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Femtosecond laser ablation presents a highly promising method to create bioactive nano/micro-structured
metallic surfaces, offering numerous avenues for fabricating diverse types of surface structures. However, the
relationship between surface properties and biological functionality, leading to the observed bioactivity remains
unclear. This study aimed to investigate the relationship between structured/patterned steel surfaces and
bioactivity, identifying key factors that enhance their performance. As opposed to the commonly used contro-
versial parameter, arithmetic surface roughness (Ra), fractal dimension analysis was discovered to be strongly
representative in quantifiably evaluating the adhesion of Staphylococcus aureus NCTC 7791 and MG-63 osteo-
blast-like cells. Surface chemistry and surface energy of structured surfaces showed no significant influence on
bacterial adhesion. A specific type of laser-induced periodic structured surfaces with sub-micron wavelengths,
high fractal dimension, and high texture aspect ratio demonstrated a 63 % reduction in bacterial adhesion
compared to flat surfaces while avoiding cytotoxicity to MG-63 cells. Our findings underline the importance of
scale-dependent analysis and the use of fractal analysis in evaluating the effectiveness of laser-structured surfaces
for orthopaedic implant applications.

Fractal dimension
Orthopaedic implant

1. Introduction

Patterned and structured surfaces, now widely recognised as meta-
surfaces [1] are revolutionising cutting-edge technological applications
across diverse sectors, including 5 G telecommunications [2], healthcare
[31, cutting tools [4] and metrology [5].

In healthcare, these bioactive surfaces have transformative potential,
especially in combating microbial infections through physical mecha-
nisms that bypass the escalating crisis of antibiotic resistance [6]. This
research study seeks to advance the current landscape of patterned

biosurfaces by decoding the fundamental principles underlying surface
structuring and its influence on bioactivity. Specifically, we investigate
whether structured steel surfaces can selectively target bacterial cells
while sparing bone cells, a critical distinction for developing effective
bacterial eradication strategies. This knowledge is pivotal for designing
surfaces that mitigate microbial contamination in high-traffic areas (e.
g., train stations, airports, hospitals) without relying on chemically
driven sanitization processes. Furthermore, such strategies could
significantly benefit the orthopaedic sector by addressing the persistent
challenge of surgical site infections (SSIs) during implant surgeries.

Abbreviations: AFM, Atomic force microscope; ANOVA, Analysis of variance; CA, Cell area; CC, Cell circularity; CFU, Colony forming units; CN, Cell number;
DAPI, 4',6-diamidino-2-phenylinode; ECM, Extracellular matrix; FE-SEM, Field emission scanning electron microscope; HSFL, High-spatial-frequency laser induced
periodic structured surfaces; HSS, Hierarchically structured surfaces; LIPSS, Laser induced periodic surface structures; NCTC, National collection of type cultures; OD,
Optical density; S. aureus, Staphylococcus aureus; SEM, Scanning electron microscope; SFE, Surface energy; Triton-X-100, 4-(1,1,3,3-Tetramethylbutyl)phenyl-
polyethylene glycol; TSB, Tryptic soya broth; XDLVO, Extended Derjaguin, Landau, Verwey, Overbeek; XPS, X-ray photoelectron spectroscopy.
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Recent data from 168 NHS hospitals in the UK in the year 2020-21
revealed that approximately 0.5 % of hip and knee replacement patients
were readmitted due to SSIs [7], with studies indicating a 2.5 to 7-fold
increase in mortality risk for patients developing deep infections [8].
Thus, structured surfaces that minimise bacterial retention offer a dual
advantage: (i) reducing or eliminating the need for antibiotics, thereby
curbing antibiotic resistance, and (ii) providing a sustainable, long-term
solution to microbial contamination.

A critical question that remains unanswered is whether these micro/
nano-structured surfaces inadvertently suppress bone cell adhesion,
which could undermine their healthcare benefits. Addressing this
question is essential for optimising surface designs that balance anti-
bacterial efficacy with biocompatibility. Current literature highlights
two primary approaches to creating bioactive surfaces, as illustrated in
Fig. 1(a). Chemical methods, such as release-kill coatings, rely on the
deposition of antimicrobial agents (e.g., copper, silver) that release ions
to kill bacteria. However, these methods often suffer from issues such as
delamination, debris release and uncontrolled burst release of active
agents [9]. However, burst release rather than controlled release for
both release-kill coatings and ion implantation remains a major issue.

In contrast, physical methods, such as adhesion prevention and
contact-killing mechanisms, offer a more sustainable alternative by
avoiding chemical resistance development. Recent advancements in ion
implantation have emerged as a promising alternative to traditional
coatings, addressing some of these limitations while still facing chal-
lenges related to controlled release.

Passive physical methods, inspired by natural self-cleaning surfaces
like lotus leaves, shark skin, fish scales and butterfly wings, have evolved
over millions of years to exhibit remarkable anti-adhesive and antimi-
crobial properties [10]. The "lotus effect," for instance, leverages hier-
archical micro/nano-topography to create superhydrophobic surfaces
that minimize wetting and adhesion [11]. Fig. 1(b) illustrates the
nanostructures found on lotus leaves and butterfly wings, which are
responsible for their exceptional self-cleaning capabilities [12]. Building
on these natural paradigms, our study explores how engineered
micro/nano-structured surfaces can replicate and enhance these prop-
erties for practical applications.
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This research work is an effort to propel the domain of surface and
interface science by providing novel insights into the interplay between
surface topography, bioactivity and biocompatibility. By systematically
investigating the selective interaction of structured surfaces with bac-
terial and bone cells, we aim to establish design principles for next-
generation bioactive surfaces. These principles will not only improve
the performance of antimicrobial surfaces but also expand their appli-
cability across healthcare and other high-impact sectors.

To create micro- and nanostructured patterned surfaces, a variety of
manufacturing techniques have been developed, each offering unique
advantages and inherent limitations. These methods include nano-
imprinting, photolithography, multi-tip diamond turning, hydrother-
mal treatments, micro-injection moulding, reactive ion etching,
electron-beam lithography, and scanning probe lithography [13,14]. All
methods have relevant bottlenecks in relation to the type of material,
design complexity of geometry and multi-length scale hierarchical
structure fabrication (micro and nanoscale) that they can produce. A
critical analysis of the current manufacturing capability representing the
achievable feature size with respect to the throughput is represented in
Fig. 2. Among the various micro- and nano-fabrication methods, ultra-
short pulsed laser ablation stands out as a powerful technique for
creating multiscale structured surfaces over large areas on a wide range
of materials.

