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ABSTRACT

The aim of the present study was to develop novel antibacterial touch surfaces through the laser texturing optimization of stainless steel. A
wide range of laser fluence (2.11 J/cm®-5.64 J/cm?) and scanning interval (10 um-30 ym) parameters were explored. The impact of surfaces
with different patterns, wettability, and oxidation states on the antimicrobial behavior of Escherichia coli K-12 and biofilm hyper-producing
Acinetobacter baumannii MAR002 was assessed. Modification of laser input enacted topographical changes with high scanning intervals
leading to ordered surface patterns, while increasing the laser fluence to 5.64 J/cm* created larger and less ordered plateaus and valleys.
Texturing also drove a transition from a hydrophilic starting surface with a contact angle of 80.67° + 3.35° to hydrophobic (138°-148°).
Antimicrobial analysis and bioluminescence assays of E. coli, alongside biofilm forming test through A. baumannii MAR002 indicated the
ability of laser texturing to produce effective bactericidal touch surfaces. No simple correlation was found between wettability and bacterial
behavior, revealing that proliferation is dependent on roughness, oxidation, and wettability. For the conditions selected in this study, a laser
fluence of 5.64 J/cm? and a scanning interval of 10 um showcased the lowest amount of recovered bacteria after 30 min.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0017580
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INTRODUCTION

The number of healthcare acquired infections (HAI) is on
the rise, posing a critical socioeconomic hazard. Solely in England,
300 000 patients develop a nosocomial infection annually, while in
the United States up to 1.7 x 10° incidents take place yearly.'”
Antibiotic therapies are the common course of action to tackle HAISs;
however, with the emergence of antimicrobial resistance (AMR),
patients suffering infections caused by pandrug-resistant pathogens
and the number of new drugs in development being reduced, such

an approach may prove difficult in the near future.” ® The predic-
tions of AMR socioeconomic impact have shown an estimated cost
of $100 trillion, endangering 10 x 10° lives annually worldwide by
2050.” While this prediction has been labeled uncertain and pes-
simistic,” it is clear to say that AMR is one of the great health-
care challenges of our era. Consequently, there is a critical need to
develop and implement novel antimicrobial therapies.

A patient suffering from HALI is a hazard to clinical staff and
other patients receiving healthcare treatment, as bacterial species
are prone to transmit in these settings. The most common path
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responsible for microbial transfer is hand to hand and surface to
hand contact between staff, patients, and touch surfaces (e.g., door
handles, touch plates, countertops, or switches).‘)‘m Cleaning and
disinfection can be used to control microbes spreading; nonetheless,
special care should be taken with touch surfaces as these are poten-
tial reservoirs where micro-organisms can survive from days to even
months.'’ To limit the spreading of microbes, a possible solution
is to implement antimicrobial surfaces in areas susceptible to bac-
teria colonization. Numerous antimicrobials are available for such
a purpose; however, there has been a prominence to reintroduce
old antimicrobial metals (e.g., copper, silver) and photocatalytic ele-
ments (e.g., titanium oxides).'' " Nevertheless, the cost of copper
and silver, coupled with the failure of some photocatalytic surfaces
in healthcare settings,” has caused a reticence to implement these
materials. As such, cleaning protocols are still the most broadly used
control approach.'’ That said, topographical modification to pre-
vent bacterial attachment and microbial transfer on touch surfaces,
specifically the use of laser texturing, has been gaining interest in the
biomaterials community.

Laser texturing is a technique that may be used to modify sur-
face roughness, chemistry, and wettability, all of which have been
shown to influence bacterial attachment.'®'® However, the exact
relationship between these properties has not been completely eluci-
dated, and mixed observations can be found in the literature. This
is exemplified by surface roughness where values in the nano- to
microscale (0.04 ym-3 ym) are reported to generally favor bac-
terial adhesion as the average roughness is increased.'””’ Never-
theless, the observations from Shaikh et al.’' and Taylor et al”?
support a reduction in the proliferation of some bacterial species
as the surface becomes coarser. Such changes in topology can also
affect the wettability of the material. As shown by Kubiak et al.,”
roughness modification can be used to modify the complete
wetting mode common to hydrophilic surfaces into a double
wetting mode typical of hydrophobic surfaces. From these two wet-
ting modes, generally, hydrophobic (contact angles >90°) materials
are considered less prone to bacterial adhesion than hydrophilic
(contact angles <90°) surfaces, although the optimal wettability
to reduce bacterial adhesion is still controversial.”**’ Efforts have
been made to develop superhydrophobic surfaces that offer anti-
adhesive properties with investigations to understand their influ-
ence on bacterial adhesion still going on. One such case is tex-
tured stainless steel where many authors have previously analyzed
its influence on wettability;z“ *U nhonetheless, the number of stud-
ies focused on the associated antimicrobial behavior is relatively
scarce.” ” Its low cost and large range of applications makes
stainless steel an attractive material to develop antimicrobial touch
surfaces. With AMR on the rise and limited new antibiotics on
the pipeline, complementary novel strategies to tackle HAIs are
required.

