
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

9:
45

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
PDMS biointerfac
aFaculty of Biology, University of Buchares

Bucharest, Romania. E-mail: anisoara.cimp
bResearch Institute of the University of Bu

050657 Bucharest, Romania
cNational Institute for Lasers, Plasma, and R

077125, Romania. E-mail: valentina.dinca@
dLaboratory for Advanced Materials Proces

Materials Science and Technology, Feuerstra
ePolytechnic University of Bucharest, Splaiu

Romania

† Andreea M. Negrescu and Simona Nisto

Cite this: RSC Adv., 2025, 15, 9952

Received 3rd January 2025
Accepted 21st March 2025

DOI: 10.1039/d5ra00063g

rsc.li/rsc-advances

9952 | RSC Adv., 2025, 15, 9952–99
es featuring honeycomb-like well
microtextures designed for a pro-healing
environment
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Even today, the reduction of complications following breast implant surgery together with the

enhancement of implant integration and performance through the modulation of the foreign body

response (FBR), remains a fundamental challenge in the field of plastic surgery. Therefore, tailoring the

material's physical characteristics to modulate FBR can represent an effective approach in implantology.

While polydimethylsiloxane (PDMS) patterning on 2D substrates is a relatively established and available

procedure, micropatterning multiscaled biointerfaces on a controlled large area has been more

challenging. Therefore, in the present work, a specific designed honeycomb-like well biointerface was

designed and obtained by replication in PDMS at large scale and its effectiveness towards creating a pro-

healing environment was investigated. The grayscale masks assisted laser-based 3D texturing method

was used for creating the required moulds in Polycarbonate for large area replication. By comparison to

the smooth substrate, the honeycomb topography altered the fibroblasts' behaviour in terms of adhesion

and morphology and reduced the macrophages' inflammatory response. Additionally, the

microstructured surface effectively inhibited macrophage fusion, significantly limiting the colonization of

both Gram-positive and Gram-negative microbial strains on the tested surfaces. Overall, this study

introduces an innovative approach to mitigate the in vitro FBR to silicone, achieved through the creation

of a honeycomb-inspired topography for prosthetic interfaces.
Introduction

Since their rst introduction in the 60s, breast implants have
been used with the purpose of modifying or replacing an indi-
vidual's mammary tissue, either for cosmetic (breast augmen-
tation) or reconstructive indications, where the prosthesis is
utilised to remodel a deformed or absent breast following
a mastectomy.1–5

Textured breast implants were used in over 35 million cases
according to a survey conducted in 2020.3 Since breast recon-
struction aer mastectomy will have a signicant impact on the
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long-term body image, quality of life, and mental health of the
afflicted women, it is important for clinicians to be in touch
with the most advanced trends in breast reconstructive
surgery.6,7 Therefore, in the last decades, implant-based breast
reconstruction has surpassed autologous techniques despite
the obvious long-term superiority of the latter. This clear shi of
direction wasmainly attributed to the faster recovery period, the
simplicity of the technique, and the absence of the morbidity at
the donor-site, but at the price of a less impressive aesthetic
outcome.8,9 The main issues to be tackled in the case of breast
implants, besides silicone leakage in silicone-lled implants
and implant malposition, are related to the effect of the given
interface and its characteristics onto the surrounding tissues
(e.g. infection, capsular contracture).10–16 Therefore, the use of
silicone elastomer polydimethylsiloxane (PDMS),17 provides an
optimal combination of exibility, strength, biocompatibility,
ease of manufacture and low production costs, rendering it
well-suited for breast implant shell fabrication. For example,
one of the most frequently occurring complications which
accompanies the implantation of a silicone-based medical
device is represented by the formation of a capsular contracture,
a phenomenon experienced by up to 50% of females subjected
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to mammaplasty.18 Clinically signicant, the capsular contrac-
ture, is characterized by an overaccumulation of brotic tissue
that surrounds the implant shell and leads to rmness, defor-
mity, pain and nally device failure.19 Moreover, in severe cases
an additional surgery is required, but more than oen these
interventions are unpredictable, and they do not guarantee
a successful result without recurrence.20 Even to this date, the
exact mechanism underlying the capsular contracture remains
a mystery, but from what is known, it is very clear that the host's
immune system has an essential role in its development. In
addition, it was found that peri-prosthetic infections and radi-
ation therapy before and aer implant introduction, can pose as
risk factors, while insertions under the pectoralis major muscle
and in particular textured surfaces instead of smooth ones, can
minimise the excessive brotic capsule formation.21 In the last
decades, numerous advances in both material characteristics
and, especially, in interface design, have provided feasible
strategies for mitigating this immune-mediated reaction.22

Thus, these approaches which envisage changes in the physical
parameters of the biomedical implant (e.g., chemical and
physical properties), can inuence the biomaterial's integration
process and, ultimately, dictate its in vivo fate. For example, the
chemical modication of an implant's surface through a ne-
cell polyurethane coating, despite its positive effect on tissue
ingrowth enhancement due to its open-pore texture,23 was
shown to give rise to toxic hydrolysis products upon its in vivo
degradation.24 Therefore, one straightforward, promising
strategy that can avoid material degradation is represented by
interface texturing, a technique that provides a specically
designed surface with distinct microenvironment characteris-
tics that can inuence the bio-integration process. Surface
texturing is usually achieved by altering the biomaterial's
topography and includes techniques such as imprinting, repli-
cation, salt-loss, and the gas expansion method which leads to
the so-called nanotextured (80–100 mm2), microtextured (100–
200 mm2) or macrotextured (200–300 mm2) implants.25Moreover,
recently the textured interfaces were classied as “peaks and
valleys,” “open cavities,” and “semi-opened cavities”26 so for
example, the majority of the commercially available implants,
which are characterized by rougher surfaces, presents either
cuboid-shaped pits or nodular characteristics.27 Nevertheless,
despite the numerous studies reporting the positive impact of
texturing on the incidence of both implant malposition and the
formation of the capsular contracture, a correlation between the
modied interfaces with a pore size larger than 300 mm and the
evolution of breast implant-associated anaplastic large cell
lymphoma (BIA-ALCL)28 has been observed, mainly due to their
ability to elicit an excessive inammation and a chronic anti-
genic stimulation due to the bacteria-associated infection.29–31

A substantial body of evidence from recent decades,
including our own research,32–35 underscores the signicant
inuence of a controlled nano- and micro-topography on the
cellular behaviour, evidencing that, when microscale topogra-
phies were employed, a guidance in the cell's shape, motility
and adhesion was observed, whereas nanoscale features have
been shown to regulate the anchorage-dependent cells by tar-
geting the integrin receptors found in the focal adhesions,
© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby modulating the intracellular signalling and behaviour
(i.e. from bactericidal effects of nanopillars and nanospikes to
65% cellular adhesion reduction for human dermal broblasts'
adhesion up for hexagonal and square patterns pits with 5 mm
diameter in silicone and nanocellulose).35–38 However, with
regard to the elastomeric surfaces employed in implants as well
as in research studies, it was demonstrated that various surface
topographies, differing in material feature sizes, microstructure
organization (e.g., ordered or random), and porosity, can affect
cellular behaviour from bacteria adhesion to macrophage
polarization. These studies highlight the importance of
tailoring surface topographies to specic size scales and
geometries to effectively mitigate FBR in case of? PDMS-based
implants. For example, Chen et al.39 observed that 2 mm grat-
ings signicantly reduced macrophage density and in vivo cell
fusion. Similarly, Doloff et al. (2021)40 demonstrated that
amongst different silicone elastomer (PDMS) implants with
varying micro-textures (R: 0–90 mm), the surface with a rough-
ness of 4 mm was capable of suppressing FBR and brosis in
both a mouse and rabbit model. However, the immunomodu-
latory effects of topography are complex, and specic design
rules for topographical features that promote distinct macro-
phage phenotypes are not yet established.