Laser structuring has been shown to affect biological function (i.e.
bacterial, bone cell and stromal cell function and differentiation). For
instance, several studies have shown that rough surfaces can promote
the entrapment of fibrin protein, adhesion of osteogenic cells, differen-
tiation of stromal cells and boost the formation of a mineralised matrix
[27]. Despite an initial success, a key question remains unaddressed in
the literature, which is whether the topographical surface characteristics
influence bacterial adhesion and osseointegration in a similar fashion or
distinctly. Also, whether arithmetic mean surface “roughness” parame-
ters such as average profile roughness (R,) average areal roughness (S,),
root-mean-square (RMS) profile roughness (Ry), and RMS areal rough-
ness Sq can reliably be used to infer bioactivity of the surface or whether
a more robust indicator is required to more accurately described the
bioactivity of a surface. It is also not known whether surface energy of
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Fig. 1. (a) Different approaches and strategies of antibacterial surfaces. (b) Natural inspiration for antibacterial structured surfaces based on the lotus effect:

structure of the lotus leaf and butterfly wing (Author’s contribution).
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Fig. 2. Ashby style chart showing feature size versus throughput for various micro/nano fabrication methods. This chart is based on general literature, however,
highly specialized equipment set-ups could push the magnitudes of feature size and throughput further. Additionally, limitations on studies where the effect of laser
wavelength can be directly compared have limited the subsection of laser ablation into femto-, pico- and nanosecond laser ablation. Author’s contribution based on

the reported literature [15-26].

the structured surfaces can be correlated to its biological function [28].

In pursuit of finding answer to these questions, an experimental
campaign was initiated by fabrication and testing of femtosecond laser
ablated structured surfaces on stainless steel samples. The fabricated
surfaces were extensively characterized to investigate the effect of sur-
face topography (physical properties) and surface energy (physico-
chemical properties) on the biological functionality (i.e., ability to
inhibit bacterial attachment, whilst maintaining healthy osteoblast
attachment) and novel information was derived based on the experi-
mental measurements.

In recent years, fractal dimension analysis has emerged as a powerful
tool for quantifying surface topography and its influence on bioactivity,
particularly in the context of bacterial and cell adhesion. Reviews by
Bacakova et al. [29] and Ferraris et al. [30] have extensively explored
the role of surface topography, including fractal analysis, in modulating
cell behaviour and bioactivity. The former review focused on biomedical
applications, while the latter review highlights the potential of fractal
geometry in understanding cell behaviour on biomaterial surfaces. Both
reviews concluded that fractal dimension analysis is a robust method for
linking surface topography to bioactivity, especially in the context of cell
adhesion and proliferation.

Moreover, a review of Anselme et al. [31] highlighted that fractal
dimensions, play a critical role in modulating cell and bacterial in-
teractions. They emphasized that surface topography directly influences
adhesion mechanisms, making fractal analysis a valuable metric for
predicting bioactivity.

Much of the research in this field has been conducted on titanium
substrates, where fractal dimension has proven to be a reliable indicator
of bioactivity. For instance, Puckett et al. [32] investigated the rela-
tionship between titanium surface nanostructure and bacterial adhe-
sion, using fractal dimension as a key parameter. Their results
demonstrated that fractal dimensions could quantitatively describe
surface features responsible for bacterial attachment, providing a robust
framework for predicting bioactivity. Similarly, Mwenifumbo et al. [33]
used fractal dimension analysis to study laser-microtextured titanium
surfaces and their impact on cell adhesion. Further supporting this,
Soboyejo et al. [34] demonstrated that fractal dimension analysis of
Ti-6Al-4 V surfaces could predict osteoblast adhesion. They observed
that surfaces with specific fractal characteristics enhanced osteoblast

attachment, further validating the use of fractal analysis in evaluating
bioactivity.

Beyond titanium, studies on other materials, such as borosilicate
glass and metallic biomaterials, have also supported the utility of fractal
dimension analysis. For example, Preedy et al. [35] investigated the
adhesion of Staphylococcus aureus to borosilicate glass surfaces with
varying fractal dimensions. Their findings revealed that surfaces with
intermediate fractal dimensions exhibited optimal bacterial adhesion,
underscoring the importance of fractal analysis in understanding
bacterial-surface interactions. Additionally, Bigerelle & Anselme [36]
used fractal dimension analysis to statistically correlate surface rough-
ness with cell adhesion and proliferation on metallic biomaterials. They
found that surfaces with higher fractal dimensions promoted greater cell
adhesion, suggesting that fractal analysis is a reliable predictor of
cellular response.

2. Manufacturing and materials
2.1. Experimental setup

Rolled stainless steel plates supplied by LASEA Ltd. (Belgium) were
cut into 0.5 x 0.5 cm?. The samples were 0.3 cm thick. The chemical
composition of the stainless-steel samples obtained from Energy-
dispersive X-ray spectroscopy (EDS) is presented in Table 1.

Laser irradiation was performed using a LASEA LS4 laser machine
[37-39] equipped with an amplitude systems satsuma laser source of
wavelength 1030 nm and a pulse duration of 400 fs. The laser output
was firstly directed through a polarizer and half-wave plate for fine
adjustment of the laser pulse energy, before a beam expander to achieve
an appropriate beam size (Fig. 3). A galvanometric scanning head (LS
scan) and a 100 mm focal length f-theta lens were then employed to

Table 1
Chemical composition of the as-received stainless-steel samples.
Element Fe Cr Mn C (0] Si
Weight 67.58 + 13.44 + 9.11 + 7.59 + 1.66 + 0.61 +
percentage 1.61 0.59 2.52 2.01 0.55 0.50

(%)
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Fig. 3. Laser processing strategy used in this work.

focus the laser beam on the specimen surface. In this work, two types of
laser treatments were applied to fabricate (a) nanostructured surfaces
and (b) hierarchical micro/nano structured surfaces herein referred to as
laser-induced periodic surface structures (LIPSS) and hierarchically
structured surfaces (HSS), respectively.

Table 2 lists the processing parameters that were used to generate
distinct types of laser-structured surfaces. Herein, the LIPSS surfaces
were referred to according to the beam polarization (P, S or C) used to
fabricate them namely, LIPSS_P, LIPSS_S and LIPSS_C. Similar to this, the
hierarchically structured surfaces were referred to with the number of
laser passes applied: HSS_10 and HSS_40. In total, there were 5 different
types of samples namely, LIPSS_P, LIPSS S, LIPSS_C, HSS_10 and HSS_40
which were investigated as part of this study.

Laser fluence (F) varied between the LIPSS and HSS processing but
was maintained above the ablation threshold of stainless steel (0.1 J/
cmz) [40] as per the equation:

— 2EP
T e}

@

where Ep is the energy per pulse (0.8 uJ for LIPSS and 5.6 pJ for HSS) and
oo is the focal spot size in focus (23 um).

Table 2

Laser parameters used for fabrication of structured surfaces on stainless steel.
Parameters LIPSS HSS
Wavelength (nm), pulse duration (fs) 1030, 400
Average power (W) 0.1 0.7
Repetition rate (kHz) 125
Scan speed (mm/s) 100
Hatch pitch (um) 8 22
Passes 1 10 or 40
Polarization P,S,orC P

Fluence (J/cm?) 0.385 2.695

2.2. Surface topography assessment

All samples treated by laser were analysed with a Tescan S8215 G
field emission (Tescan, Czechia) scanning electron microscope (FE-SEM)
at 10 keV and 63 pA to observe the morphological and microstructural
changes on the processed surface.

Topography measurements were carried out using a Form Talysurf
120 L surface profilometer (2.5 um radius and 60° cone angle diamond
tip probe) to assess the long wavelength component of the hierarchically
structured surfaces, and a (Veeco/DI) Bruker Dimension 3100 with a
Nanoscope V controller (Bruker, USA) atomic force microscope (AFM)
was used to assess the roughness parameters of all the structured
surfaces.