The optimization of laser texturing conditions to develop
antimicrobial touch surfaces is an area of great potential. In this
paper, we systematically assess the effect of laser processing con-
ditions, namely laser fluence and scanning interval, on the physic-
ochemical and antimicrobial properties of textured stainless steel.
A bioluminescent Escherichia coli K12 strain, a common cause of
infections in healthcare, and Acinetobacter baumannii MAR002,
a high biofilm former, were selected as model micro-organisms,
enabling the assessment of the antimicrobial effectiveness in decisive
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healthcare locations. Moreover, these micro-organisms emulate the
colonization of bacteria strains labeled critical by the World Health
Organization.”* This knowledge will be useful for the develop-
ment of antimicrobial surfaces for hospitals and other healthcare
settings.

METHODS

Patterning was performed using laser ablation (Pharos Light
Conversion, PHAROS) with a repetition frequency of 200 kHz, a
wavelength of 1028 nm, a pulse duration of 200 fs, a spot diameter of
33 um, and a scanning speed of 20 mm/s. To surface texture the 304
stainless steel samples, two different laser fluences (2.11 J/em? and
5.64 J/cm?) and scanning intervals (10 ym and 30 ym) were used,
resulting in an arrangement of distinctive and well-defined patterns.
For simplicity, the textured samples have been coded as F1-30, F1-
10, F2-30, and F2-10 according to the laser fluence and scanning
interval conditions (Table I).

The microstructure of the base substrate and treated stainless
steel was studied by x-ray diffraction (XRD) using a Siemens D5000
diffractometer with Cu Ka radiation (\ = 1.54184 A) at 40 kV
and 40 mA and a step size of 0.01°/s in the 20 range 25°-90°.
Surface finish was analyzed using an Alicona profilometer (Infinite
Focus, Alicona UK, Sevenoaks, United Kingdom) to obtain 3D scans
from a 700 x 550 um” area, and the results were obtained averaging
ten measurements (ten lines of 600 ym length each perpendicu-
lar to the texturing direction). Compositional analysis and surface
imaging was performed using a Tescan Mira 3 scanning electron
microscope (SEM) with 20 kV of acceleration voltage, equipped with
an Oxford Instruments X-Max 150 energy dispersive x-ray (EDX)
detector.

Contact angle measurements were carried out using the ses-
sile drop technique (Kriiss drop size DSA30 analyzer). A volume
of 1 yl of deionized water was dispersed at a rate of 30 yl/min and
slowly approached to the sample until contact with the surface was
made. Then, an additional 1 pl was dispersed, to ensure the con-
tact angle of the final 2 ul droplet was caused by natural interactions
between the liquid and the sample, reducing the effect of syringe
movement. Contact angle measurements were performed immedi-
ately upon deposition to prevent droplet shape change during evapo-
ration. The contact angle results were averaged from ten sessile drop
tests.

Bioluminescence tests were developed using E. coli strain
K12 transformed with plasmid (pVIB) containing lux genes and
cultivated at 28 °C in Luria Bertani (LB) broth with ampicillin.
After dilution and re-culturing until ODgoo ~ 0.3 pl, 2 ul were

TABLE . Laser processing parameters.

Laser fluence Scanning speed Scanning interval
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Sample (J/cm?) (mm/s) (pm)

F1-30 2.11 20 30

F1-10 2.11 20 10

F2-30 5.64 20 30

F2-10 5.64 20 10
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inoculated on the samples and bioluminescence was measured using
Syngene Gbox XT4 with an exposure time of 1 min.