Xu et al.41 explored the effects of specic topographical
dimensions on macrophage-mediated bacterial phagocytosis.
Their co-culture studies with E. coli on patterned recessive
PDMS wells identied a critical threshold dimension that
impaired phagocytosis: square wells with a side length of 5 mm
and depth of 10 mm reduced phagocytosis by up to 100-fold
compared to at surfaces or larger patterns (>10 mm). This
reduction was attributed to physical limitations on macrophage
pseudopodia extension and bacterial accessibility. Additionally,
increasing the spacing between wells (e.g., 50 mm) exacerbated
the impairment, further reducing macrophage activity.

Within this scale range, a recent study32 showed that by
designing surfaces with multiscaled interrupted geometries
based on microlines units, the bacterial colonization and
macrophage activation towards a pro-inammatory prole were
mitigated through the mechanical interdigitation within the
multiscaled surface morphology, independent of the surface
chemical properties. The proposed topographies obtained by
PDMS replica using moulds obtained by photolithography
considered using rectangular step-like feature and a 250 nm
step size, with multiscaled in depth distribution as well spacing
varying from 900 nm to tens of microns targeting to understand
how mixed textures might offer superior resistance towards
bacterial colonisation while fostering an anti-inammatory
microenvironment.

Moreover, by modifying the silicone surface, for instance,
through the replication of the acellular dermal matrix (ADM) or
the introduction of roughness of around 4 mm, a notable
inuence on the capsule's structure and morphology can be
exerted. Thus, by increasing the complexity of the surface's
topography a distinct alteration in the pathophysiology of the
FBR could be obtained, ultimately yielding a diminished
inammatory response in contrast to the more prevalent
commercially available silicone implant surfaces.40,42–45
RSC Adv., 2025, 15, 9952–9967 | 9953
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Therefore, taking in consideration that the optimal lateral
feature sizes for an effective reduction of FBR, cell proliferation
enhancement, promotion of extracellular matrix (ECM)
production and immune modulation regulation, were shown to
be in the range of 20–50 mm, the present study proposes new
honeycomb-like wells of microtextured PDMS-based shell
interfaces obtained by replication using moulds obtained by
a process of laser texturing assisted by a grayscale mask. In this
regard, microscale features of hexagonal matrices with lateral
dimensions of 51 mm (±500 nm) unit, 5 mm depth, 25 mm
internal length per unit, base width of walls of 17 mm and top
width of ridge of 8 mm, were accurately and reproducibly
replicated in PDMS. While topographies such as grooves,
pillars, regular, irregular have their own advantages, the
proposed honeycomb structures address multiple aspects of
FBR simultaneously by providing geometric control of micro-
structures at specic scales by the unique system involving grey
level masks assisted laser texturing for moulds production on
large areas; and a disruption in the broblasts' adhesion and
a reduction in the macrophages' activation.

Since brotic tissue encapsulation of the silicone-based
implant represents one of the most common causes for
device failure, the broblast activation-suppressing features of
the newly developed microtextured surface was investigated in
comparison to the smooth PDMS using the CCD-1070Sk
broblasts. Additionally, due to the macrophages' involve-
ment in the FBR evolution through their regulatory role in
inammation and wound healing (via their tunable polariza-
tion state and the recruitment of broblasts through cytokine
secretion), the behaviour of the RAW 264.7 macrophages was
also investigated. Furthermore, given that the bacterial infec-
tion is implicated in the brotic response to the implantable
biomaterials and the evolution of BIA-ALCL, the hindering
effect of PDMS structuring on biolm formation was assessed
against three standard strains, namely Staphylococcus aureus
(S. aureus), Escherichia coli (E. coli), and Candida albicans (C.
albicans).

Despite the fact that PDMS (Sylgard 184) is designed mainly
for research applications, and it lacks the medical-grade certi-
cation, our approach was to be used as a model for research
purpose to support the method for obtaining reproducible
patterns on large areas that can be also easily extended to the
structuring of silicone elastomers.

Altogether, this unique study aims at demonstrating that the
macrophages and broblasts' response to silicone topographies
can be tailored to induce physiological changes in cells, thus
paving the way for further research focused on developing
biomaterials capable of eliminating the capsular contracture by
subverting FBR.

Experimental details
Moulds and substrates production

A system comprising grey level mask and a KrF excimer laser
(Exitech PPM-601E Gen6 Tool, Oxford, UK), (248 nm wave-
length, 50 Hz repetition rate, 20 ns pulse) was used to structure
hexagonal pillars in polycarbonates (PC) sheets following
9954 | RSC Adv., 2025, 15, 9952–9967
a procedure as outlined in.45 In order to create a larger area, the
mask was moved in a controlled manner under the beam and
the matrices of the hexagonally shaped pillars were obtained in
PC by direct laser ablation using 20 pulses, with average uence
of 400 mJ per cm2 per pulse. The PC ablation residue particles
due to laser ablation were aspired during the texturing process.
All the surfaces were cleaned by ultrasonication for 10 minutes,
sequentially, in ethanol and double distilled water. Once dried,
the moulds were placed in Petri dishes and a mixture of 10 : 1
weight ratio of Dow Sylgard 184 base and curing agent was
poured on top of it. In order to remove the air bubbles produced
during the chemical reaction of the base and curing agent, the
mixture was maintained for 20 minutes at room temperature,
poured on the PC master, and cured at room temperature. Aer
48 h, the replicated PDMS samples were removed from the
mould, immersed in ethanol for 10 minutes, respectively in
double distilled water (until before use). The drying of the
samples was performed with argon gas. Once cleaned, all the
samples were subjected to 2 h treatment using UV ozone lamp,
and maintained in sterile water until they were to be used for
biological assays.

Substrates characterization

Scanning electron microscopy (SEM), as well as atomic force
microscopy (i.e., AFM), were used for analysing the morpho-
logical features of the PDMS substrates. JSM-531 Inspect S
Electron ScanningMicroscope (accelerating voltages: 5 to 25 kV)
was used for the top view topographical investigations. Detailed
prole of the structures walls was obtained in non-contact mode
by AFM investigations (XE100 AFM, Park Systems), in ambient
conditions. Adhesion measurements employing silicon tips
with a resonance frequency of ∼70 kHz and an elastic constant
of 2 N m−1 were evaluated through force–distance analysis at
three randomly selected points of varying heights.