Profiles of 200 um length were measured using the profilometer for
both HSS_10 and HSS_40 surfaces. Three measurements were taken for
each sample and the microfeature heights (peak-to-peak) were
determined.

The AFM measurements were conducted in tapping mode. The AFM
was fitted with a nanoSensors AFM Probe PPP-NCHR-10 tip with a
nominal radius of <10 nm and nominal length of 125 um. The AFM
scans were performed for an area of (5 x 5) umz. The scan size (5 x 5
um?) was chosen to be 512 x 512 to result in a 9.76 nm sampling size
commensurate with the tip size used. Three measurements were taken
for each sample. Post processing was performed using TalyMap Gold
software (7.4, Taylor Hobson Inc., UK). Areal topography parameters
such as average areal surface roughness (S,), root-mean-square rough-
ness (Sy), developed interfacial area ratio (Sqy), texture-aspect-ratio (S,
density of peaks (Spq) and fractal dimension (D) were calculated.

The AFM scans were first levelled line-by-line according to the di-
rection of scanning. S-filter was then applied to denoise the measure-
ment with a cut-off of 0.06 um [41]. The robust Gaussian filter was then
used to assess the surface parameters at varying scales (0.125:0.125:1
um and 1:1:5 pym).

S, represents a commonly used parameter to assess the average de-
viation of the local surface height from the mean plane. It is known,
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however, that the average roughness is not sufficient to uniquely
describe a surface in relation to the bacterial attachment. Sy, is a
parameter that describes the percentage of additional surface area
contributed by the texture as compared to an ideal plane and can be
useful to understand the surface area available for cellular/bacterial
contact. The fractal dimension (D) is a measure of complexity of the
system which can be determined by various techniques such as the
walking-divider method, box/cube-counting method, prism-counting
method, Epsilon-Blanket method, perimeter-area relationship and
power spectrum method. Among the several techniques which are used
to estimate the fractal dimension, the box/cube-counting method is the
most popularly used technique for the analysis of two or three-
dimensional structures.

2.3. Surface free energy assessment

Deionized water and diiodomethane static contact angles were
measured via the sessile drop method with an OCA 25 goniometer
(DataPhysics Instruments GmbH, Germany) and the data was analyzed
with SCA20 software (DataPhysics Instruments GmbH, Germany). A
droplet volume of 2 uL was used for all tests. At least three measure-
ments were taken for each sample after (8-10) s of contact with the
sample surface. The results were reported as average value + standard
deviation.

The roughness corrected contact angle (Young’s contact angle) was
calculated according to the following equations [42]:

cosf,, = rcosfy (@3]
Sdr

=1 3

r +1 00 3)

where 6,, is the measured contact angle, 0y is Young’s contact angle, r is
the roughness factor and Sq; is the developed interfacial area ratio.

The surface energy (SFE) was then calculated based on the Owens-
Wendt-Rabel & Kaelble (OWRK) model [43]:

y’(ws\éﬁr Do y:ﬁ +y/n @
24 /71 L

where y; is the total surface energy of the liquid, y¢ and 7} are the

dispersive and polar component of the liquid respectively, and y¢ and y2
are the dispersive and polar components of the surface. The parameters
used to compute the surface energy are shown in Table 3.

It must be noted that the size of the area evaluated through the
droplet method is significantly higher than the area evaluated to
calculate S4, values. Additionally, since the AFM scans from which Sq;
values were extracted are 5 x 5 um?, not encompassing the full micro-
features for the hierarchical laser structured surfaces (HSS surfaces), Sqr
cannot be used to calculate the corrected contact angle for these sur-
faces. However, for LIPSS surfaces, given that their dominant wave-
length is encompassed within the measurement, Sq; values can be used.
Therefore, Sq; was evaluated at different scales to assess the suitability of
its usage to compute the corrected contact angle for these surfaces.

Table 3
Surface energy estimates for distilled water [44] and diiodomethane [45].
Liquid 7imJ/ 7} (mJ/ 7 (mJ/
m?) m?) m?)
Distilled water 72.8 46.8 26
Diiodomethane (>98 % (GC) from Sigma 50 2.6 47.4
Aldrich)
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2.4. Chemical analysis

2.4.1. Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy analysis was performed on all sub-
strates using an Oxford Instruments Ultim® X-Max 100 mm EDS system
(Oxford Instruments, Abingdon, UK) fitted on a Tescan S8215 G (Tescan,
Czechia) scanning electron microscopy (SEM) to study the chemical
composition of the samples.

2.4.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed
using a UHV-XPS FlexMod system with a monochromated 400 W Al K
anode (SPECS XR-50 M) (SPECS surface nanoanalysis GmbH, Germany).
The analyzer used was a Phoibos 150 with 1D delay line detectors.

Measurements were carried out at 10~ mbar. The hydrocarbon
component of the C 1 s peak (BE 284.8 eV) was used as a reference for
charge correction. Survey spectra were collected in 2 scans with 50 eV
pass energy and recorded at 0.5 eV/step and 0.1 s dwell time, while the
region spectra were collected in 9 scans with 30 eV pass energy taken at
0.1 eV/ step and 0.1 s dwell time.

The Tougaard algorithm was used to measure the background core
level spectra and chemically distinct species in the high-resolution re-
gions of the spectra were resolved using synthetic Gaussian-Lorentzian
components and asymmetric line function where applicable (Cr metal
and Fe metal) after the background was removed (using CasaXPS soft-
ware, v. 2.3.25). The relative atomic concentration of elements deter-
mined using XPS was quantified based on the peak area in the selected
high-resolution region, with the appropriate sensitivity factors for the
instrument being used. High-resolution scans were performed across
each of chromium 2p (Cr2p) and iron 2p (Fe2p) peaks.

2.5. Bacterial growth

Prior to each bacterial attachment experiment, S. aureus NCTC 7791
(Culture Collections, UK Health Security Agency, UK) bacterial cultures
were prepared from a single colony on tryptone soya agar (TSA) with pH
7.3 £ 0.2 and grown overnight in tryptone soya broth (TSB) at 37 °C, 5
% COg. The overnight bacterial culture (10 ml) was transferred to a
universal container and centrifuged at 5000 g for 5 min. The bacterial
pellet was then resuspended with PBS and centrifuged again at 5000 g
for 5 min. The pellet was resuspended in Phosphate-Buffered Saline
(PBS) with pH 7.4 to an optical density (OD600 nm) of 0.09 (corre-
sponding to approximately 1 x 107 CFU/ml).

2.6. Bacterial retention study

A 15 pl droplet of the inoculum was added to each sample surface in a
24 -well plate and incubated for 1 hour at 37 °C, 5 % CO,. The samples
were then transferred to a fresh 24-well plate and washed in 1 ml of 0.85
% NaCl. Live/dead staining was performed according to the manufac-
turer’s instructions (LIVE/DEAD BacLight Viability Kit, Thermofisher
Scientific, UK) and imaged using an AX-70 fluorescent microscope
(Olympus, Japan) at magnifications of x10, x 20 and x40. The per-
centage area coverage or bacterial coverage (BC) was quantified using
ImageJ software as outlined in a previous publication [46] from the x10
magnification images to ensure the largest sample surface area was
analysed.