Antimicrobial tests were performed with the same E. coli strain
used in the bioluminescence tests. After growing overnight (~16 h),
the culture yield was quantified with optical density measurements
at 600 nm (ODsggp) and bacteria were then diluted in sterile LB broth
to an optical density of 0.01. The diluted cultures were incubated at
28 °C until an ODggo ~ 0.3 was reached. Laser textured and control
samples (untextured stainless steel) were then immersed in 100%
ethanol and subsequently sonicated for 5 min in an ultrasound bath
to ensure a clean and disinfected surface. The disinfected samples
were left to dry in a sterile petri dish and then moved into a new
sterile petri dish containing tissue paper wetted with 1 ml of ster-
ile LB broth to prevent the samples from drying. A quantity of 1
yl of the previously described culture was dispensed directly onto
the textured and control surfaces, following incubation at room
temperature in the sealed containers. After the designated expo-
sure time, the samples were diluted in 99 ul of Tween 20 0.148 g/1,
2x critical micelle concentration (CMC), and sonicated for 5 min.
Finally, the recovered bacterial suspension was subjected to serial
decimal dilution and spread onto LB agar plates with the result-
ing colonies counted after 16 h of incubation at 37°C. All tests
were performed five times, with mean counts and standard deviation
reported.

A biofilm hyper-producing A. baumannii MAR002 strain”” was
used to study the influence of laser texturing in biofilm formation.
One colony of MARO002 strain grown on agar media was inocu-
lated into 5 ml of LB broth and incubated overnight at 37 °C. The
overnight culture was diluted 1:100 in LB broth and 100 yl inocu-
lated in a 96 well plate containing the textured samples. The samples
were then incubated at 37 °C for 48 h under static conditions. The
materials were then rinsed three times with Dulbecco’s phosphate-
buffered saline (DPBS) to remove any unbound bacteria and trans-
ferred into sterile conical tubes containing 5 ml of DPBS. The tubes
were vortexed at full speed for 1 min and then placed in an ultra-
sonic bath and sonicated for 10 min at a low power intensity, to
release the attached bacteria from the material. After an additional
vortex step, suspensions were serially diluted with DPBS and cul-
tured overnight. The CFUs were counted to determine the number
of viable adherent bacteria; each assay included three independent
replicates.

A deeper analysis of biofilm formation on the surface of the
different materials tested was performed using Scanning Electron
Microscopy (SEM). The material samples incubated as mentioned
above were washed, dehydrated in ethanol, processed with a critical
point drier, and sputter coated as described previously.” Biofilms
formed on the laser textured surfaces were viewed using a Zeiss
Supra Gemini Series 35V SEM.

RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the stainless steel textured
surfaces under F1-30, F1-10, F2-30, and F2-10 conditions along with
optical profilometry scans and microscopy images. In contrast to
the rough surface showcased by the laser treated coupons, the non-
textured as-received sample, used as control in all of the performed
tests, displays a relatively smooth surface with small scratches, likely

scitation.org/journal/apm

caused during the fabrication process (i.e., rolling). This relatively
smooth surface is heavily modified under all assessed laser process-
ing parameters resulting in highly oriented topography dominated
by grooves similar to those observed in other laser ablated austenitic
steels.””’

The surface roughness was assessed by measuring the arith-
metic average roughness (R.) from the profiles obtained through
optical profilometry. For a laser fluence of 2.11 J/cm?, the decrease
in the scanning interval from 30 ym to 10 ym did not notably alter
R, with F1-30 and F1-10 revealing similar values, 8.93 + 0.97 ym and
8.00 + 2.13 ym, respectively. However, this decrease in the scanning
interval did change the repeatability of the pattern with the F1-30
texture showing more highly ordered grooves along the direction
of the laser movement compared to F1-10. This surface exhibited
more random and coarser features consisting of high plateaus, up
to 50 ym, and low pits, down to 30 ym. A similar trend can be
observed for samples F2-30 and F2-10 treated with a laser fluence
of 5.64 J/cm* and corresponding scanning intervals, i.e., 30 gm and
10 pm, respectively. Nonetheless, a more pronounced increase in R,
was observed, rising from 2.22 + 0.17 ym to 14.62 + 1.92 um for
the higher laser fluence, which is consistent with the observations
of Wu et al.”” These results confirm that the parallel grooves ori-
ented in the laser direction present an ordered structure for high
scanning intervals, which is lost when the scanning interval was
decreased from 30 ym to 10 ym. In addition to the topograph-
ical changes, the right panels of Fig. 1 show the optical images
of the textured and control stainless steel samples, which suggest
further modifications to the base substrate. They exhibit a rusted
appearance probably associated with the high temperatures and the
presence of oxygen reached during the laser treatment. To analyze
in detail the chemical modification driven by laser patterning, the
XRD scans were obtained for the all treated and untreated samples
(Fig. 2).