Surface topography parameters such as the arithmetical
mean height (Sa, mm), root mean square height (Sq, mm), peak-
to-valley height (Sz, mm), maximum valley depth (Sv), maximum
peak height (Sp), skewness (Ssk), and kurtosis (Sku), were
measured using the XP-2 Stylus-Proler System (vertical reso-
lution of 1.5 Å, applied force of 2 mg, scanning rate 0.01 mm
s−1). Data analysis for surface roughness was performed with
the TrueMap v4 soware package by Ambios Technology. The
results are reported as the mean ± standard deviation based on
60 measurements, covering at least six randomly chosen 140 ×

140 mm2 areas on each substrate surface.

Contact angle and surface free energy measurements

Prior to the experiments, the clean PDMS samples were exposed
for 2 h to an ultraviolet (UV) ozone lamp. To assess the wetta-
bility characteristics of both smooth and textured PDMS
samples, we conducted contact angle measurements using the
sessile drop method with a KSV CAM101 microscope from KSV
Instruments Ltd (Espoo, Finland), all conducted at a constant
room temperature of 20 °C. Surface free energy (SFE) was
determined, using the Owens, Wendt, Rabel, and Kaelble
(OWRK) method, with two wetting agents, namely water and di-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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iodomethane.46 At least six independent measurements were
taken from various areas of each sample.

Investigation of the in vitro cell behaviour

Cell culture. In the present study, the experiments were
performed on two different cell lines, namely the CCD-1070Sk
human broblasts and the murine RAW 264.7 macrophages.
Both cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown in Dulbecco's
Modied Eagle Medium (DMEM, Sigma-Aldrich Co., St. Louis,
MO, USA) supplemented with 10% (v/v) fetal bovine serum (FBS,
Life Technologies Corporation, Grand Island, NY, USA) and 1%
(v/v) penicillin (10 000 units per mL)/streptomycin (10mgmL−1)
(Sigma-Aldrich Co., St. Louis, MO, USA) in a humidied atmo-
sphere of 5% CO2 at 37 °C. For the experiments, the broblasts
were seeded in triplicates directly onto the surface of the sterile
PDMS supports at an initial density of 104 cells per cm2 and
maintained for various time periods in standard culture
conditions depending on the analysed cellular parameter.
Likewise, the cellular response of the adherent RAW 264.7
macrophages was also investigated. Therefore, the investigation
of cell viability, proliferation and morphology required an
initial cell density of 104 cells per cm2, while the inammatory
mediators' quantication and macrophage fusion assay neces-
sitated an initial cell density of 8× 104 cells per cm2 and 5× 103

cells per cm2, respectively. It is noteworthy, that the inam-
matory activity analysis was performed under standard and pro-
inammatory conditions (treatment with 100 ng per mL E. coli
lipopolysaccharide (LPS, Sigma-Aldrich Co., St. Louis, MO,
USA)). For each type of sample, all cell-culture based assays have
been conducted in triplicate sets.

In vitro cell survival and proliferation assessment

To differentiate the living cells from the dead ones, aer 1- and
3-days in culture, a live/dead viability/cytotoxicity kit (Molecular
Probes, Eugen, OR, USA) was employed, as previously re-
ported.47 The stained cells were observed with an inverted
uorescent microscope (Olympus IX71, Olympus, Tokyo, Japan)
and the representative images were acquired with the cellSense
Dimension acquisition system Version 4.1. Furthermore, at the
same incubation periods, a Cell Counting Kit-8 (CCK-8, Sigma-
Aldrich Co., St. Louis, MO, USA) was used in accordance to the
manufacturer's instructions,48 to determine the potential of the
two PDMS surfaces to sustain cell proliferation.

Cell morphology assessment

In order to observe the degree of cell spreading and their
distinct morphological characteristics, the uorescent staining
of the actin cytoskeleton with phalloidin conjugated with Alex-
aFlour 488 was performed as described previously.49 In addi-
tion, the immunouorescence assay was also used to reveal the
vimentin intermediate laments expressed by the CCD-1070Sk
cells. Following xation, permeabilization and blocking, the
cellular monolayer was rstly stained with an anti-vimentin
primary antibody (Santa Cruz Biotechnology, dilution 1 : 50)
for 2 h, and subsequently incubated for 1 h, in the dark, with an
© 2025 The Author(s). Published by the Royal Society of Chemistry
anti-mouse secondary antibody labelled with uorescein iso-
thiocyanate (FITC) (Santa Cruz Biotechnology, dilution 1 : 200).
An inverted uorescence microscope (Olympus IX71, Olympus,
Tokyo, Japan) was used to observe the stained cells and the
representative elds were captured using the acquisition system
cellSense Dimension (Version 4.1). Moreover, the cytomorpho-
logic features and the cell–biomaterial interactions were also
highlighted through eld-emission scanning electron micros-
copy (FE-SEM) following a protocol already reported.50
Immunocytochemical staining of bronectin and type I pro-
collagen

The bronectin and type I pro-collagen expression by the CCD-
1070Sk cells grown in contact with the analysed substrates was
highlighted by means of uorescent immunocytochemistry
staining. Briey, the human broblasts were subjected to
a protocol similar to the one described in the above section,
where the cells were xed, permeabilized and blocked, only to
be aerwards incubated for 2 h, with anti-bronectin and anti-
pro-collagen type I primary antibodies, respectively (Santa Cruz
Biotechnology, dilution 1 : 50). Subsequently, the cells were
incubated with an anti-mouse secondary antibody labelled with
FITC (Santa Cruz Biotechnology, dilution 1 : 200), in the dark for
1 h. In the end the nuclei were marked with DAPI (40,6-
diamidino-2-phenylindole) and the stained cells were viewed
with an inverted uorescent microscope Olympus IX71
(Olympus, Tokyo, Japan). The representative images were
captured with an acquisition system cellSense Dimension
(Version 4.1) and the uorescence intensity was evaluated by
calculating the corrected total cell uorescence (CTCF), in
arbitrary units from 12 randomly selected elds for each ana-
lysed support, using the ImageJ soware (Version 1.52d,
National Institute of Health, Bethesda, MD, USA).
Assessment of the macrophage inammatory activity