2.7. Osteoblast-like cell culture, attachment and morphology

To assess the biocompatibility/cytotoxicity of the manufactured
surfaces, human MG-63 osteoblast-like cells (Sigma Aldrich, UK) were
used. Cell attachment was studied to determine favourable surface fea-
tures for encouraging bone formation while the cell morphology was
studied to determine whether surface features may induce cytoskeletal
changes and therefore influence osteogenic potential. Cells (passages
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29-32) were seeded at 5000 cells/cm? and maintained in T75 cell cul-
ture flasks in culture medium comprising of alpha minimum essential
medium (a-MEM) supplemented with 10 % (v/v) heat-inactivated foetal
bovine serum (FBS) and 100 units/ml penicillin G sodium (Assay:
96.0-102.0 %), 0.1 pg/ml streptomycin sulphate and 0.25 pg/ml
amphotericin (Thermofisher Scientific, UK). The cells were incubated at
37 °C, 5 % CO3 and the medium were changed every 2-3 days. Cells
were cultured until they reached approximately 80-90 % confluency
before being used for subsequent experiments.

The cells were detached using trypsin-EDTA 0.25 %, counted and
seeded directly on the control surfaces and the laser structured surfaces
in a 24-well plate at a density of 100 cells/ul (approximately 1500 cells
per sample). Samples were incubated for 1 h at 37 °C, 5 % CO; to allow
attachment. The wells were then flooded with 500 pl of complete culture
media and incubated for a further 24 h.

Subsequently, the samples were washed three times with PBS (pH
7.4) to remove non-adherent cells and incubated in 500 pl of 10 %
formalin overnight at 4 °C to fix the attached cells. Following incuba-
tion, the formalin solution was removed, and the samples were washed
three times with tris-buffered saline (TBS). The cells were then per-
meabilized with filtered 1 % high purity Triton X-100 (Sigma Aldrich,
UK) for 30 min at room temperature. After permeabilization, the sam-
ples were washed three times with TBS. Incubation of the samples for 1
hour at room temperature with a solution of 1 % bovine serum albumin
(Vector Laboratories, UK) in TBS was performed to block non-specific
binding sites. Following incubation, the actin filaments of the cells
were stained with freshly prepared fluorescein isothiocyanate (FITC)
labelled phalloidin (diluted 1:50 in TBS, Sigma Aldrich, UK) and incu-
bated in the dark for 40 mins at room temperature. The samples were
then washed three times with TBS and allowed to air dry for 5 min.
Subsequently,10 pl of 4',6-diamidino-2-phenylindole (Assay > 98 %
from DAPI, Vector Laboratories, UK) was added to each sample surface
to stain the nuclei of the cells. Images of the cell actin filaments and
nuclei were taken at magnifications of x10, x20, x40 using an AX70
Olympus fluorescent microscope (Olympus, Japan). FITC and DAPI
channels were superimposed using ImageJ. Cell attachment and
morphology analysis was performed on the fluorescent images to semi-
quantify the area of the cells (CA), the circularity of the cells (CC) and
the cell number (CN), where applicable using ImageJ image processing
software.

2.8. Statistical analysis

Contact angle measurements, AFM measurements and cell culture
experiments were performed three times for all surfaces. Bacterial
attachment experiments were performed twice, and three images (x10)
were taken at random and analyzed for each sample. The Shapiro wilk
test was conducted on all results to validate the normal distribution for
all experiments. All data were subject to a one-way analysis of variance
(ANOVA) to test for statistical significance. A p-value of < 0.05 was
considered significant whereas in the case of a p-value of > 0.05, the
results were reported as observational. In the case that the ANOVA-
obtained p-value was found to be <0.05, Tukey’s multiple compari-
sons test was performed to obtain pairwise comparisons between data
means. All data were expressed as the mean accompanied by the stan-
dard deviation.

To determine the correlation between bacterial attachment, surface
energy and topographical roughness parameters, as well as the corre-
lation between surface energy, topographical roughness parameters and
MG-63 cell-related parameters. Correlation matrices were constructed
using the Spearman correlation factor. The MG-63 cell-related param-
eters included the number of attached cells (CN), cell area (CA) and cell
circularity (CC).
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3. Results
3.1. Characterisation of laser-fabricated micro/nano patterned surfaces

Fig. 4(a) shows the electron microscopy examination of the laser-
fabricated nanometric structures processed at low fluence values. In
Fig. 4(a), various nanometric features such as ridges, ripples, and peaks
with various spatial frequencies can be seen. It is evident from Fig. 4(a)
that surfaces subjected to low fluence laser irradiation undergo reor-
ganization, resulting in the formation of a distinct surface morphology
which is commonly referred to as "laser-induced periodic surface
structures" (LIPSS).

LIPSS P and LIPSS S surfaces were both exposed to a linearly
polarized laser beam whereas LIPSS C was exposed to a circularly
polarized laser beam. The direction of the incident electrical laser field is
indicated with red arrows, a circle and the scanning direction is indi-
cated with the white arrow. LIPSS_P and LIPSS_S presented a similar
pattern of parallel nano-ridges linked together by short nano-ripples as
depicted in Fig. 4(b).

Nanospheres can also be observed on LIPSS P and LIPSS_S. The
structure of LIPSS_C was a nano-ripple dominated structure with a few
visible circular nano-peaks. In some instances, nanoripples can be seen
clustered together longitudinally (top right of LIPSS_ C 10kx SEM
micrograph in Fig. 4(a)).

The dimensions of nanoripples present on the LIPSS surfaces were
estimated from SEM image analysis which are shown in Fig. 4(c).

The AFM height maps of different surfaces are shown in Fig. 5(a),
along with the dominant surface wavelength obtained through the
power spectrum density method. The structured surfaces showed a
significantly lower dominant wavelength than the flat surface. It is
crucial to consider this aspect for understanding the relevance of feature
wavelength (scale) in relation to bacteria-surface and MG-63-surface
interactions which is discussed later.

The roughness parameters, on varying scales (0.125:0.125:1 ym and
1:1:5 um) were extracted from filtered AFM height maps. In particular,
the roughness parameters at the 0.5 ym scale are shown in Fig. 5(b).
Fig. 5(b) presents results for roughness measurements and the fractal
dimension of HSS surfaces.

On all scales, including 0.5 um, LIPSS_P possesses higher S, than
LIPSS_S which corroborates with the nano-ridges height measurement.
The developed interfacial area ratio increases from a flat surface to a
structured surface. The highest Sq; was in the case of LIPSS P for all
scales. The peak density parameter was lowest for LIPSS_P, followed by
the flat surface, then LIPSS S and highest for LIPSS C. The fractal
dimension, describing the surface complexity was highest for LIPSS_C as
shown in Fig. 5(c,d).

Surfaces that have been exposed to high fluence laser revealed a
hierarchical structure that consists of regularly spaced micron-sized
bumps superimposed with nanoridges, nanopeaks and nanoripples as
presented in the SEM micrographs in Fig. 6(a). A few deep micro-holes
can be seen on the surface exposed to 40 laser passes (HSS_40).