The XRD scan of the as-received 304 stainless steel [Fig. 2(a)]
shows three intensity peaks, which can be correlated with the y phase
(austenite) typical of austenitic steels. The relative intensity of the
XRD peaks associated with the y phase at 43.467°, 50.685°, and
74.763° is different from that of the material in powder conditions
obtained from the PDF XRD files.”’ According to the PDF, the max-
imum intensity peak corresponds to (1 1 1), followed by (2 0 0),
and finally (2 2 0), while our XRD results show [Fig. 2(a)] that the
maximum intensity is detected for (2 2 0), followed by (1 1 1) and
(2 0 0). This discrepancy suggests that the as-received plate exhibits
preferential orientation along the (2 2 0) plane likely induced during
rolling.

Patterning with a fluence of 2.11 J/cm?® appears to modify the
microstructure [Figs. 2(b) and 2(c)] generated upon rolling, sug-
gesting that the melting of the rolled surface has taken place. In
addition, a small peak at about 35.26° and 62.46° attributed to
Fe;Oy is observed, indicating that the molten surface has under-
gone some slight oxidation, consistent with the surface morphol-
ogy (Fig. 1) and the work of Ngo and Chun.”’ Additional peaks
corresponding to Fe3;O4 are observed as the laser fluence rises
to 5.64 J/cm® for both F2-30 and F2-10 conditions [Figs. 2(d)
and 2(e)]. These samples display higher intensity peaks for Fe3;Oyq,
which increase as the laser scanning speed decreases, followed by
an intensity decrease of the diffraction peaks associated with the
Y phase.

APL Mater. 8, 091108 (2020); doi: 10.1063/5.0017580
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To better understand the chemical changes enacted by the dif-
ferent laser texturing inputs, EDX analysis of the as-received and
patterned samples was performed (Table II). The concentration of
oxygen, 20.0 £ 0.4 and 29.1 + 1.6 wt. %, is larger for the conditions
with the lowest scanning interval, F1-10 and F2-10, respectively.
This confirms the re-melting of some areas of the stainless steel plate,

ARTICLE
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FIG. 1. Surface topographies obtained
by SEM, optical profilometry (700 x 550
pm?), and optical microscopy for the
untreated substrate and F1-30, F1-10,
F2-30, and F2-10 processing conditions.

which may have been caused by the prolonged period of contact
between the molten material and the open atmosphere.
Considering that the ability of bacteria to attach on surfaces
is related to the capability of a droplet to interact with the sur-
face on which it is deposited,”’ the wettability was studied through
the sessile drop technique (Fig. 3). For the stainless steel plate, the
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25 30 35 40 45 50 55

FIG. 2. XRD scans for (a) the as-received stainless steel plate and after patterning
under (b) F1-30, (c) F1-10, (d) F2-30, and (e) F2-10 conditions.

scitation.org/journal/apm

contact angle measured was significantly lower (80.67° + 3.35°) than
those of the hydrophobic textured samples: 145.60° + 3.23° (Fl1-
30), 138.57° + 5.02° (F1-10), 148.84° + 1.89° (F2-30), and 143.93°
+ 2.81° (F2-10). The large increase in the contact angle suggests
that laser ablation has effectively modified the stainless steel sur-
face from hydrophilic to hydrophobic (Fig. 3). Similar results are
available for comparable laser textures on stainless steel surfaces,
as shown by Ngo and Chun"’ and Pendurthi et al."” However, the
reported contact angles are slightly higher than those observed in the
previously mentioned studies, with values commonly in the 160°-
170° region. It is also notable that a decrease in the laser scanning
interval from 30 ym to 10 ym seems to lead to a reduction in the
contact angle, suggesting that the less repeatable patterns are less
effective in maintaining air pockets capable of sustaining the water
droplet.”

