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ABSTRACT

The morphological characteristics of metallic surfaces play a crucial role in the adhesion, retention, and growth
of bacteria and fungi. Laser-induced periodic surface structures (LIPSS) present potential to controlling biofilm
formation on biocompatible metallic surfaces for biomedical and engineering applications. LIPSS have emerged
as a promising technique for controlling biofilm formation on biocompatible metallic surfaces in various
biomedical and engineering applications. This present work uniquely focuses on investigating the effects of
LIPSS on AISI 316L stainless steel (AISI 316L SS) as a potential inhibitor against the adhesion of bacteria
and fungi (E. coli and C. albicans, respectively) on laser-textured surfaces. Microstructural characterization
through scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), roughness
profiling, and X-ray diffraction (XRD) revealed morphologic alterations of the laser-treated surfaces, resulting
in the formation of LIPSS with laser fluences of 2.1 J/cm? and 2.8 J/cm?, line spacing approximately equivalent
to the laser wavelength (532 nm), and average roughness values of 96 nm and 209 nm, respectively. The study
found that LIPSS exhibited inhibitory effects against E. coli biofilm formation on laser-textured surfaces, with a
noticeable enhancement in antimicrobial efficiency ranging from 30% to 43% compared to untreated surfaces.
However, the antimicrobial effectiveness against C. albicans was notably lower, with marginal improvements
observed under specific conditions. Thus, the results showed a complex interplay between surface morphology,
microbial adhesion, and antimicrobial efficacy on laser-textured metallic surfaces. These findings underscore
the dependence of the antimicrobial properties of laser-textured surfaces on the type of microorganism and
laser processing parameters.
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1. INTRODUCTION

AISI 316L SS is a biocompatible material used in the production of medical devices, surgical components,
and temporary orthopedic implants [1-3]. It is highly employed due to its exceptional corrosion and fatigue
resistance, high mechanical strength, good ductility, and biocompatibility. Moreover, its sterilization capability
makes it suitable for surgical instruments [4]. However, a critical consideration for using stainless steel in
medical component fabrication is the need for its surface to be functional, minimizing bacterial attachment and
retention, reducing contamination, cleaning requirements, and corrosion of the component [5, 6].

Well-known pathogens, such as Gram-positive bacteria (e.g., Staphylococcus aureus) and Gram-negative
bacteria (e.g., Escherichia coli), along with opportunistic fungi like Candida albicans can colonize and form
biofilms on biomedical devices, contributing to product contamination [7-9]. Biofilms consist of populations of
microorganisms that adhere to solid surfaces or each other, encased within a self-produced matrix of extracellular
polymers (EPS) [10, 11]. They can develop on virtually any natural or manufactured surface, serving as a host
that provides a favorable environment for the growth of anaerobic bacteria, other fungal species, and coexisting
bacteria [12]. Biofilms exhibit enhanced resistance to antibiotics and other biological or therapeutic related
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eradication methods. Their formation and growth on medical devices, like urinary catheters and respirators, can
lead to the development of chronic infections, which become resistant and can significantly impact healthcare
costs [13]. UK industry estimates that the biofilms can represent a cost of the billions of pounds each year due
to product contamination and equipment damage [14].

An alternative approach to inhibit biofilm formation and adhesion to solid surfaces involves modifying
the surface topography, roughness, chemical composition, and hydrophobicity. Various manufacturing methods,
such as plasma etching, anodic oxidation, chemical vapor deposition, lithography, and electrospinning, have been
suggested to achieve antibacterial properties by altering wettability and surface topography [15]. Technologies
related to the direct impregnation or coating of the material surface with antimicrobial substances (copper,
silver, nitrides, ceramics, organic and inorganic compounds) and/or surface modification through micro- or
nano-texturing have demonstrated microbial activity inhibition, influencing biofilm adhesion and growth on
these surfaces [16, 17].

The literature has reported several studies on the influence of morphologic alterations on bacterial
adhesion to solid surfaces. It has been shown that morphological features of different length scales ranging from
nano- to micrometer have strong influences on cell adhesion. In general, materials that are rougher and high
hydrophobic tend to promote the development of biofilms more rapidly [18, 19]. However, the literature also has
been reported that electropolished stainless steel surfaces could be potential areas for the bacteria colonization
[20]. It is important to note that the attachment of microorganisms on the surfaces remains a complex phe-
nomenon that is not fully understood. Studies have shown that surface roughness greater than 0.8 um is more
susceptible to the adhesion and growth of microorganisms [21] due to a higher surface area for attachment, and
it is also more challenging to clean [22]. Bacterial adhesion to stainless steel was compared between smooth
and rough surfaces in investigations conducted by WHITEHEAD et al. [23] and BOYD et al. [24]. The authors
demonstrated that a surface average roughness on the order of tens of micrometers, similar in scale to the diam-
eter of S. aureus cells, promoted strongest attachment to the substrate.