In order to observe the inammatory activity of the RAW 264.7
cells grown in contact with the tested surfaces, the secretion of
several inammatory mediators and the ability to form foreign
body giant cells (FBGCs) were assessed. With this in mind, aer
2 days of culture, the protein levels of the tumour necrosis factor
(TNF)-a, interleukin (IL)-1b and IL-10 released into the medium
were quantied using specic sandwich enzyme-linked immu-
nosorbent assay (ELISA) kits, according to the package inserted
instructions (R&D Systems, Minneapolis, MN, USA). A micro-
plate reader (FlexStation 3 microplate reader, Molecular
Devices, San Jose, CA, USA) was used to determine the optical
densities (OD) of the nal products and the corresponding
concentrations (expressed in pg mL−1) were calculated by
reporting to their standard curve. Likewise, the extracellular
release of the nitric oxide (NO) was quantied with the help of
the Griess reagent (Promega, Madison, WI, USA), as we previ-
ously reported.49 The end product's absorbance was measured
with a microplate reader (FlexStation 3 microplate reader,
Molecular Devices, USA) and the nal nitrite concentration was
calculated from a sodium nitrite standard curve.
RSC Adv., 2025, 15, 9952–9967 | 9955
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Moreover, the ability of the PDMS surfaces to determine
macrophage to fuse and form FBGCs was investigated aer 7
days in culture. The culture medium was changed every 2 days
and at day 7 the cells were subjected to the protocol described
previously.49 In the end, the cells labelled with AlexaFluor 488
Phalloidin and DAPI were visualised with an inverted uores-
cence microscope (Olympus IX71, Olympus, Tokyo, Japan) and
the representative images were captured with the cellSense
Dimension acquisition system (Version 4.1). Alongside the
qualitative determination, the degree of FBGCs formation was
also estimated through a semiquantitative method which
involves counting each individual nucleus using the ImageJ
operating soware. This way the “multinuclear index” could be
determined, which represents the percentage of nuclei in
multinuclear cells exhibiting at least 3 nuclei against the total
number of nuclei from the same microscopic eld.

Assessment of the antimicrobial potential

The effects of the obtained PDMS surfaces on three different
standard strains (i.e. S. aureus (25923 ATCC, Manassas, VA,
USA), E. coli (25922, ATCC, Manassas, VA, USA) and C. albicans
(10234, ATCC, Manassas, VA, USA)) were analysed for 2 days, as
assumed that biolm formation can occur within this time
frame. The qualitative determination of the antimicrobial
potential was performed through the agar diffusion method. In
the rst stage the microorganisms were grown onto the nutrient
agar (PCA-Plate Count Agar) in order to obtain pure standard
cultures. In the next step, inoculums with a turbidity adjusted to
0.5 McFarland (corresponding to 108 colony-forming units per
millilitre (CFUmL−1)) were prepared from the pure cultures and
1 mL per sample was aspirated and placed over the 3 types of
aliquots: positive control (suspension free of bacteria), smooth
and modied PDMS. In the end the samples were incubated
overnight, at 37 °C, and the number of forming colonies was
counted.

Furthermore, in order to observe the subsequent biolm
evolution on the smooth and modied PDMS surfaces, SEM
microscopy was employed, using a similar protocol as described
earlier.

Statistical analysis

The obtained data was analysed using the GraphPad Prism
soware (Version 8, GraphPad, San Diego, CA, USA) via t-test/
two-way ANOVA with Tukey's multiple comparison tests. All
values are expressed as means ± standard deviation (SD) and
differences at p < 0.05 were considered statistically signicant.

Results and discussion
Surface characteristics

Given the implication of chronic inammation and brous
encapsulation in the impairment of breast implant function-
ality and, implicitly its failure, there is a signicant interest in
exploring new interface designs. Therefore, nding new inter-
face designs by tailoring specic topographical cues in breast
implant surfaces that can inuence and mitigate FBR,
9956 | RSC Adv., 2025, 15, 9952–9967
represents a major point of interest. In light of this, new
honeycomb like wells microtextured PDMS-based shell inter-
faces were fabricated through replication on a large-scale using
moulds. Compared to salt loss techniques or ADM replica,40,42

what sets the current design apart is the presence of consistent
hexagonal micron-sized units across a large surface area, as
opposed to random patterns. This reproducibility offers an
improved control and a better understanding of how cells react
to specic topographical features, ultimately increasing the
ability to predict and improve the implant's outcome.

The SEM and AFM images presented in Fig. 1 reveal the
detailed microscale features of the hexagonal matrices. These
matrices have specic dimensions, with a lateral size of 51 mm
(with a tolerance of ±500 nm), a depth of 5 mm, an internal
length of 25 mm per unit, base walls with a width of 17 mm, and
ridge tops with a width of 8 mm. Notably, these features were
successfully and consistently replicated in PDMS. Moreover, it
can be observed that the walls of these matrices are smooth and
devoid of debris, displaying a surface roughness measuring
below 5 nm, but when considering a larger area, the measured
roughness by optical prolometry studies showed values that
exceed 12 mm.

When compared to data reported in literature regarding
textured surfaces, with values of 8.24 mm for Sa; respectively 40
mm for Sz,51 the values for the honeycomb surface area were
characterized by an increased roughness (Sa = 12.62 mm; Sz =

66.69 mm), especially when compared to that of the smooth
replicated surfaces (Sa = 1.74 mm; Sz = 7.14 mm). As seen from
the AFM and SEM images (Fig. 1b and c), the replicated PDMS
biointerfaces were characterized by a peak-and valley type of
prole, containing micro-scale features. Besides Sa parameter,
two other height parameters such as skewness (Sku) and
kurtosis (Ku) were also considered. Although primarily statis-
tical tools for assessing the central tendency and variability of
a dataset, skewness (Sku) and kurtosis offer additional insights
into the symmetry and sharpness of surface roughness proles.
Skewness indicates the degree of asymmetry in the roughness
distribution, while kurtosis reects the concentration of surface
height deviations around the mean, measuring the sharpness
or atness of the prole. In this study, the textured surface
exhibited a positive skewness, indicating an asymmetry with
more pronounced peaks than valleys, along with an elevated
kurtosis value, suggesting a sharper, more peaked roughness
prole (Ssk: 0.735 and Sku: 2.357). In contrast, the smooth
silicone implant surfaces were predominantly at with a posi-
tive skewness and excess kurtosis values, thus indicating
a rather smooth surface with only some random small nano-
scale peaks on the surface (Ssk: 0.027 and Sku: 1.833).

Furthermore, as shown in Fig. 1e, both surfaces were
hydrophobic with larger water contact angles of 103° (smooth
PDMS surface) and 110° (honeycomb PDMS surface), corre-
sponding to low surface energies of 14 mNm−1 and 11mNm−1,
respectively. This hydrophobicity arises from the chemical
composition of the polymer: silicone, and its methyl groups (–
CH3) together with the presence of low molecular weight
molecules on the surface. Since in vitro cell culture studies are
highly dependent on the ability of cells to adhere, spread, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The experimental set-up used to process the moulds and to
obtain the replicated textured PDMS (a). Surface characterization by
AFM, SEM and wettability measurements: (b) profile of hexagonal unit
forming matrices; (c) SEM images of a larger area obtained by PDMS
replication. Scale bar 300 mm; (d) contact angle measurements of both
treated, structured and untreated surfaces and their corresponding SE
(e). The AFM image examples including the distribution of points where
adhesion force was measured (f). The values of the adhesion force (in
nN) measured on ridges, plateau and flat surfaces (g).
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proliferate on the substrate, these types of surfaces tend to repel
aqueous solutions and may deter cells from adhering and
spreading on said surfaces. With this in mind, UV ozone plasma
© 2025 The Author(s). Published by the Royal Society of Chemistry
treatment can be used to control surface alteration with
a fundamental change in the wettability through the introduc-
tion of polar functional groups onto the hydrophobic
substrates. PDMS surfaces exposed to UV ozone were moder-
ately hydrophilic, with water contact angles of 59° and 78°,
respectively, and corresponding surface energies of 46 mN m−1

