve as anchor points for the cell,
transmitting mechanical signals and regulating cell signalling pathways. Cells adhering via this
mechanism tend to form strong, stable attachments to the substrate, which can support cell spreading
and migration [56,58,59]. Patterns that promote the formation of focal adhesions, such as ridges or
grooves aligned with the cell’s axis, can induce robust stress fibre-based adhesion. Pseudopodia-
based adhesion mechanism allows cells to explore their environment and adhere transiently. This
type of adhesion is common on surfaces with smaller features or irregular patterns, promoting
frequent formation and pseudopodia retraction. Cells using pseudopodia-based adhesion tend to
exhibit more exploratory behaviour and dynamic movement. Figure 3 and Figure 4 present the
fluorescence imaging of the cells and the pillars on the surface. Furthermore, Figure 3 and Figure 4
also show the fluorescence imaging of the cells’ dispersion and assembly. In these figures,
fluorescence imaging is used to illustrate the presence and distribution of cells on the surface.
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Additionally, the figures allow for a clear view of the micropillars integrated into the surface. This
visual information is valuable for understanding how cells interact with the microstructured surface
and how their distribution may vary depending on specific surface characteristics. Figure 3 and
Figure 4 enhance the comprehensibility of the experimental setup and its outcomes.

(a) Flat PDMS

(i1) (iii)

50 pym
e

()L =15 pm, G= 10 um
(i1) (11)

50 ym
e

(d)L=20pm, G=10 pm
(1) (i)

50 ym
[E—

Figure 3. Representative fluorescence images of cells attached on (a) Flat PDMS (control sample)
compared to those on micropillar arrays at constant pillar gap (10 um) while varying the pillars’
diameter from 5 to 20 pm (To avoid repetition CL10G10 is shown in Figure 4). (b) CL5GI0, (c)
CL15G10, (d) CL20G10. In each section, (i) a fluorescent image of cells with pillars (20x magnification);
(ii) a close-up fluorescent image of cells with pillars (50x magnification); (iii) a fluorescent image of
cells without pillars (20x magnification). ActinGreen (green) labels cellular actin, and Nucblue (blue)
stains nuclei (x20). The scale bar is 50 pm.
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Figure 4. Representative fluorescence images of cells on micropillar arrays by fixing the pillars’
diameter at 10 um while varying the pillar gaps from 5 to 20 um. (a) CL10G5, (b) CL10G10, (c)
CL10G15, (d) CL10G20. In each section, (i) a fluorescent image of cells with pillars (20x magnification);
(ii) a close-up fluorescent image of cells with pillars (50x magnification); (iii) a fluorescent image of
cells without pillars (20x magnification. ActinGreen (green) labels cellular actin, and Nucblue (blue)
stains nuclei (x20). The scale bar is 50 pm.

Upon close examination, we observed that breast cancer cells exhibited distinct adhesion and
spreading patterns on the micropillar surfaces (Figure 3 and Figure 4). We examined the growth of
breast cancer cells on flat PDMS as a control sample (Figure 3a). The observed behaviour of cells on
surfaces featuring micropillars with varying gap sizes provides valuable insights into the influence
of topographical cues on cell dispersion and assembly. The results demonstrated a distinct trend: cells
tend to disperse individually on surfaces with smaller pillar gaps and diameters, while they exhibit
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a propensity to assemble on surfaces with larger pillar gaps and diameters. Remarkably, cells on flat
PDMS are observed to spread freely without encountering physical barriers or confinement. This
observation suggests a significant correlation between surface topography and cell behaviour.

The phenomenon of cells dispersing individually on surfaces with smaller pillar gaps and larger
diameters can be attributed to several factors. First, reduced inter-pillar spacing may restrict cell-cell
interactions, limiting the opportunity for cells to cluster or assemble. The confined spaces between
closely spaced pillars can discourage cell aggregation, forcing them to adhere individually. Moreover,
the smaller gaps may exert physical constraints on the cells, preventing them from forming cohesive
groups or colonies. It is also plausible that the limited space within smaller gaps hinders the
establishment of cell-cell junctions and communication, further promoting isolated cell adhesion. In
the meantime, larger pillar diameters restrict the space available for cell spreading and adhesion.
Cells on larger pillars may experience altered mechanical stress distributions, impacting signalling
pathways related to cell growth and division. Higher cell density around larger pillars may result in
contact inhibition, signalling cells to slow down or stop proliferating to prevent overcrowding. This
limitation impedes the establishment of extensive cell adhesions. Cells may encounter physical
barriers that hinder their capacity to bridge the gaps between pillars and form extensive adhesions.