Nanostructured morphological changes have demonstrated the potential to prevent and inhibit the growth
of biofilms. Morphological nanostructures can assume various forms, including roughness, relief patterns,
nanopillars, and surface nanostructures. The literature has explored the impact of nanoscale morphologic surfaces
on microorganism adhesion [25, 26]. NGUYEN et al. [27] conducted a comprehensive study on the significance
of topography sizes and their effects on cell adhesion, morphology, alignment, and neurite guidance. The authors
provided extensive results regarding the influence of sizes on neurite guidance.

Laser texturing is an alternative technology for modifying micro or nanostructured surfaces with
dimensional accuracy, reproducibility, and high processing speed [28, 29]. It is possible to create metallic
surfaces with nanostructured topographies, a technique known as Laser-Induced Periodic Surface Structures
(LIPSS) [30]. The LIPSS can promote chemical changes of the surface, especially when the material processing
is performed under active atmosphere [31]. The spacing of the LIPSS structures generated by ultrashort pulsed
lasers (femtosecond or picosecond pulses) is generally smaller than half of the laser irradiation wavelength,
while LIPSS produced by long-pulsed lasers (> nanosecond pulses) typically have structures spaced at the order
of the laser wavelength [32]. Furthermore, the use of fs or ps pulsed lasers results in a smaller heat-affected
zone (HAZ) in the material compared to that obtained with ns pulsed lasers, although the processing time with
ultrashort pulses is longer due to their lower average power. So, the most studies about the LIPSS on the metal-
lic surface is related to the employee of the femtosecond lasers that have shown the influence of the structures
on the surface wettability, beside the transition from the hydrophilic to the hydrophobic state of the textured
material [31-34], being the LIPSS performed by nanosecond lasers less explored.

The characteristics of the topography and hydrophobic surface in relation to bacterial/fungal retention
have been the subject of extensive research [35-37]. A study conducted by LUTEY et al. [35] evaluated the
relationship between bacterial cell geometry and the antiadhesion effect on the surface by comparing bacterial
retention on different morphological surfaces. The results showed that mirror-polished surfaces favored E. coli
adhesion, while S. aureus retention was inhibited under the same conditions. Furthermore, Laser-Induced Peri-
odic Surface Structures (LIPSS) reduced E. coli and S. aureus adhesion by approximately 99.8% and 84.7%,
respectively. The response of C. albicans biofilm production was also examined on both control (flat glass
coverslip) and nanostructured surfaces. The results indicated that the fungal cell response was influenced by the
nanostructured surfaces, leading to a reduction of the quantity and growth of C. albicans. On the other hand,
the authors suggested that in medically relevant environments where fungal and bacterial microbes coexist, the
biological response to the properties of nanostructured surfaces may be more complex [36]. EPPERLEIN et al.
[37] assessed the behavior of microbial adhesion to Laser-Induced Periodic Surface Structures (LIPSS) using
laser fluences close to the ablation threshold while scanning the sample in a multi-pulse regime. The results
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showed that E. coli preferentially avoided adhesion to the LIPSS-covered areas, whereas S. aureus favored these
areas for colonization.

The focus of the current study was to evaluate Laser-Induced Periodic Surface Structures (LIPSS) on
AISI 316L SS samples, generated with a simple, fast, and cost-effective nanosecond pulsed laser, as potential
inhibitors of microorganism adhesion on laser-textured surfaces when compared to untextured specimens.
Escherichia coli (E. coli) bacteria and Candida albicans (C. albicans) fungi were considered to quantify the
performance of the textured surface. Notably, it is worth emphasizing that LIPSS, typically associated with
faster pulse durations (femtoseconds or picoseconds), are being examined here within the context of nanosecond
laser pulses.

2. MATERIALS AND METHODS

2.1. Material

Cylindrical disks of AISI 316L stainless steel with 3 mm diameter and 10 mm length were used as base material.
Sample surfaces were previously submitted to usual metallographic preparation, being polished to a mirror-like
finish, and cleaned before their processing in ultra-sound bath with acetone for 10 min. To validate its elementary
chemical composition, the polished surfaces were characterized by scanning electron microscopy (SEM, Inspect
S50, with EDS, EDAX).