and 32 mN m−1, respectively, as shown in Fig. 1e. The observed
increase in total surface energy, particularly its polar compo-
nent, following plasma treatment indicates a signicant shi in
PDMS surface properties from hydrophobic to hydrophilic. This
transformation is attributed to the generation of polar func-
tional groups, such as hydroxyl (–OH) and carboxyl (–COOH), on
the surface, enhancing its compatibility with aqueous solutions
and biomolecules. This modication facilitates initial passive
contact between cell membranes and the biointerface, driven by
short-range physicochemical interactions, including van der
Waals forces, steric effects, and coulombic forces. While PDMS
lacks cell-interacting molecules on its surface, the introduction
of functional groups through ozone plasma treatment plays
a pivotal role in protein adsorption, providing a foundational
platform for integrin binding to cell ligands.52

In addition, the AFM adhesion measurements have
demonstrated that the detachment force measured on the
microstructured areas was approximately 30% greater than on
the at surfaces (90 nN as compared to 70 nN) (Fig. 1f and g),
which could be further linked to the way cell–substrate traction
force modulates the endogenous tension in the cell–cell and
cell–substrate interactions and can impact the optimization
substrate design for biomedical applications.53
In vitro behaviour of CCD-1070Sk broblasts

Fibroblasts' viability and proliferation. Since any modica-
tion in the number of cells can be attributed to alterations in
their metabolic activity, the CCK-8 assay was performed aer 1-
and 3-days of culture in order to reveal any differences in the
proliferation statuses of the CCD-1070Sk broblasts cultured
onto the samples' surfaces. The results showed that at both
experimental time points, the proliferation rate of the cells
seeded onto the honeycomb microtextured PDMS was signi-
cantly reduced in comparison to the smooth surface (Fig. 2a).
However, a proportional increase in the number of metaboli-
cally active viable cells with the incubation period was observed
on both substrates, phenomenon which indicates the growth-
supporting capacity of the analysed PDMS surfaces.

These ndings are also sustained by the results of the live/
dead test, which revealed a predominant green uorescent
cellular monolayer (live cells), with major differences in cell
density between the two analysed substrates (Fig. 2b). There-
fore, the green uorescent cellular population detected on the
smooth surface was higher than that on the honeycomb
microtextured substrate, notably aer 3 days of culture,
showing a decrease in cell density on the microtopographically
altered support. Moreover, following a 3 days culture period, on
the honeycomb microtextured PDMS, the cells exhibited
a tendency to aggregate. This phenomenon is hypothesised to
occur as a result of the combined effect of microtopography and
RSC Adv., 2025, 15, 9952–9967 | 9957
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Fig. 2 Viability/proliferation status of the CCD-1070Sk cells grown for
1- and 3-days onto the surface of the honeycomb microtextured and
smooth PDMS, as assessed by (a) the CCK-8 test. Results are presented
as means± SD (n= 3; ****p < 0.0001, *p < 0.05 vs. smooth PDMS); (b)
the live/dead assay (live and dead cells – green and red fluorescence,
respectively). Scale bar represents 200 mm.
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the hydrophobic recovery of the surface. A review of the litera-
ture reveals that attempts to reduce surface hydrophobicity by
oxygen/ozone plasma treatment oen prove unsuccessful due to
the recovery of the surface's hydrophobic nature, which, aer
a prolonged culture time, led to cell aggregation due to protein
dissociation.54–56 Furthermore, when cultured on a concave
grooved surface, a redistribution of cells' adhesion complexes
was also observed,57 which, when combined with the hydro-
phobic recovery of the surface, may have compelled the cells to
form aggregates in order to stay attached to the PDMS.

Fibroblasts' morphological characterization. To observe the
impact of the analysed substrates on broblasts' morphology,
the immunouorescence staining of the F-actin was performed
and the obtainedmicroscopic images highlighted differences in
the cytoskeleton organization. As seen in Fig. 3a, the broblasts
grown onto the surface of the microtextured PDMS displayed
a more elongated shape coupled with a reduced area of
spreading, while the cells found on the smooth surface exhibi-
ted typical morphological characteristics with well-dened actin
stress bres and a larger area of spreading. As established by
previous research, the topographical characteristics of
a biomaterial's surface have been shown to exert a signicant
inuence on various cellular processes, such as adhesion,
spreading and motility.58–60 On this basis, the observed
9958 | RSC Adv., 2025, 15, 9952–9967
discrepancies in cell morphology can be attributed to the
differences in the characteristics of the analysed surfaces. Thus,
the honeycomb microtopography proved to affect the cell–
substrate interactions, which can ultimately be translated into
alterations in the cytoskeleton structure and its components'
distribution. Moreover, these results indicate that the bro-
blasts can perceive and interact differently with the altered
surface compared to the smooth substrate, therefore displaying
a contrasting reorganization of their actin cytoskeleton.
Furthermore, it has been demonstrated that smooth PDMS
surfaces feature a more uniform cell arrangement, as opposed
to the textured silicone-based implants, where broblasts are
arranged in random patterns based on the surface's
morphology variations.61 This uniform alignment of broblasts
on the smoother surface has been observed to stimulate the
excessive broblast growth, which can ultimately result in the
development of a capsular contracture61

Since the cytoskeleton is a group of dynamic proteins with
key roles in cells' adhesion, shape modulation and integrity
preservation, vimentin, a type III intermediate lament regar-
ded in literature as a broblast marker,62 was also observed
under uorescence microscopy and the results are presented in
Fig. 3a. Similar to the results observed through F-actin labelling,
the vimentin expression also revealed a reduced cell density on
the honeycomb microtextured PDMS in comparison to the
smooth silicone surface, however, with no signicant differ-
ences in the vimentin intensity uorescence between the
substrates.

In addition, to conrm the uorescence microscopy obser-
vations, SEM microscopy was also employed, and the obtained
micrographs revealed that on the microstructured support, the
cells were able to adhere over the micropatterned surface but
their contact area seemed to be signicantly reduced in
comparison to the cell-smooth sample contact area (Fig. 3b), as
easily can also be noticed in Fig. 3a and b. Taken together, these
results indicate that the concave pattern prevented the cells
from forming strong contact points with the sample's surface,
leading to a reduced cell adhesion and proliferation status,
when compared to the smooth PDMS.