Cells may rely more on pseudopodia on these highly confined surfaces for adhesion. The small
gaps necessitate frequent formation and retraction of pseudopodia as cells explore their environment
and attempt to navigate the tight spaces. This dynamic, transient adhesion mechanism supports
individual cell movement and dispersion rather than collective assembly. Increased space allows cells
to extend stress fibres and form robust focal adhesions, promoting cell assembly and enhanced
adhesion strength. Cells have additional space to extend protrusions, make contact with
neighbouring cells, and create cell-cell adhesions. The increased inter-pillar spacing facilitates the
formation of cellular clusters or colonies, fostering a more cooperative environment for cell assembly.
The reduced physical confinement in larger gaps allows cells to establish intercellular connections
and potentially engage in cooperative behaviours, such as collective migration or multicellular
coordination. The presence of sufficient space allows cells to organise into clusters, where stress fibre-
based adhesion predominates and strengthens the collective behaviour. Significantly, in the case of
flat PDMS with smooth and non-topographical surfaces, cells extended their shapes and dispersed
freely without any spatial confinement. Flat PDMS surfaces do not present any physical barriers or
confinements to cells. This lack of topographical features allows cells to spread and migrate freely
without encountering spatial constraints. Cells can explore the surface extensively, leading to a more
even and unconfined distribution. On flat surfaces, cells are free to form focal adhesions and stress
fibres uniformly across the substrate. This unrestricted adhesion supports widespread cell spreading
and proliferation, as patterned structures do not limit cells. The even distribution of adhesion sites
on the flat PDMS facilitates homogeneous cell behaviour across the surface.

It can also be observed that cells on surfaces with higher NSFE demonstrated enhanced
adhesion, often forming well-spread clusters that covered a substantial portion of the surface area
(Figure 3 and Figure 4). On surfaces with higher NSFE, we observed larger and denser cell colonies,
indicating that these surfaces were conducive to the formation of cell clusters. In contrast, on surfaces
with low NSFE, cells exhibited reduced adhesion and appeared to have a more rounded morphology.
The cell colonies appeared smaller and less densely populated, highlighting the inhibitory effect of
surface hydrophobicity on cell clustering and growth. This suggests that NSFE plays a critical role in
promoting cell adhesion and spreading.

3.2. Quantitative Analysis of Cells” Behaviour on Micropillars

The experimental investigation of cell counts on surfaces with a fixed gap (10 yum) and increasing
pillar diameter (5, 10, 15, 20 um) provides valuable insights into the relationship between substrate
topography and cell behaviour (Figure 5). The observation that cell count decreases as the diameter
of pillars increases suggests an intriguing relationship between the physical characteristics of the
substrate and cell behaviour. Larger pillars create more substantial physical obstacles for cells. Cells
rely on extending their membrane processes to adhere to surfaces. With increasing pillar diameter,
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cells face greater challenges in spanning the gaps between pillars, limiting their ability to cover the
surface effectively. Larger pillars occupy more space on the substrate, leaving less flat area where
cells can attach and spread. This reduction in available adhesive surface limits the number of cells
that can effectively adhere to and populate the surface. The local microenvironment between and
around the pillars can also be influenced by changes in pillar diameter. Variations in pillar size may
impact nutrient and oxygen availability and affect the accumulation of secreted factors, all of which
can influence cell viability and behaviour. The number of cells on surfaces with pillars” diameter 5
um and gap 10 um was slightly lower than others, possibly due to the relation between the size of
the cells and the pillars’ diameter. The specific diameter for MDA-MB-231 cells is 12.4 + 2.1 um [61].
Since the diameter of the pillars is smaller than the size of the cells, the adhesive area for cells becomes
limited, making it challenging for cells to establish effective adhesions.
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Figure 5. Correlation between surface free energy and cell count versus diameter of pillars. The graph
of cell count and surface free energy for the designs CL5G10, CL10G10, CL15G10, CL20G10, and flat
PDMS. The p values were obtained using Student’s t-test. (*): p < 0.05; (**): p < 0.005, (***): p < 0.0005
and (****): p <0.0001. The error bars show the standard deviations of the experiments (n = 3).