2.2. LIPSS setup

A linearly polarized beam of a 532 nm Nd:YAG laser (Coherent, Corona), 70 W maximum average power, 100
ns pulse duration, and 5 kHz repetition rate (f) was used to generate LIPSS on the upper face of the cylindrical
disk. The laser beam scanning on the sample surfaces was performed by a scanning device (SCANLAB,
HurrySCAN20) focused with a 250 mm focal length F-Theta objective lens on the AISI 316L SS surface. LIPSS
was performed on metallic surface under atmosphere ambient with bidirectional movement of the laser beam,
considering scanning speed (v), 50 mm?, pulse overlapping of 92%, and 600 um spot diameter (2w). The param-
eters are summarized Table 1 and were considered based on previous results [38].

The roughness evaluation of the surfaces was determined through a calibrated profilometer (Taylor-
Hobson PGI 1000), by direct contact, after its texturing. Surface roughness was measured using a transverse
speed of 0.5 mm/s with a diamond-tipped stylus running, in an area of 1 mm x 1 mm to obtain the Sa (arithmetical
mean height), Sz (maximum height) and Sq (root mean square height) parameters. The microstructure of the
textured surfaces was analyzed by scanning electron microscopy (SEM, FEI Inspect S50) and energy-dispersive
X-ray spectroscopy (EDX). X-ray power diffraction (XRD Rigaku, Ultima IV), equipped with a Bragg
Brentano diffractometer and Cu-Ka radiation (wavelength: 0.154056 nm), was conducted to characterize the
microstructure of AISI 316L surface, considering beam scanning between 30° and 100° (20), angular velocity
of 10°/min and step of 0.2°. The obtained diffractograms were analyzed by comparison to the patterns present
in the High Score software library.

2.3. Bacterial and fungi adhesion on the surface

To evaluate biofilm growth on laser textured surfaces, experimental proceedings were conducted based in
previous protocol [39]. The bacteria Escherichia coli (E. coli), and the fungus Candida albicans (C. albicans)
stored in glycerol stocks at 20%v/v and —80% were used. The microorganisms were previously grown in selec-
tive medium Brain heart infusion broth (BHI) and cultured for 24 hours at 36° C. Control (polished surface) and
laser textured samples were sterilized for 24 h in 70% alcohol and autoclaved at 120° C for 20 min. Then, for bio-
film adherence, the samples were placed onto a 48 wells microplate with 2000 pL of standardized suspensions of
E. coli and C. albicans (103 cells/mL) and incubated at 37 °C for 24 h. A well with culture medium and a well

Table 1: Processing parameters used to LIPSS on AISI 316L SS surface.

NOMENCLATURE AVERAGE POWER PULSE ENERGY (P))* FLUENCE (F)**
W] [J] [J/em?]
S2.1 15 3 2.1
S2.8 20 4 2.8

*P_= P/f, **F = 2P _/n(w)
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with the fungi inoculum were used as controls. After biofilm adhesion, the samples were processed for biomass
and CFU counting and for biofilm fixation.

For biofilm biomass quantification, the samples were submitted to evaluation by the crystal violet
method, which was based on PETRACHI et al. [40] with modifications. Approximately 2000 pL of 0.1% crystal
violet dye was added to cover the metal surface, followed by incubation for 15 min. Then, the microorganisms
deposited in the samples were eluted by adding 2000 pL of 30% acetic acid for 15 min. Absorbance readings
were performed by spectrophotometry at wavelength of 590 nm (Synergy H1, BIOTEK, USA). The biomass
was assigned as antibiofilm efficiency and calculated according to Equation 1:

N,
antibiofilm efficiency (%) = [NC _NS] * 100 0
.

where N, represents the number of colonies on the control samples; and N, represents the number of colonies
on the tested samples.

After 24 hours of biofilm incubation all the liquid content of the well was removed and the AISI 316L
SS samples were fixed with methanol and dehydrated with a sequence of washes with ethanol (10, 25, 50,
75 and 100%). To evaluate the biofilm morphology grown on the laser-treated surfaces, these regions were
characterized by SEM (FEI, Inspect S50) and SEM-FEG (Tescan, VEGA 3). These regions were previously
metalized with a gold film (Quantum, model Q150R E), considering deposition for 90 s at 20 mA.