The topography of the HSS surfaces presents two features, which can
be viewed in short and long range wavelengths, the short one is
amenable to AFM measurements whilst the long one is amenable to
profilometry measurements as shown in Fig. 6(b). The long wavelength
component contains microfeatures while the short wavelength contains
nanofeatures sitting on top of the microfeatures. Together they are
referred to as hierarchical structures.

Profilometry line scans depicting the primary profile of the hierar-
chical surfaces are presented in Fig. 6(c). The height of the microfeatures
of HSS_10 was lower than that of HSS 40, as expected, due to the
increased number of laser passes.

Sqr values were plotted against all evaluated scales for LIPSS surfaces
(Fig. 7). All the structured surfaces exhibited significantly lower SFEs
compared to the flat surface. Within LIPSS surfaces, LIPSS_P exhibited
the lowest SFE of 23.4 mJ/m2. Within HSS surfaces, the surface energy
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Fig. 4. (a) SEM micrographs of the three types of SS surfaces. The red arrows indicate the laser polarization and the white arrows indicate the scanning direction. (b)
Diagram depicting the typical linearly polarized LIPSS morphology. (c) Geometrical measurements of nanoripples and nano-ridges of LIPSS surfaces measured from
SEM image processing. The heights were measured from line scans extracted from AFM measurements.

was lowest for the HSS_40 surface, while it was comparable to LIPSS_P
for HSS_10.

EDS analysis was performed on all tested samples which is presented
in Fig. 8(a). The measurement of different elements did not show sig-
nificant changes between the samples except for the case of iron and
carbon where there was a significant decrease between the flat sample
and LIPSS_C for iron, and LIPSS_C and HSS_10 for both iron and carbon.

To better understand the chemical nature of the surface modifica-
tion, X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted. The XPS binding energy values (in eV) of C1 s, Cr 2p, Fe 2p, and
O 1 s for different samples (LIPSS_P and HSS_10) and the flat sample are
presented in Fig. 8(b) and Table 4. It was observed that the carbon
content in all samples was significant due to surface contamination.
However, the laser structured samples showed approximately 30 %
more carbon content than the non-structured samples. As the laser-
textured samples had a larger surface area, they had more exposure to
carbon-based compounds in the air, resulting in a greater amount of
carbon contamination.

This difference in carbon content is also evident in the survey
spectra, where a larger carbon peak can be observed for the laser-
structured sample. The high-resolution spectra of the chromium and
iron peaks confirmed the presence of an oxide layer on all three types of
samples. Fig. 8(c) shows the high-resolution spectra of Cr 2p peaks and
their deconvolutions. The spectra were fitted with four major compo-
nents; Cr metal, Cry03, Cr(OH)3 and FeCry04 according to data found in
the literature [47]. The high-resolution Fe 2p spectra are shown in Fig. 8
(d). The peak was fitted with six components belonging to Fe metal, FeO,
Fe?* and Fe3" of Fe304, Fe,03 and FeFs, according to the data found in
the literature regarding peak positions, peak line shapes and widths of
individual components [48]. The deconvolution allowed the

identification of the different oxidation states of iron and chromium
present on the sample’s surface and the quantification of their relative
amounts as presented in Table 5 and Table 6. The results revealed traces
of Cr metal on laser-structured surfaces, while Fe metal was barely
present on the surfaces and the surfaces were composed mostly of Cry0s3,
Cr(OH), FeCr,04, and Fe3* with small amounts of Fe?t, Fe;03, FeO and
FeFs. Further explanation of these results is offered in the discussion
section.

3.2. Evaluation of bacterial coverage

Fluorescent imaging results following the live/dead assay on the
tested surfaces are presented in Fig. 9(a). The coverage or attachment of
bacteria shown in Fig. 9(a, b) decreased for all the structured surfaces
compared to the flat control surface. The results clearly showed that the
highest number of attached bacteria was on the flat unstructured surface
with a bacteria coverage percentage of around 4.91 %, followed by
LIPSS_P (2.87 %), LIPSS_S (2.53 %) with the lowest attachment for LIPSS
type surfaces being on the LIPSS C surface with 1.80 % bacterial
coverage. The HSS surfaces exhibited even lower bacterial coverage
with 1.59 % for HSS_10 and 0.53 % for HSS_40. A high negative corre-
lation was mainly observed on the lower scales (0.125 — 0.5 um) for both
Str and D with the bacterial coverage as shown in Fig. 9(c). The corre-
lation of BC and D was only statistically significant (p < 0.05) at the
0.375 pm and 0.5 um scales. Fig. 9(d) depicts the variation of bacteria
coverage with the fractal dimension at the 0.5 pm analysis scale.

3.3. Assessment of osteoblast attachment and cell morphology

Following seeding and 24 h of incubation of MG-63 cells on the
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Fig. 5. (a) AFM height maps of all tested surfaces indicating the corresponding surface’s wavelength based on the power spectrum density calculations. (b) Surface
topographical parameters of the surfaces at the 0.5 um scale (c) The fractal dimension of the samples at varying scales. (d) The fractal dimension of the sample at the
0.5 um scale. The p-value for pairwise comparison between samples and the flat sample are represented by * (p < 0.05) and ** (p < 0.005).

structured surfaces, the attachment was observed using fluorescent mi-
croscopy which is shown in Fig. 10(a). The cell area (CA), cell number
(CN) and cell circularity (CC) were evaluated for all surfaces. The cell
area analysis showed a significant difference between most surfaces
presented in Fig. 10(b). The average cell area on the flat surface was
highest while surface HSS_40 exhibited the lowest significant reduction
in cell area. The number of cells attached, although not significantly
different among the samples, was highest on the flat surface and lowest
on HSS_40. The number of cells attached on HSS_10 was around double
the number of cells attached on HSS_40. The cell circularity analysis did
not show significant differences however, the circularity of MG-63 cells
on HSS_40 was the highest.

A plot depicting the absolute values of the correlation parameters
between surface topographical parameters and the MG-63 cell area is
presented in Fig. 10(c). A high positive correlation between CA, Spq was

found at very low (< 0.25 pm) and high scales (> 4 pm).

Additionally, at scales above 0.625 pym, the CA highly correlated with
the fractal dimension. The Spq correlated well on all analysis scales with
CN and D highly correlated with CN above 0.625 um. Finally, the CC
correlated strongly with D for low scales (< 3 um) with statistical sig-
nificance at very low scales (< 0.5 um). S, Sg, Spq correlated well with
CC within the range of scales 0.375 — 0.875 um. Additionally, Str cor-
relates highly with CC on all scales.

4. Discussions
4.1. Surface treatment, topographical properties and surface chemistry

As anticipated, the LIPSS ridges orientation very much depends on
the laser polarization [49]. Since both polarizations P and S were linear,
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the resulting surface morphology after irradiation was similar. However,
for the case of LIPSS_C, the morphology was observed to be slightly
different, as nanoripples were distributed irregularly in some areas and
showed some alignment patterns in other areas. The surface complexity
of LIPSS_C was corroborated by the high fractal dimension D at all
evaluation scales. The LIPSS structure period for all the LIPSS surfaces
was <0.14) (A is the laser wavelength, 1030 nm) which indicated that
the surfaces could be classed as high-spatial-frequency LIPSS (HSFL)
[49]. The nanospheres observed on the LIPSS P and LIPSS S surfaces
were due to the redeposition during ablation [50].