It has been reported that the wettability of metallic textured
surfaces is highly dependent on the exposure time to ambient con-
ditions and the applied fluence. According to Kietzig et al.,” the
texturing of stainless steel alloys, such as AISI 304L and 630 with
fluences higher than 0.78 J/cm? results in an increase in the con-
tact angle of about 110°~120° after 20 days at room temperature. In
the present study, all measurements were performed after 3 weeks of

TABLE II. Compositional analysis (wt. %) of the stainless steel plate before and after [F1-30, F1-10, F2-30, and F2-10 laser
texturing obtained through energy dispersive x-ray spectroscopy (EDX)].

wt. %
O Si Mn Fe Ni
Steel 0.8+0.1 0.4+0.0 189 +0.1 2.0+0.1 70.2 +0.2 7.7 £0.1
F1-30 17.6 £ 0.2 0.3+0.0 17.7 £ 0.1 2.6 +£0.1 56.7 +0.3 5.1+0.1
F1-10 20.0+0.4 04+0.0 172+ 0.6 2.7+0.1 546 +£2.1 5.1+0.2
F2-30 258 £5.0 0.2+0.0 154 +1.1 1.4+0.1 51.5+4.4 56+0.3
F2-10 29.1+1.6 0.2+0.0 89+1.2 1.3+0.1 57.8+2.9 2.6 +0.5
(a) Steel (b) F1-30 (c)F1-10

-
80.67 + 3.35°

145.60 + 3.23°

(d) F2-30 (e) F2-10

148.84 + 1.89°

138.57 £ 5.02°

143.93 + 2.81°

FIG. 3. Water contact angle images
obtained for (a) stainless steel (control),
(b) F1-30, (c) F1-10, (d) F2-30, and (e)
F2-10.
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laser texturing, ensuring the stability of the surface and explaining
the discrepancies with Ngo and Chun’s"’ and Pendurthi’s " analyses.

The patterned surfaces present high peaks and low valleys
(Fig. 1), which may be able to trap bacteria, complicating the recov-
ering and discretization of killed bacteria that are usually straight-
forward in common antimicrobial tests. To account for the effect
of trapped bacteria and their correlation with recovered survivors,
bioluminescence measurements as well as antimicrobial tests were
carried out on both as-received and textured stainless steel coupons
(Fig. 4). Two images of bioluminescence after 5 min and 20 min
of inoculation are shown in Fig. 4(a). The untreated stainless steel
(i.e., non-oxidized) displays the highest luminescence of all sam-
ples, with a slight reduction after 20 min. As bioluminescence is
released naturally by active cells and variations in luminosity depend
on changes in bacterial population,” this increase reveals that bac-
teria are still growing over the contact time. This reduction is
much more noticeable in the laser treated samples, indicating that
physicochemical modifications enacted through laser texturing had
conferred a degree of antimicrobial properties to these surfaces.
Although the reduction in the light intensity occurs for all treated
samples, it is, especially, evident for the F1-10 and F2-10 textures,
which almost do not show any bioluminescence after 20 min of
contact.

The reduction in bacteria can be appreciated in the relative
intensity, I/Isee (where I is the intensity of the textured sample and
Lteel represents the intensity of the as-received stainless steel), mea-
sured during the first 20 min of contact [Fig. 4(b)]. Both F1-30
and F2-30 samples reveal an almost constant relative intensity that
abruptly diminishes. For F1-30, this change takes place after 8 min
followed by a reduction in the luminescence intensity of 3%/min.
In contrast, a more abrupt change in the intensity (11%/min) is

ARTICLE scitation.org/journal/apm

observed for F2-30 after 16 min. Similarly to the F2-30 and F2-
30 conditions, the F1-10 sample shows a decrease in the intensity
of 3%/min, but this occurs steadily over contact time. In contrast,
the bioluminescence exhibited by F2-10 does not practically change
with the contact time, being the lowest of all considered condi-
tions. These results indicate that the density of E. coli bacteria is
reduced by the patterned samples after 30 min of contact time. Con-
sidering the interest in having surfaces with a rapid killing effect
to prevent horizontal transmission from one individual to another,
it is evident that the best option is laser texturing under F2-10
conditions.

Bioluminescence provides a quick assessment of the interaction
between the surfaces and the bacterial species; however, quantitative
analysis similar to those proposed by JIS Z2801:2010 “Antibacterial
products—Test for antibacterial activity and efficacy” standard are
more predominant in the field."" To complement the biolumines-
cence tests, recovery assays based on this standard were performed
[Fig. 4(c) and Table 1II] resulting in similar results for most of the
laser textures.