Fibronectin and type I pro-collagen production. The desired
outcome for any implantable biomedical device is its complete
integration into the surrounding tissue, subsequently followed
by the full regeneration of the wound. However, in some cases,
due to the onset of a prolonged chronic inammatory response,
the broblasts migrating to and found at the peri-implant tissue
site will produce a highly brous, acellular ECM, rich in bro-
nectin, proteoglycans and type I/III collagens.63 The sustained
and uncontrolled production and deposition of collagen will
gradually result in the formation of a thick, avascular brous
tissue that surrounds the implant and isolates it from the local
microenvironment, thus preventing its integration within the
tissue and impairing its biocompatibility and efficacy.64 Since
topography can modulate the broblasts' activity by altering the
cell-surface specic interactions, the inuence of the newly
developed micropatterned surface on bronectin network and
type I pro-collagen production was investigated at 7 days post-
seeding via immunouorescence staining. As shown in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence images of CCD-1070Sk fibroblasts grown for 1- and 3-days in contact with the PDMS surfaces highlighting the actin
cytoskeleton (F-actin – green fluorescence), the nuclei (blue fluorescence) and vimentin filaments (green fluorescence). Scale bar represents 50
mm; (b) SEMmicrographs of CCD-1070Sk fibroblasts grown onto the surface of the analysed PDMS-based samples after 1- and 3-days of culture.
Scale bar represents 50 mm.
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Fig. 4a, in the case of the broblasts grown onto the micro-
textured PDMS, the bronectin signals were less expressed than
on the smooth surface, where a higher number of bronectin
brils were visible, some of them extending between neigh-
bouring cells (white arrows). In terms of type I pro-collagen
production, the immunouorescent assessment revealed
a stronger intracellular staining for the cells found on the
smooth PDMS in comparison to the fainter signals observed on
© 2025 The Author(s). Published by the Royal Society of Chemistry
the microtextured support. Atlan et al. observed that by
increasing the intricacy of the surface's topography, the path-
ophysiology of the FBR was greatly altered, leading to an
enhanced tissue ingrowth, responsible for the capsule's disar-
rangement and increase in tissue adherence.65

In addition to the uorescence microscopy investigations,
a quantication of bronectin and type I pro-collagen uores-
cence intensities (Fig. 4b) was also performed and the results
RSC Adv., 2025, 15, 9952–9967 | 9959
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Fig. 4 (a) Immunofluorescent labelling of the fibronectin network and type I pro-collagen synthesized by the CCD-1070SK cells cultured on the
analysed surfaces (green fluorescence – positive signals for fibronectin and type I pro-collagen; blue fluorescence – nuclei). The white arrows
indicate the better compacted lines of fibronectin fibres developed between adjacent cells on the smooth PDMS surface. Scale bar represents 50
mm; (b) fluorescence intensity measurement (n = 12, mean ± SD, ****p < 0.0001, **p < 0.01 vs. smooth PDMS).
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corroborate the microscopical observations, indicating that the
microtextured surface induced a signicant decrease in the
aforementioned ECM proteins' expression when compared to
the smooth substrate, thus demonstrating their pro-brotic
suppressing capacity.

Furthermore, bronectin and type I pro-collagen production
may have an indirect implication in bacterial colonisation and
biolm formation. From data reported in the literature, it is
clear that many bacterial species produce collagen- and
bronectin-binding proteins that are involved in regulating
bacterial attachment to the acellular ECM components66,67 and
that once attached, the bacteria proliferate and form the bio-
lm. With this in mind, we speculate that a decrease in the
collagen and bronectin network expression may contribute to
a reduced bacterial colonisation, biolm formation and,
implicitly, capsular formation.
In vitro immune response of RAW 264.7 monocyte/
macrophage-like cells

Macrophages' viability and proliferation. With the knowl-
edge that the immune response can be heavily shaped by the
capacity of the biomaterial to sustain the macrophages'
survival/proliferation, the viability rate and metabolic activity of
the RAW 264.7 cells were investigated, both in the absence and
presence of the bacterial agent (100 ng per mL LPS), through the
combination of a qualitative assay – live/dead and a quantitative
colorimetric CCK-8 test. Fig. 5a reveals a reduction in cell
density, but with no visible red-stained dead cells, aer LPS
treatment, for both surfaces, phenomenon observed more
signicantly aer 3 days of culture compared to the 1 day-time
point. However, without LPS stimulation, the number of viable
cells grew proportionally with incubation time, on both smooth
9960 | RSC Adv., 2025, 15, 9952–9967
and microtextured surfaces. In addition, the CCK-8 test was
subsequently carried out to corroborate the uorescence
micrographs, and the obtained optical density (OD) values are
in agreement with the viability assay results, indicating
a statistically signicant reduction in the number of viable cells
grown in LPS-stimulated conditions aer 3 days of culture
(Fig. 5b).

Macrophages' morphological features. Since cell spreading
and morphology are heavily inuenced by the cytoskeleton
organization, the actin lament staining with phalloidin
conjugated with AlexaFlour 488 was conducted aer 1- and 3-
days in culture (Fig. 6a). Thus, at the end of the rst experi-
mental time point, the macrophages grown in standard culture
conditions presented a typical round body with a cortical ring of
actin and lopodia extensions around the cell periphery, char-
acteristics specic for unstimulated cells. However, this
behaviour was observed more pronounced for the cells grown
onto the microtextured PDMS, while the adherent cells found
onto the smooth surface exhibited a more elongated, spindle-
like shaped cellular body. In contrast, upon LPS treatment,
the RAW 264.7 cells exhibited an increase in the cell-support
contact area and adopted an altered morphology (i.e. elon-
gated or enlarged surfaces with irregular shapes) with multiple
lopodia. In literature, these morphological alterations are
associated with a migratory, activated, pro-inammatory
phenotype (M1)68 and were more noticeable aer 3 days of
culture on both PDMS-based surfaces. In addition, these cells
displayed cytoplasmatic-dot like F actin assemblies known as
podosomes – micro-sized structures that form at the interface
between an adhering cell and the substratum,69 therefore sug-
gesting an adaptation of macrophage morphology to the
substrate contact areas due to the synergetic action of LPS
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The viability and proliferation rates of the RAW 264.7 cells cultured directly onto the smooth and honeycomb PDMS surfaces, under
standard (−LPS) and LPS-stimulated (+LPS) conditions, after 1- and 3-days of culture. (a) live/dead assay: viable and dead cells – green and red
fluorescence, respectively. Scale bar is 200 mm; (b) CCK-8 test. Results are presented as means ± SD (n = 3; *p < 0.05 vs. smooth PDMS).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

9:
45

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stimulation and surface microtopography, which can inuence
the cells' spreading area and the formation of focal adhesion
points.70,71 Furthermore, an increase in cell density with the
incubation time could be observed on both surfaces, regardless
of LPS treatment. These ndings are in line with the reported
data regarding the extensive morphological and functional
alterations that the activated macrophages exhibit in compar-
ison to the normal, unstimulated cells.50