We also investigated cell count on surfaces with a fixed pillar diameter and increasing pillar gap
(5, 10, 15, 20 um) (Figure 6). The experiment results consistently show that as the pillar gap increases,
the cell count also increases. Wider pillar gaps present fewer physical barriers for cells. When the gap
between pillars increases, there is more available surface area for cells to adhere to, spread out, and
proliferate. The larger gaps provide a less confined environment, allowing cells more freedom to
move, explore, and occupy the substrate. Cells typically spread by extending their membrane
processes, and with wider gaps, they face fewer hindrances when spanning the spaces between
pillars. This promotes a greater ability for cells to cover the surface. Cells can more readily extend
their pseudopodia or form stress fibers to move into the larger gaps, leading to enhanced cell
distribution and higher overall cell counts. Moreover, wider pillar gaps can have a positive impact
on the local microenvironment. Enhanced nutrient and oxygen diffusion can contribute to improved
cell viability and behaviour.
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Figure 6. Correlation between surface free energy and cell count versus gap between pillars. The
graph of cell count and surface free energy for the designs CL10G5, CL10G10, CL10G15, CL10G20,
and flat PDMS. The p values were obtained using Student’s t-test. (*): p <0.05; (**): p < 0.005, (***): p <
0.0005 and (****): p < 0.0001. The error bars show the standard deviations of the experiments (n = 3).

3.3. Relationship of Cells’ Behaviour and Normalised Surface Free Energy of Micropillar Surfaces

We conducted an analysis of the surface energy for each design to examine how the
characteristics of the surface are affected by variations in the gap and diameter of the micropillars.
The procedure and results were reported in our previous work.[51] In one set of experiments, we
maintained a constant pillar diameter of 10 um and adjusted the gap between the pillars to investigate
the gap’s impact on the NSFE of the sample. In another set of experiments, we maintained a constant
10 um gap between pillars and modified the pillar diameter to explore the diameter’s influence on
the NSFE of the sample. Additionally, we made a comparison between the surface energy of the flat
PDMS and the microstructured PDMS surface. The surface energy of the flat PDMS was determined
to be 12 mN/m, which agrees well with the reported values of flat PDMS in the literature [62].

We performed cell counting experiments on both micropillar surfaces with low and high NSFE
to quantify cell adhesion (Figure 5 and Figure 6). Our results indicate a clear and significant
association between NSFE and the presence of cancer cells. Specifically, when the micropillar surfaces
exhibited a higher NSFE, there was a noticeable increase in the number of cancer cells. Specifically,
the number of adhered cells per unit area was consistently greater on surfaces with a higher NSFE,
suggesting that high NSFE promotes enhanced cell adhesion. On surfaces with high NSFE, colonies
were larger and more densely packed, resulting in a higher colony density per unit area. In particular,
cells on flat PDMS were observed to grow much better than on other surfaces. The absence of
topographical features in it provides a suitable environment for cells to spread and multiply. This
observation suggests that breast cancer cells have an affinity for surfaces with high NSFE, potentially
due to their adhesive properties and the role of high NSFE interactions in cell adhesion and
colonisation.

Conversely, we found that increasing hydrophobicity of the micropillar surfaces and the
resulting lower NSFE reduces the number of viable cancer cells. This observation implies that highly
hydrophobic surfaces may deter or inhibit the adhesion of breast cancer cells. Cells may struggle to
establish stable adhesions on hydrophobic substrates, leading to a reduced cell count. The reduced
presence of viable cells on hydrophobic surfaces may be attributed to the unfavourable environment
created by low surface energy, which hinders cell adhesion and colonisation.
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4. Conclusion

In conclusion, the study of behaviour of breast cancer cells on microstructured surfaces provided
valuable insights into the complex interactions between cancer cells and their microenvironment. Our
findings demonstrate that microstructured surfaces can significantly influence various aspects of
breast cancer cell behaviour. The experimental findings presented in this study provide compelling
evidence regarding the significant influence of pillar gap size and diameter on cell behaviour,
specifically the tendency of cells to either disperse individually or assemble into clusters on
microstructured surfaces. The results demonstrate a clear and consistent trend: cells tend to disperse
separately on surfaces with smaller pillar gaps and diameters, while they exhibit a pronounced
inclination to assemble on surfaces with larger pillar gaps and diameters. These insights have the
potential to inform the development of innovative therapeutic approaches and diagnostic tools for
breast cancer.

Furthermore, microstructured surfaces as a model system for studying cancer cell behaviour
highlight the importance of tumour microenvironment in cancer research. Our results underscore the
need to explore not only the intrinsic properties of cancer cells but also their interactions with the
surrounding extracellular matrix and neighbouring cells. Specifically, when the micropillar surfaces
exhibited higher NSFE, a significant increase in the number of cancer cells was observed. Conversely,
when the hydrophobicity of the micropillar surfaces was increased, leading to lower NSFE, there was
a substantial decrease in the number of viable cancer cells.

Future studies should continue to explore the mechanistic underpinnings of these interactions
and their relevance to clinical outcomes. Additionally, the translation of these findings into practical
applications, such as developing novel therapeutic strategies or diagnostic tools, holds great promise
for improving the management of breast cancer and ultimately enhancing patient outcomes.
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