The increase in the laser passes from 10 to 40 for HSS surfaces led to
an expected increase in the microfeature height, a decrease in the width
and an increased slope. The increase in microfeature height was pro-
portional to the number of laser passes. The deep micro-holes observed
on HSS 40 resemble single-shot crater ablation. Their morphology

reflects the energy distribution within the laser beam, which in this case
appears to have a distorted Gaussian distribution [51].

Laser structuring can influence the surface chemistry of alloyed
materials such as stainless steel due to the preferential ablation of some
alloy components and oxidation reactions on the surface layer. Although
the XPS spectra showed that there was generally no significant effect of
structuring on the presence of chromium and iron compounds, the main
observed difference in the chemical composition of the surface layer was
in the fractions of chromium and iron oxides formed on the surface.
Particularly, there was a slight increase in the fraction of Cr(OH)s,
FeCry04 and Fet of Fe304 for the laser-structured surfaces. However,
the difference in the fraction of Cr(OH); and Fe* of Fes0, between the
structured surface was very small. The presence of fluoride was similar
in all samples. Considering that fluoride was not detected through EDS
but only through XPS, high-resolution scans as FeFs3, the fluoride is most
probably present on the outermost surface and/or in very low concen-
trations (< 0.1 wt %) [52]. According to the XPS results, laser irradiation
did not significantly affect the fraction of FeFs. The flat and
laser-structured surfaces were both found to be covered with carbon
contamination from the environment. Carbon possesses adsorptive
qualities which enrich organic nutrients. This can serve as a bioactive
component, which can promote early-stage osseointegration and
potentially improve biocompatibility, yet it can also encourage bacterial
attachment [53]. However, these results do not suggest that the surface
chemistry of the samples processed by different laser treatments differed
significantly.

4.2. Influence of surface chemistry on surface biological functionality

The X-ray photoelectron spectroscopy results indicated that the
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Fig. 8. (a) Chemical composition of the samples obtained from EDS. (b) XPS spectra of representative samples; flat, LIPSS_P and HSS_10 (c) fraction of chromium

compounds and (d) fraction of iron compounds.

Table 4
XPS binding energy values (in eV) of C 1 s, Cr 2p, Fe 2p, and O 1 s for different
samples, corresponding to Fig 8(b).

Sample Cls Cr 2p Fe 2p O1s
Flat 51.15 1.64 11.2 36.01
LIPSS_P 65 0.73 3.76 30.51
HSS_10 64.42 1.86 4.43 29.29
Table 5
Fraction of chromium compounds corresponding to Fig 8(c).
Cr 2p Cr metal Cry03 CrOH FeCr,04
Flat 13.13 37.2 32.84 16.83
LIPSS P 8.47 21.61 47.26 22.66
HSS_10 2.15 20.6 47.99 29.26

structured surfaces exhibit a modest difference in chemical composition
compared to the flat surface. The percentage of elemental chromium was
lower, while the percentage of chromium oxides was higher on the
structured surfaces. Trivalent chromium, which was found on all the test
surfaces, is known for its high stability and low toxicity as it is under-
stood to be unable to penetrate biological cell membranes [54].

10

Table 6
Fraction of iron compounds corresponding to Fig 8(d).

Fe 2p Femetal  Fe;04 (Fe>*)  FezO, (Fe®™)  Fe,03  FeO FeFy
Flat 0.81 11.59 75.76 2.42 151  7.91
LIPSSP  0.46 16.55 70.58 1.8 0.66  9.95
HSS.10 273 16.57 66.55 3.3 228 857

Nevertheless, the change in the fractions of chromium oxides between
the structured surfaces did not appear to reflect the biological func-
tionalities observed. At first glance, the detection of FeFs may raise
concerns, but upon further examination, it was apparent that the frac-
tion of FeF3 was almost consistent across all samples tested and did not
exhibit any discernible correlation with biological functionality.

Thus, the results suggest that surface chemistry is not the primary
factor contributing to the reduced bacterial attachment and the changes
in the morphology and attachment of MG-63 cells on the surfaces
structured by laser in this investigation.

4.3. Influence of surface topographical properties on surface energy

It is well-established that surface topography has a considerable in-
fluence on surface wettability. More particularly, two distinct wetting
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Fig. 9. (a) Fluorescent images of S. aureus bacteria attached to the tested surfaces. (b) The bacterial coverage on the tested surfaces. The p-value for pairwise
comparison between samples and the flat sample is represented by *** (p < 0.0005) and **** (p < 0.0001). (c) The absolute value of correlation factors between the
bacterial coverage, the texture aspect ratio and the fractal dimension across scales. Red region: no correlation. Yellow region: weak correlation. Green region: strong
correlation. (d) The variation of bacterial coverage with the fractal dimension at 0.5 um analysis scale.

behaviours for liquid droplets on a rough surface have been defined in
the literature: the Wenzel and the Cassie-Baxter state. The Wenzel state
proposes that the droplet fills the surface and its micro/nanofeatures,
whereas the Cassie-Baxter model proposes that the droplet cannot fill
the surface asperities; instead, air is entrapped between the gaps of the
surface features. The contact angle can then be expressed using the
following equation:

cosOcg = f1cosby — fo (5)

The wetting behaviour of the droplet on a nanostructured surface
will depend on whether or not the droplet can overcome the energy
barrier and wet the micro-nanofeature gaps. This depends on the
topography of the surface, its amplitude and spatial characteristics.
Those characteristics can be described by roughness parameters, mainly
amplitude and spatial parameters. The results indicated that, on the
roughness scale, with the increase of amplitude parameters such as S,
and Sq and the hybrid parameter Sy, the surface energy decreases, for
both types of surfaces.

The results show that, for HSS-type surfaces, the surface energy (SFE)
was lower than for LIPSS surfaces with similar roughness and hybrid
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parameters. For example, when comparing HSS_10 and LIPSS_C, both of
which have similar S, values, the SFE of HSS_10 was lower than that of
LIPSS_C. Similarly, when comparing HSS 40 and LIPSS_C with similar
Sar, the SFE of HSS_40 was significantly lower. This difference in SFE can
be attributed to the presence of microfeatures on these surfaces. In the
case of HSS surfaces, the SFE decreases with the small width and high
slope of the microfeature. These variations in the slope and width
directly affect the fraction of the solid surface in contact with the
droplet, reducing its value. As a result, the contact angle increases,
leading to a decrease in the surface energy for HSS surfaces compared to
LIPSS surfaces, as predicted by Eq. (5).