3. RESULTS AND DISCUSSION

3.1. LIPSS of AISI 316L stainless steel

To validate the elementary chemical composition of the AISI 316L SS, EDX analysis was performed (Figure 1).
The main alloy elements: nickel (Ni), chromium (Cr) and molybdenum (Mo) are present in the ferrous matrix of
the steel, along with a lower quantity of other elements (Figure 1a). The EDX analyzes of the textured metallic
surfaces do not show a significant change in chemical composition, when compared to untreated material,
including the oxygen concentration, after the material processing for both conditions — lower and higher fluences
at 2.1 J/cm? and 2.8 J/cm?, Figure 1b and Ic¢, respectively. However, previous work of LIPSS formation using
nanosecond pulsed laser with similar fluence values employed in preset work, reported by SIMOES et al. [38],
showed some level of oxidation on the surface, that influence of the absorption of laser energy. Qualitative
analysis for phase identification present in the material was conducted on the untreated and laser-textured AISI
316L surfaces by X-ray diffractometry, as shown in Figure 2. The austenite phase (y-Fe), characteristic of this
stainless steel [41], is observed. Additionally, the martensite phase (o’-Fe) was identified in all conditions. This
behavior could be associated with phase transformations occurring during the material processing steps, such as
lamination and drawing [41]. Finally, the results do not show spectra associated with oxides after laser texturing
of the surface, as obtained by EDX analysis. It is highlighted that, although the characterization techniques did
not evidence the oxides after laser-texturing surfaces, their resolution is order of micrometer range, while the
oxidation of the surface occurs more superficially.

The topography of untreated (polished surface, base material) and textured AISI 316L SS surfaces,
processed at 2.1 J/em? and 2.8 J/cm?, was characterized using profilometry. In Figure 3, the three-dimensional
profile of the surfaces is presented. An increase in the roughness is observed for the textured surface processed
at higher fluence (Figure 3b) compared to lower fluence (Figure 3c) used to generate LIPSS. The Sa parameter,
representing the difference in height of each point compared to the arithmetical mean of the surface, exhibits an
average variation up to two times higher with the increase in laser fluence applied to the surface, resulting in a
roughness change from 96 nm to 209 nm after the texturing of the metallic surface. It is worth noting that the
average roughness remains low, within in nanometric scale. The literature [42] has demonstrated the influence of
surface morphology on the metabolic properties of cells. BRAEM et al. [43] highlighted the impact of metallic
surface roughness on microbial adhesion and its growth. The results indicate that an average surface roughness
between 5—8 pm promotes the Staphylococcus bacterial biofilm adhesion compared to surfaces with a roughness
value of about 30 nm. Concerning the topography of the untreated surface (Figure 3a), as expected, it was
observed some increase in the roughness for textured surfaces, particularly for the material surface processed to
higher laser fluence (Figure 3c), when compared to roughness obtained of the polished surface.

Figure 4 presents the SEM of the homogeneous the LIPSS generated on the metal surfaces. It is observed
that for both experimental conditions, 2.1 J/cm? (Figure 4a) and 2.8 J/cm? (Figure 4b), there is the formation of
periodic nanostructures (red circle, Figure 4a), characteristic of LIPSS, evidencing the efficiency of nanosecond
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Figure 1: EDX analysis of the elementary chemical composition of the (a) polished 316L SS and of textured surfaces with
energy densities of (b) 2.1 J/cm? and (c) 2.8 J/em?.
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Figure 2: X-ray diffractometry results for untreated and laser-textured AISI 316L surfaces.
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Figure 3: Topographies and roughness parameters of the (a) untreated and textured surfaces processed at (b) 2.1 J/cm? and
(c) 2.8 J/em?.
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Figure 4: SEM images of laser-textured metal surfaces for both experimental conditions, (a) 2.1 J/cm? and (b) 2.8 J/cm?.

pulsed laser in generating these structures on steel surfaces. Previously, SIMOES et al. [38] demonstrated the
potential use of nanosecond pulsed lasers to generate LIPSS on the stainless steel surfaces. In this study, the
authors explored the influence of irradiation parameters and surface finishing on LIPSS, concluding that surface
roughness and the fluence have a significant impact on the efficient generation of LIPSS. In general, the literature
reports the generation of LIPSS using femtosecond or picosecond pulsed lasers [35, 44, 45]. Although the use
of these lasers presents different characteristics compared to nanosecond pulsed lasers, it has been shown that
the laser fluence should fall within the range of the material melting and vaporization thresholds. EICHSTADT
et al. [45] provided experimental evidence that the accumulated fluence plays a decisive role in the generation
of LIPSS. Therefore, the laser fluence values considered in the present work were sufficient to generate LIPSS
on AISI 316L SS, considering the control of processing parameters. It is important to highlight that in both
conditions, the variations in surface roughness do not affect the generation of nanostructures, typical of LIPSS.
These nanostructures remain unchanged, exhibiting a line spacing equivalent to the laser wavelength (532 nm).