The quantification of colony forming units per milliliter
(CFU/ml) from the untreated stainless steel is not considerably
modified; however, all the textured samples display antimicrobial
properties with different degrees of effectivity. The least bacterici-
dal patterning is F2-30 with a maximum antimicrobial activity of
0.65 after 2 h and 30 min, which is in agreement with the high
luminescence [Fig. 4(b)]. On the other hand, F1-30 shows the sec-
ond lowest amount of recovered bacteria after 30 min of contact
killing, but suddenly increases to be the highest antibacterial pattern-
ing analyzed (i.e., antimicrobial activity of 3.09). In contrast, F2-10
displays high initial antimicrobial behavior (2.28 at 30 min), which
is then also maintained over the next 2 h (2.47 after 2 h 30 min),

~0-F1-30
~#-F1-10
F2-30

~-F2-10

FIG. 4. Image showing the (a) biolumi-
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TABLE III. Antimicrobial activity calculated following JIS Z2801:2010 “Antibacterial
products—Test for antibacterial activity and efficacy” standard."’

Logio reduction

Contact time

Sample 30 min l1h 2h 30 min
F1-30 0.55 2.33 3.09
F1-10 0.87 1.68 1.84
F2-30 0.04 0.33 0.65
F2-10 2.28 2.46 247

agreeing with the rapid reduction in bioluminescence [Fig. 4(a)].
The antimicrobial activity of sample F1-10 is similar to the trend
observed in the bioluminescence tests, steady and almost constant,
increasing from 0.87 up to 1.84 during the contact times studied.
Nevertheless, it must be mentioned that bioluminescence assays sug-
gest a similar antimicrobial effect in F2-30 and F2-10 after 20 min of
contact killing, contrasting with the logio reduction observed after
30 min obtained from the recovery tests. This discrepancy in the
bioluminescence assay may be caused by a reduction in sensitivity
for low viable CFUs as a consequence of the low bacterial inoculum
used in the present assay, 2 pl and the large distance between the
photomultiplier and the analyzed surface.” Thus, albeit promising
bioluminescence tests require specific fine tuning to be comparable
to standardized assays.

Biofilm formation enables bacterial species to survive in detri-
mental environments, requiring an increase in antibiotic concentra-
tion necessary for their eradication, which can be up to 1000 higher
than planktonic cells.” To understand the effect of laser texturing
on heavy biofilm-associated micro-organisms, we investigated the
ability of a hyper-producing A. baumannii MAROO2 strain to colo-
nize the manufactured laser ablated stainless steel surfaces (Fig. 5).
The recovery of cultured cells after 48 h revealed similar levels of
bacterial growth [Fig. 5(a)] between the base substrate, 12333 +
5312.46 CFU/ml and F1-10, 13893.12 + 4687.16 CFU/ml, with a
slight reduction in colony forming units for the F1-30 and F2-10,
8706.67 + 4493.12 CFU/ml and 8683.33 + 457.26 CFU/ml, respec-
tively. Interestingly, the F2-30 sample showed an increase in the
bacterial presence, 17 333.33 + 3091.21 CFU/ml; nevertheless, these
values are one order of magnitude lower than those obtained for
common polystyrene surfaces (140 666.67 + 14 817.41 CFU/ml).

The quantification of biomass through recovery tests does not
take into account the important aspects in biofilm production,
such as matrix maturity and cohesiveness. Hence, we analyzed the
state of the hyper-producing bacterial strain through SEM imag-
ing [Fig. 5(b)]. In these micrographs, the base substrate and the
laser textured stainless steel further supported the low A. baumannii
load recovered. In all cases, individualized cells with limited bac-
teria agglomeration were found [see arrows in inset of Fig. 5(b)]
without any extracellular polymeric matrix visible, contrasting with
the remarkable ability to form biofilms on the plastic surfaces
(polystyrene) shown in previous studies.”” This lack of visible aggre-
gation followed by the production of extracellular polymeric sub-
stances suggests the ability of the textured stainless steel substrates
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FIG. 5. Acinetobacter baumannii MARO02 biofilm analysis, including (a) biomass
quantification and (b) SEM images of the F1-30, F1-10, F2-30, and F2-10 laser
textured surfaces after 48 h.