4.4. Influence of surface energy on bacterial adhesion

The surface energy of a surface has been established to have an in-
fluence on bacterial adhesion as established by the XDLVO theory and
further reinforced by experimental data [55,56]. Furthermore, surface
energy affects the bacteria-containing liquid by influencing how it wets
the surface. If a surface possesses a low SFE, the liquid droplet does not
spread, thus the interfacial solid/liquid area available for bacteria to
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Fig. 10. (a) Fluorescent microscopy images of MG-63 cells attached to the tested surfaces. (b) The Cell area (CA), cell number (CN) and cell circularity (CC) of the
MG-63 cells attached to the tested surfaces. (c) The absolute value of the correlation factors for the cell area, density of peaks and the fractal dimension across scales.

In this case, both correlations are positive.

adhere is less than that for a high SFE surface as depicted in Fig. 11(a).

When bacteria are near the surface, the surface energy (i.e. the sum
of the van der Waals attraction, the electrostatic repulsion and the acid-
base interaction) also affects their adhesion to the surface as described
by the XDLVO theory [57]. For instance, when comparing two smooth
surfaces with varied surface energies, Liu and Zhao (2005) [58]
observed that the increase in the surface energy scales linearly with the
bacterial attachment. There are contradictions in the literature con-
cerning this and an opposite trend has also been reported [59]. Addi-
tionally, when surface structuring is introduced, this interaction
becomes more complex as structuring is known to influence not only
surface energy but also surface area available for bacteria to attach.
Surface structuring, relative to the studied bacterium size, might expose
a larger area for attachment increasing the probability of bacterial
adhesion. Alternatively, it may make an exposed area physically un-
reachable to the bacterium. In this study, it was observed that surfaces
with low surface energies (in the range of 19.5-32 mJ/m?) exhibited a
decrease in bacterial attachment compared to the high SFE flat surface

as seen in Fig. 9. However, when comparing structured surfaces
together, no correlation between the surface energy and the bacterial
coverage was found (rspg,sc = 0.30), indicating that surface energy is not
the primary factor in the reduction of bacterial attachment on structured
surfaces.

4.5. Influence of surface topography on bacterial adhesion

The S. aureus retention study showed a clear decrease in bacterial
coverage on all the structured surfaces compared to the unstructured flat
surface. The reduction of bacterial attachment relative to the flat surface
was approximately 41 % for LIPSS_P, 48 % for LIPSS_S and 63 % for
LIPSS_C. While the reduction was 67 % for HSS_10 and 89 % for HSS_40
surfaces compared to the flat surface.

The dominating wavelength of the structured surfaces correlated
strongly (positively) with bacterial coverage (rwavelengthsc = 0.67).
Considering that the wavelength of the surfaces ranged between 0.074
and 1 um, this correlation indicated that the bacterial attachment
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increases when the wavelength of the features increases to values
comparable or beyond the bacterium size.

There still exists a divide in the literature as to whether roughness
correlates positively or negatively with bacterial adhesion. That is
mainly due to an oversimplification of the surface topography assess-
ments and lack of comprehensive surface roughness analysis leading to
the masking of underlying surface patterns or features.

The results of this study do not show any correlation between S, Sq
on any scale and the bacterial coverage (BC). The parameter S;. corre-
lates (negatively) very well with the bacterial coverage at scales lower
than 1 pm. This means that when S, of a structured surface is high, BC is
low. In other words, anisotropic surface features encourage bacterial
attachment while isotropy discourages it. The lack of directional cues on
high S, surface topographies makes it more difficult for the adhesion
complexes and proteins to find and bind to their specific binding sites on
the surface, reducing the overall adhesion strength, and ultimately
reducing adhesion [60]. In this study, the fractal dimension was
uniquely employed for the first time as an attempt to establish a scalar
indicator for complex surfaces, to advance the understanding on this
front. The results of the fractal dimension analysis over various scales
are presented in Fig. 5(c).

The analysis (Fig. 9) revealed a strong negative correlation between
the fractal dimension (D) and bacterial adhesion at scales below 0.5 pum.

A surface with a high degree of complexity (high D) can decrease
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adhesion sites for bacteria, as depicted in Fig. 11(b), making it more
difficult for them to establish a foothold on the surface. This in turn
disrupts bacterial attachment as is evident in the results. Particularly for
S. aureus, it has been observed that when they attach to surfaces with
low SFE, they use multiple macromolecules that bind weakly to the
surface, such as serine-aspartate repeat-containing protein C [25]. On
the other hand, when they attach to high SFE surfaces, they use fewer
macromolecules that bind more strongly.

Therefore, for the bacteria to attach to the LIPSS and HSS surfaces,
which are surfaces with low SFE, it is likely that S. aureus requires
attachment of a large number of macromolecules/macromolecule
patches of sizes ranging between (0.1 to 0.5) um [61,62], which can be
hindered by the complexity of the surface structure on that scale as
illustrated in Fig. 11(b, c). Furthermore, if the macromolecules were to
bind to the complex surface, the molecules would impart stresses on the
bacterium’s membrane forcing it to deform, which creates an inoppor-
tune situation for bacterial adhesion [63]. These results suggest that
bacteria do not favour complexity and isotropy for attachment. The
results also suggest that the fractal dimension, evaluated at scales
comparable to the bacterium and its macromolecule sizes, can be a
stronger indicator of bacterial response to specific surface topographies
than the surface energy (rp pc at low scales > rspg pc).

Hierarchically structured surfaces have been observed to possess
better antibacterial properties than LIPSS surfaces, and this may be due
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to the ability of hierarchical structuring to induce localized surface en-
ergy gradients as illustrated in Fig. 11(d) [64]. This means that the
surface may not be stable for a particular microorganism with a specific
surface energy requirement to attach, suggesting that the hierarchical
structuring has the potential to prevent bacterial attachment and colo-
nization. However, it should be noted that these are observations and
require further research to confirm their validity. Material residual
stresses, though not explored in this study, could also be contributing to
the decrease in adhesion on structured surfaces. For instance, Bagher-
ifard et al. [65] have shown that enhanced surface compressive residual
stresses in the material surface decrease bacterial attachment on
shot-peened stainless steel surfaces. Concurrently, some studies have
shown that laser processing increases compressive residual stresses [66].

4.6. Correlation of surface parameters with MG-63 cell adhesion

The adherence of MG-63 cells to biomaterials is a multifaceted
phenomenon influenced by various factors, ranging across various
scales. The examination of the interaction between MG-63 cells and
patterned surfaces indicated that the expansion of MG-63 cells, notably
the cell area, is substantially impacted by the surface energy, the fractal
dimension and the density of peaks. Since the change in surface area was
the only cell-bound parameter that changed with statistical significance,
all other parameters discussed concerning the cells’ morphologies (CN
and CC) are considered observational only. The decrease in SFE between
the flat and structured surfaces is highly correlated with a decrease in
cell area (pFlat/LIPSS_P 1<0.05¢ Prlat/HSS_40w < 0.0001). This ﬁl’ldil‘lg isin
agreement with the literature where high SFE was found to induce
spatial osteoblastic cell growth and enhance the area of cells compared
to low SFE surfaces [67]. Although the decrease in surface energy be-
tween the flat and structured surfaces corresponded to a decrease in
MG-63 osteoblast attachment (CN), it is noteworthy that this decrease
was not observed to be statistically significant.