Complementary to the actin cytoskeleton visualisation, SEM
micrographs (Fig. 6b) revealed different cell adhesion patterns
and morphological characteristics on the microtextured surface
as a direct consequence of the cells–microtexture interactions.
Previous studies reported on the existence of a curvature-driven
behaviour, in which the macrophages tend to actively migrate
into regions of negative mean and Gaussian curvatures (i.e.
concave pits), as long as they exhibit a cell size smaller than the
feature size of the curvature landscape.72 In this light, in our
study, the combined preference of macrophages for concave
pits and the reduced dimensions of their typical round cellular
body, resulted in the complete entrapment of cells within the
concave structure, behaviour observed also by Choi et al.73
© 2025 The Author(s). Published by the Royal Society of Chemistry
Modulation of the macrophages' inammatory activity.
Since each event of the wound healing cascade affects the
following one, the early interplay between the implantable
biomaterial and the surrounding tissue dictates the status of
the activated cells and implicitly the nal outcome of the
biomaterial and the subsequent phases of the wound healing
process. Data reported in literature acknowledge that macro-
phages involved in the early stage of inammation play
a signicant part in the transition process from the acute
inammatory phase to a chronic immune response through the
release of certain mediators such as cytokines, chemokines,
growth factors, etc.74 Thus, the early cascade of events or
plasticity/phenotype of the recruited or already present macro-
phages is of great importance.75

In this context, in order to get an insight into the effects
exerted by the PDMS surfaces on the pro- (TNF-a, IL-1b) and
anti-inammatory (IL-10) cytokines' secretion by the LPS-
stimulated macrophages, an ELISA assay was performed
(Fig. 7a). During the healing process, the pro-inammatory
cytokines have an essential role in the host's adaptive
immune system activation,76 while the anti-inammatory
RSC Adv., 2025, 15, 9952–9967 | 9961
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Fig. 6 The morphological characteristics of RAW 264.7 macrophages cultured on the smooth and honeycomb PDMS-based surfaces at 1- and
3-days post-seeding under standard (−LPS) and pro-inflammatory (+LPS) conditions: (a) fluorescence microscopy (actin cytoskeleton – green
fluorescence). Scale bar represents 50 mm; (b) SEM microscopy. Scale bar represents 10 mm.
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cytokines exhibit protective functions which limit the extent
and severity of the inammatory events.77 Secreted by the
macrophages in the early phase of inammation, TNF-a is
a pro-inammatory cytokine which regulates the production of
Fig. 7 (a) The quantification of the inflammatory mediators secreted from
**p < 0.01 vs. smooth PDMS; IL-1b: *p < 0.05 vs. smooth PDMS; IL-10: *
reaction: *p < 0.05 vs. smooth PDMS. Results are expressed as means± S
FBGCs formation on the smooth and honeycomb PDMS surfaces (actin
bar represents 50 mm. The values of the “multinuclear index” as determi

9962 | RSC Adv., 2025, 15, 9952–9967
other mediators including that of IL-1b and IL-6, and available
data indicates that idiosyncrasies in either the secretion or
function of TNF-a can play a signicant part in various
inammatory impairments.78 Fig. 7a reveals a down-regulation
the cells treated with LPS (100 ng mL−1) as assessed by ELISA: TNF-a:
***p < 0.0001 vs. smooth PDMS; NO quantified by Griess diazotization
D (n= 3); (b) fluorescence images showing RAW 264.7 cells' fusion and
cytoskeleton – green fluorescence; nuclei – blue fluorescence). Scale
ned by examining 6–10 microscopic fields for each sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the TNF-a protein level secreted in the culture media by
macrophages in contact with the microtextured PDMS in
comparison to the smooth surface. Similar results were ob-
tained for the pro-inammatory mediator IL-1b, where
a reduction in cytokine secretion was also observed (Fig. 7a).
With a biological activity tightly connected to that of TNF-a, IL-
1b is a prototypic pro-inammatory cytokine with a primary role
in the activation of the host's immune response towards injury
and infection.79 Another cytokine evaluated in this study was IL-
10, a complex, multifunctional anti-inammatory mediator
intimately associated with the brotic response through the
regulation of the bro-proliferative process.80 In contrast to the
pro-inammatory mediators analysed in this study, the IL-10
concentration accumulated in the culture media of macro-
phages cultured onto the microtextured surface was up-
regulated almost to two-folds in comparison to the smooth
PDMS (Fig. 7a). In addition, the effect of the PDMS surfaces on
the LPS-induced NO production (Fig. 7a) was also investigated
and the obtained results revealed that the nitrite level secreted
in the culture media by the cells grown onto the structured
PDMS was signicantly lower when compared to the smooth
surface (p < 0.05).

Even though various biomaterials can possess an excellent
biocompatibility, once introduced in the human body they
trigger a host response different from that seen in the normal
wound healing process.81 Whilst the acute inammatory phases
are similar, wound resolution normally ends with tissue
regeneration and healing, a stark contrast to implant healing
stages, which in most cases is oen associated with a chronic
inammatory process. This chronic inammatory state is
known as FBR and is characterized by the recruitment and
activation of various immune cells, an intense bro-
proliferative process, and the formation of FBGCs – multinu-
cleated cells involved in material degradation and chronic
inammatory response extension.82 Data found in literature
indicates that the biomaterial-induced FBR could also be
inuenced and dictated by different surface characteristics
including physical features such as topography, shape, size,
etc.81 In this light, aer 7 days in culture we have evaluated the
FBGCs formation (with and without LPS stimulation) with the
purpose of determining if themicrotextured surface in itself can
hinder the macrophage fusion process compared to the smooth
PDMS. As shown in Fig. 7b the RAW 264.7 cells grown directly
onto the smooth substrate acquired modied morphological
features, with larger bodies and numerous nuclei, while on the
microtextured surface the cells maintained their typical round
shape, with the mention that the cells displayed a topography
pattern-guided adhesion, phenomenon not observed at lower
cell densities. In addition, the uorescence microscopy obser-
vations are supported by the “multinuclear index” represented
in Fig. 7b, which indicates the macrophage fusion suppressing
ability of the structured PDMS. Similar results have been re-
ported in literature, indicating that on surfaces with spatially
restricted architectures the adherent macrophages exhibited
a reduced inammatory response. For example, in our previous
study,32 PDMS-textured surfaces based on linear step-like
features with various multiscaled regular and irregular
© 2025 The Author(s). Published by the Royal Society of Chemistry
arrangements and 250 nm step-like types could modulate and
supress macrophages' inammatory activity and bacterial
adhesion, respectively. The in vitro results demonstrated that by
employing an interrupted microline topography on their
surface, the PDMS supports were capable to induce a favourable
response in terms of cell survival/proliferation, morphological
behaviour, and suppression of macrophage fusion into FBGCs,
for the regular arrangement of the linear patterns (i.e. for
Overlapped Linear Pattern—OLP-regular linear step-like feature
in an overlapping design with 2 to 3 microns spacing between
top structures and a maximum depth of 2 microns; PLP struc-
tures—comprising straight, parallel lines, evenly spaced across
the surface with line widths of 900 nm up to 1 micrometre,
spaced 1 micrometre apart), but also for Overlapped Irregular
Linear Patterns-OILP (a combination of overlapped irregular/
interrupted 10 to 50 micron-sized length linear patterns) sug-
gesting the importance of using micro-topographies in the
process of hindering bacteria adhesion and the macrophage
fusion process. While topographies as such have their own
advantages, the proposed honeycomb structures address
multiple aspects of FBR simultaneously by providing uniform
mechanical properties, a controlled cell alignment, a disruption
in the broblasts' adhesion and a reduction in the macro-
phages' activation. The geometric control of microstructures at
specic scales represents another advantage by the proposed
grey level masks assisted laser texturing for moulds production
on large areas.