3.2. Antibiofilm activity of the laser-textured AlISI 316L SS samples

The antibiofilm properties of both untreated (control) and laser-textured surfaces were evaluated against E. coli
and C. albicans. Table 2 summarizes the antimicrobial properties determined by measuring the absorbance of
microorganisms deposited on the examined surfaces. An enhancement in the antimicrobial efficiency of the
laser-textured surfaces (S2.1_E and S2.8 E) is evident, showing an increase ranging from 30% to 43% compared
to the untreated surface (S_control E) for the E. coli microorganism. Conversely, the antimicrobial effectiveness
of the laser-textured surfaces is notably lower against C. albicans, exhibiting a marginal improvement for one of
the analyzed conditions, 15% (S2.8 C), but with a significant decrease in efficiency for another textured surface,
—126% (S2.1_C), in comparison to the untreated surface (S_control_C). Figure 5 provides a visual comparison
of the antimicrobial efficiency values obtained for the analyzed samples.

The biofilms were visualized through Scanning Electron Microscopy (FEG-SEM). Figure 6 presents SEM
images of E. coli with different magnifications, grown on the untreated surface (S_control_E, Figure 6a and 6b),
and laser-textured surfaces (S2.1_E and S2.8 E samples), Figure 6¢c—d, respectively. In general, the adhesion
and growth of the E. coli biofilm exhibit a more organized pattern with a greater number of attached cells on the
untreated surface (S_control E) as opposed to the laser-textured surface. Bacterial adhesion is acknowledged as
the initial phase preceding biofilm development and a crucial step in pathogenesis [46]. Employing chemical or
physical modifications on the material surface can inhibit bacterial adhesion and the formation of biofilm archi-
tecture, representing a strategy to improvement the surface antibacterial properties [47]. Under these conditions,
the surfaces present regions without bacteria, evidencing the influence of LIPSS on the inhibition of E. coli bio-
film growth. The bacterial cells under the influence of LIPSS demonstrated certain cell elongation and collapsed
bacterial cell walls (Figure 6d and 6f). This behavior is more evident for LIPSS performed at a laser fluence
of 2.1 J/em?, which corroborates with its higher antibiofilm efficiency presented in previous results (Figure 5).
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Table 2: Antibiofilm activity properties of the untreated and laser-textured surfaces.

SAMPLE MICROORGANISM ABSORBANCE | ANTIMICROBIAL
EFFICIENCY (%)
S _Control E E. coli 0.249 0
S2.1 E E. coli 0.141 43
S2.8_ E E. coli 0.174 30
S _Control C C. albicans 0.130 0
S2.1.C C. albicans 0.294 —-126
S2.8 C C. albicans 0.110 15
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Figure 5: Antibiofilm efficiency of E. coli and C. albicans on the AISI 316L SS surfaces.

Figure 7 shows SEM images of C. albicans at low and high magnifications on the untreated surface
(S_control C, Figure 7a and 7b) and the laser-textured surfaces, specifically S2.1 _Cand S2.8 C samples (Figure
7c—f, respectively). A certain degree of inhibition in biofilm growth is noted on the surface textured at a fluence
of 2.8 J/em? compared to the untreated surface (control). This sample reveals the limitations in the growth and
adhesion of C. albicans cells, accompanied by alterations in cell morphology. Alterations, consistent with find-
ings from other study [48], encompass damage to the cell wall and membrane, pore formation, surface rough-
ness, cell shrinkage, and few hyphae structures in the presented micrograph (Figure 7f). Biofilms of C. albicans
with a higher hyphal content demonstrate elevated compressive strength and greater resistance to destruction.
Concurrently, hyphae contribute to enhancing the organism’s virulence [49]. Conversely, the surface textured
with a lower fluence, 2.1 J/cm?, appeared to induce the biofilm growth after laser texturing. In the sample
S2.1_C, there is more adhered cells to the surface, as well as the presence of the beginning of EPS formation.
These results align with the results obtained in the microbiological activity analysis using the CV method.