The current results, shown in Fig. 10(c), suggest that at very low
scales (< 0.375 um) there is a weak positive correlation between the
surface complexity and the cell area. However, at scales higher than 0.5
um, the correlation becomes strong, indicating that MG-63 cell spread
increases with increasing degrees of surface complexity. Similar results
have been presented in the literature where it was shown that random
and disordered nanoscale topography enhanced osteo-specific differ-
entiation of human mesenchymal cells [68]. In addition, a positive
correlation was found between the number of cells on the surface and
the fractal dimension on scales greater than 0.5 um. However, increasing
surface complexity hurts cell circularity. In particular, it was found that
the fractal dimension has a positive correlation with cell circularity on
scales smaller than 1 um, with a significant correlation on scales smaller
than 0.5 um. This suggests that MG-63 cells tend to attach preferentially
to surfaces with high fractal dimensions, but their morphology is not
favourable on these types of surfaces.

The peak density of small wavelength features (< 0.25 pm) positively
correlates with CA, the correlation drops for features with wavelengths
between 0.5 um and 0.875 pm, then increases with wavelengths features
(> 1 pm).

Extracellular matrix (ECM) molecules such as fibronectin, vitro-
nectin, laminin and collagen, mediate cell attachment to surfaces and
vary widely in size. For instance, collagen fibrils have diameters ranging
from 0.05 to 0.3 um and can also assemble to make larger cable-like
collagen fibers that could reach a size of 4 um in diameter [69]. The
hierarchy in surface adhesins explains the correlations found at varying
scales, owing that MG-63 cells are affected to dissimilar degrees by
different wavelength features due to the specific interaction of varying
size macromolecules with the surface features. Not only that but adhe-
sins and ECM components can grow differently depending on the surface
topography. For instance, a study reported that on patterned surfaces
(<0.5 feature sizes) MG-63 cells exhibited larger stress fibers and
thinner actin filaments compared to flat surfaces [69]. More research is
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required to understand the preferential attachment of different adhesins
to differently sized surface features, and how the surface patterning
affects the growth of MG-63 cell ECM components.

Besides these parameters, microfeatures also affect the spread of MG-
63 cells, particularly when the spatial frequency of the microfeatures is
similar to the typical size of the cells (diameter: 20-50 um, length:
20-100 pm) [70,71]. This hindered the cell spreading process as illus-
trated in Fig. 11(e), indicating that the presence of microfeatures plays a
crucial role in regulating the behaviour of MG-63 cells by controlling
their ability to spread and their subsequent morphology.

Generally, nanostructures (LIPSS) did not significantly affect the
attachment and morphology of MG-63 cells regardless of the difference
in topographical and surface energy parameters (except for LIPSS P, p =
0.0205). However, the presence of microfeatures, particularly deep
microfeatures (HSS_40) significantly reduced the cell area and observ-
ably decreased the number of cells attached.

4.7. Limitations of this research

Like many studies, this work has certain limitations, primarily
arising from restricted access to instruments and the number of repeat
trials conducted. The study is divided into three main sections: (1) laser
fabrication, (2) surface characterisation, and (3) bioassays. The limita-
tions associated with each of these sections are discussed below.

4.7.1. Limitations with the fabrication strategy

The laser-fabricated steel samples were produced in a single batch
using fixed parameters derived from the literature [37-39] and
approved by the industrial partner LASEA. This restricts the ability to
evaluate the reproducibility of the fabrication process under varying
conditions, such as fluctuations in laser power, environmental factors, or
material inconsistencies. This alludes to the reliance on predefined in-
dustrial and literature-based parameters that may not be optimised for
different compositions. Investigating a broader range of parameters
could reveal a different metallurgical structure on the micromachined
laser surface. It is also worth noting that all samples used in this research
were produced from a single batch of stainless steel, meaning any
inherent variability in material properties (e.g., composition, surface
roughness) could influence the results. Its composition obtained from
the instrument was highlighted earlier in Table 1 but steel samples with
composition that are used to fabricate real medical implants could be
incorporated into this test procedure for more improved evaluation.
Repeating the fabrication process with different material batches would
help confirm the repeatability and generalizability of the findings.

4.7.2. Limitations with surface characterisation strategy

Due to limited access to the instrument, XPS measurements were
performed only once which limits the reproducibility of the surface
chemistry analysis. Repeating XPS measurements at multiple locations
would help verify the consistency of the surface composition and iden-
tify potential anomalies or contamination. As opposed to this while the
AFM and contact angle measurements were repeated three times, the
sample size may still be insufficient to fully capture variability in surface
topography and wettability. Increasing the number of replicates or
testing additional samples could provide more robust statistically reli-
able conclusions.

4.7.3. Limitations with bioassay test results

Despite performing cell culture experiments three times, biological
systems inherently exhibit variability due to factors such as cell passage
number, culture conditions and operator technique. This variability
could affect the reproducibility of the bioassay results. Also, while
technical replicates (e.g., triplicate wells) were included, the study may
have been constrained by the number of biological replicates (e.g., in-
dependent cell cultures). Increasing the number of biological replicates
would enhance the statistical power and generalizability of the findings.
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It can also be pointed out that the bioassays were conducted within a
specific timeframe, which may not account for potential time-dependent
effects, such as long-term cell behaviour or changes in surface properties
over time. Extending the duration of the experiments or conducting
time-point analyses could reveal new time-dependent details in the
analysis.

5. Conclusions

This study explored the impact of femtosecond laser ablation on the
bioactivity of stainless-steel surfaces, focusing on the adhesion and
attachment of Staphylococcus aureus NCTC 7791 and MG-63 osteoblast-
like cells. Surfaces produced via femtosecond laser ablation, character-
ized by dominant wavelengths smaller than the size of the bacteria and
comparable to the dimensions of surface-adhering macromolecules,
exhibited reduced adhesion and attachment of S. aureus NCTC 7791.
Additionally, these hierarchical structured surfaces influenced the
attachment and morphology of MG-63 cells, highlighting their dual
functionality in antibacterial activity and cell response.

To address the fundamental question of whether surface roughness
affects bacterial adhesion, we conducted a comprehensive evaluation of
various surface roughness parameters. Our findings reveal that
commonly used parameters, such as mean average roughness (Ra) and
peak-to-valley roughness (Rt), are inadequate for describing cell adhe-
sion and surface bioactivity. Instead, we propose the "fractal dimension"
as a more effective metric for characterizing surfaces in this context.

Our analysis demonstrates a clear correlation between fractal
dimension and bioactivity, highlighting its impact on the adhesion of
Staphylococcus aureus NCTC 7791 and MG-63 osteoblast-like cells. Spe-
cifically, fractal dimension and peak density significantly influenced
MG-63 cell attachment and morphology, particularly cell area. Notably,
the presence of deep microfeatures inhibited cell spreading.

Importantly, laser-induced periodic structured surfaces (LIPSS) with
sub-micron wavelengths, high fractal dimension, and high texture
aspect ratio emerged as promising candidates for regulating surface
bioactivity. These surfaces achieved a 63 % reduction in bacterial
colonization compared to flat surfaces while maintaining cytocompati-
bility with MG-63 cells.

These results underscore the potential of laser-induced structured
surfaces for advancing antibacterial strategies and promoting osseoin-
tegration, paving the way for further exploration and optimization.
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