Taken together, the obtained results suggest that the
honeycomb microtextured PDMS is capable of inducing the
differentiation and polarization of the RAW 264.7 macrophages
into the M2 anti-inammatory phenotype. As evinced by
previous studies, anisotropic topographies are capable of
modulating the cell responses to different substrata, indepen-
dently of its various micro- or nano-scale features.73,83 Further-
more, grooved patterns have been shown to promote the
phenotypic differentiation of macrophages towards an M2 anti-
inammatory polarization state,84 phenomenon also observed
in our study. Moreover, it is a well-known fact that macrophages
exhibit a natural preference for rougher surfaces, and as re-
ported in literature and corroborated by our results, an
increased surface roughness results in a phenotypic switch
towards the M2 polarization state.85

Antimicrobial activity. Immediately aer the introduction of
a breast implant, in the host organism, “a race for the surface”
arises between the in situ cells (platelets, macrophages, bro-
blasts) and the competing bacteria to occupy the implant's
surface,86 and even though the surgical procedure is performed
under strict aseptic conditions, the occurrence of microbial
colonization and biolm formation on the implant's surface
has been frequently documented.87–89 Biolms are dened as
bacterial communities trapped in a protective matrix, resistant
to both the host's immune system and the use of antibiotics.90

Moreover, they act as a reservoirs for bacterial growth and
represent the origin of chronic and/or subclinical infections.91

Following the capsular contracture, bacterial infections are the
subsequent most common complications that frequently
demand surgical correction. These infections are thought to
RSC Adv., 2025, 15, 9952–9967 | 9963
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play a signicant part in the development of the brotic reac-
tions to implants but they are also linked to the occurrence of
BIA-ALCL. Topographies with bacteria dimension range were
shown to bemore effective in suppressing bacteria adherence in
a high percentage. For example, biomimetic shark-skin like
structures demonstrated that the geometric complexity of the
surface has a signicant impact on reducing the biolm
formation and swarming motility in S. aureus strains, as
opposed to the depth of features in grooved patterns.92 Never-
theless, it was also shown that surface congurations including
curvature at the micron scale, appear unfavourable for bacterial
attachment despite their larger surface area.93

Thus, in order to get an insight into the effects exerted by the
PDMS surfaces on the attachment of the three analysed micro-
bial strains, CFU assay as well as SEM imaging was performed
aer 1 day on both smooth and structured PDMS surfaces. As
shown in the SEM images (Fig. 8a), the micro-scale interface
PDMS characteristics had a dual impact: hindering E. coli and C.
albicans adhesion but also inuencing where the bacteria would
attach. As a generally observed trend, on the PDMS smooth
control surfaces, especially in the case of S. aureus, bacteria were
randomly distributed and even formed a biolm, while on the
patterned PDMS lms, bacteria tended to occupy the top down
rather than the raised patterns preferentially. Moreover, the CFU
values decreased less from 103 CFU per mL to 102 CFU per mL
aer 1 day for the structured PDMS in the case of S. aureus,
Fig. 8 (a) SEMmicrographs after 1 day of incubation withmicrobial suspe
analysis of S. aureus; E. coli and C. albicans after 1 day. Results are presen
control).

9964 | RSC Adv., 2025, 15, 9952–9967
compared with the smooth support, which kept the number of
CFU per mL similar to the suspension control (Fig. 8b). Previ-
ously, it was established that the non-specic adhesion of
staphylococci relied on hydrophobic interactions and would
increase proportionally with the surface's hydrophobicity.
However, in this case, the surface's ability to prevent bacterial
colonization was linked more to the presence of a micro-
topography and less to the wetting characteristics of the PDMS
surface. The coverage of S. aureus adhering to at surfaces was
notably high. However, the structured PDMS surface remained
effective in inhibiting S. aureus adhesion when compared to the
control surfaces. This nding further stresses the importance of
micro-patterned topography in hindering bacterial adhesion,
which outweighs the role of surface hydrophobicity.

Moreover, it is generally acknowledged that topographical
patterns inuence the settlement preferences of various
microorganisms, affecting various factors such as adhesion
strength, attachment density, and distribution. It has been
hypothesized that microorganisms tend to maximize the area of
contact with a surface or to bind preferentially to specic areas
that provide a high number of attachment points. Recently,
these selective mechanisms have been associated with a trade-
off in the cellular adhesion process, as surface congurations
featuring local curvature at the micron and submicron scale
(e.g. hemispherical patterns) appear unfavourable for bacterial
attachment despite their larger surface area.93
nsions on the honeycomb PDMS support; (b) colony forming unit (CFU)
ted as means ± SD (n = 3) (****p < 0.0001, ***p < 0.001, *p < 0.05 vs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Novel honeycomb-patterned wells microtextured PDMS
surfaces were successfully obtained through an innovative 3D
grayscale fabrication process combined with replication
addressing the challenges associated with chronic inamma-
tion and brous encapsulation of breast implants. The unique
aspect of this design is the presence of consistent hexagonal
micron-sized units across a large surface area, providing
improved control and scalable process for obtaining large area
for understanding of how cells react to specic topographical
features.

The in vitro biological investigations demonstrated that the
newly designed microtextured surface was cytocompatible and
capable of limiting the formation of the brotic capsule by
inducing an attenuated immune response, which should
discourage the production and deposition of brous tissue at
the biomaterial-breast tissue interface, therefore reducing the
capsular contracture phenomenon.

Taking into consideration the aforementioned results, we
can postulate that the biological behaviour of various cells, in
this case broblasts and macrophages, on silicone surface
patterns can be customized in order to obtain the desired
physiological changes in the cells targeting the development of
new biointerfaces with controlled features able of mitigating
capsular contracture through the manipulation of the FBR.
However, despite the promising in vitro results, further studies
are necessary to fully characterise the effect of microtexturing
on capsule formation inhibition. For example, the immune
response elicited by a biomaterial is an intricate process
involving a complex interplay between a series of factors, in
which their effective regulation is paramount for the successful
implantation of the biomaterial. Furthermore, the breast
capsule is composed of myobroblasts, which are cells of
signicant importance in the pathophysiology of breast implant
contracture, reason why they should also be investigated. Last
but not least, the short-term in vitro assessment should be fol-
lowed by a long-term in vivo study in which the effects of the
microtextured honeycomb PDMS are investigated with the use
of an appropriate animal model.
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