As mentioned, studies [ 18-24] have demonstrated that the effects of laser-textured surfaces on bacterial or
fungal retention could vary. Generally, wettability and surface morphology influence a microorganism’s ability
to remain attached to a surface. Thereby, an increase in surface roughness tending to facilitate the adhesion and
growth of a biofilm due to the larger available contact area [35, 50]. KOLLU and LAJEUNESSE [36] emphasize
the importance of considering differences in responses among nanostructured surfaces when aiming to control
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Figure 6: E. coli SEM images of the control (S_control E, a-b) and laser-textured surfaces, (c-d) S2.1 _E and (e-f) S2.8 E
samples. Morphological changes: disruption in the outer wall and cytoplasmic membranes, and some vacuolization (arrows),
and cell elongation (ellipse).
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Figure 7: C. albicans SEM images of the control (S_control_C, a-b) and laser-textured surfaces, (c-d) S2.1 C
and (e-f) S2.8 C samples. EPS formation (ellipse). Morphological changes: membrane pore formation (arrows),
surface roughness (circles), and cell size reduction (squares).
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bacterial cells or pathogenic fungal biofilms. The authors suggest that in medically relevant situations where
both fungal and bacterial entities coexist, the growth of fungal biofilms might be preferential. NGUYEN et al.
[51] conducted extensive research on the significance of surface topography and their impacts on cell adhesion.
The authors showed that at the microscale, human corneal epithelial cells can alter their alignment when the
surface grooves range between 0.8-1.6 pm. Furthermore, according to WASHBURN et al. [52], a critical
nanoscale surface roughness of about 1.1 nm can influence the proliferation rate for osteoblasts. Thus, the
behavior of microorganisms on textured surfaces is complex, exerting a strong influence on their morphology,
besides adhesion and growth on a solid surface.

In the present study, it is observed that the generation of Laser-Induced Periodic Surface Structures
(LIPSS) on the AISI 316L stainless steel surface exhibits higher antimicrobial efficiency against E. coli bacteria
compared to C. albicans fungi. In other words, the nanoscale roughness of the LIPSS formed on metallic
surfaces has inhibited the growth of E. coli, particularly on textured surfaces at a lower average roughness
of about 96 nm, processed at laser fluence of 2.1 J/cm? (S_2.1_E). On the other hand, LIPSS does not appear
to have the same effect on E. coli inhibition on the textured surface with higher average roughness, of a few
hundred micrometers (laser fluence of 2.8 J/cm?, S 2.8 E). This behavior is even more evident in the results
obtained for C. albicans adhesion and growth on both laser-textured surfaces, where LIPSS has a low influence
on the antimicrobial efficiency of the region.

4. CONCLUSIONS

The successful generation of laser-induced periodic surface structures (LIPSS) on AISI 316L stainless steel
surfaces using a 100-nanosecond pulsed laser marks an advancement in surface modification techniques,
evidencing antimicrobial properties of these laser-textured surfaces, with reductions in E. coli viability ranging
from 30% to 43% compared to untreated surfaces. Based on the obtained results, the following conclusions can
be drawn:

» LIPSS provided evidence of inhibited growth of E. coli on laser-textured surfaces, highlighting its potential
use in the preventing biofilm formation, with antimicrobial efficiency ranging from 30% to 43% on laser-
textured surfaces against E. coli bacteria when compared to untreated surfaces.

* Although the efficacy of laser-textured surfaces against E. coli bacteria was evidenced, the effectiveness
against C. albicans fungi was notably lower, with marginal improvements observed at higher laser fluences,
2.8 J/em?, and a significant decrease in efficiency observed for one textured surface at 2.1 J/cm?.

* SEM visualization of biofilms confirms inhibited growth of E. coli on laser-textured surfaces, indicating
the potential of LIPSS in inhibiting biofilm formation. Conversely, the influence of LIPSS on C. albicans
adhesion and growth varied, with surfaces textured at higher fluences showing some inhibition while those
textured at lower fluences promoted biofilm growth.

In conclusion, our findings offer valuable insights into the potential applications of the LIPSS in antimicrobial
surface design. This nuanced response underscores the complexity of microbial interactions with laser-textured
surfaces and emphasizes the importance of tailored approaches in antimicrobial surface engineering.
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