to disrupt biofilm formation. It must be said that the reduction in
the bacterial load caused by laser texturing is relatively small to
that showcased against the analyzed E. coli species. However, sim-
ilar trends are still noticeable, with the F2-10 sample being the most
effective anti-adherent surface followed by F1-30.
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These results show that systematically optimizing laser tex-
turing conditions may enable the tuning of antimicrobial behavior
and bacterial adhesion in stainless steel surfaces. Recent research
studies have been focused on the development of superhydropho-
bic antifouling surfaces,” *’ as a response to the generally accepted
hypothesis that the hydrophobic materials are less prone to bac-
terial adhesion than hydrophilic surfaces.”**’ Nevertheless, the
present study highlights that wettability cannot be taken as a
simple indicator of bacterial behavior. Contact angle analysis of
the textured surfaces revealed that the F2-30 sample, 148.84°
+ 1.89°, was near superhydrophobic (CA > 150°), which should have
conferred some antifouling effect against bacterial species.”” ** Nev-
ertheless, this sample alongside the F1-10 textured surface, 138.57°
+ 5.02°, was unable to prevent bacterial proliferation for both E. coli
and A. baumannii, displaying the largest amount of viable cells in all
tests considered.

Magnetite (i.e., Fe304) has been demonstrated to actively pro-
duce hydroxyl radicals in the presence of hydrogen peroxide, H,O,,
which has been correlated with bacterial death."” " H,O, is fun-
damental to redox enzymes during bacterial metabolism,"** sug-
gesting that a possible antimicrobial mechanism could stem from
reactive oxygen species (ROS) production through Fenton like reac-
tions. On the other hand, Fang et al.”’ showcased the ability of
magnetite nanoparticles to react with dissolved molecular oxygen
in water to catalyze ROS production, contributing to the antimi-
crobial effect of iron oxides. Nevertheless, changes in chemistry
may not completely account for the effects observed in the present
study. Alongside previous reports showcasing the influence of the
surface finish on bacterial attachment,”” > the obtained result
further supports the limitation in predicting bacterial attachment
using solely wettability, suggesting the interplay of different physic-
ochemical properties. This is further emphasized by samples F1-30
and F2-10, similar in wettability (145.60° + 3.23° and 143.95° +
2.81°, respectively) but differing in average roughness, 8.93 + 0.97
pm and 14.62 + 1.6 ym respectively (Fig. 1), and oxygen content,
17.6 + 0.2 wt. % and 29.1 + 2.29 um, respectively (XRD scans in
Fig. 2). Both F1-10 and F2-30 textures revealed an ability to limit
bacterial growth; nonetheless, E. coli reduction was time depen-
dent with the former having superior long-term effectiveness and
the latter higher short-term antimicrobial behavior. Of special inter-
est is the limited influence in bacterial growth showcased by F2-30
and F1-10, which display the lowest surface roughness, 2.22 + 0.17
pm and 8.00 + 2.13 um, respectively, and the aforementioned F1-
30 and F2-10 being the most effective antimicrobial surfaces. The
literature commonly shows that mismatches between the bacteria
size and the surface topology can affect surface colonization with
roughness higher than the bacteria analyzed, leading to a larger sur-
face area and protection against shear forces, enhancing adhesion
to the desired surface.”*”*”’ In the current study, both F1-30 and
F2-10 have average roughness significantly higher than the aver-
age size, ~1 ym to 2 ym,”"” of both gram negative bacteria ana-
lyzed, thus offering a larger space for colonization. Nevertheless,
these surfaces revealed the higher antimicrobial activity further sup-
porting the studies of Shaikh et al.”' and Taylor et al.,” indicating
that smooth surfaces do not always reduce bacterial attachment,
while there is not a “single size that fits all.”>*"’

»56,5

" Surface interaction
with pathogenic micro-organisms is, then, a complex phenomenon
dependent on topology, chemistry, and bacterial species, and it is
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clear that the optimal reduction of bacterial species has to be fine-
tuned by balancing modifications to all the aforementioned parame-
ters. Similarly to hydrophobic contact angles, there is a preference in
the development of textures with a comparable length-scale rough-
ness as the bacteria considered.'””’ However, the textures exhibit-
ing the largest E. coli reductions are those with the highest average
roughness, 8.93 + 0.93 ym and 14.62 + 2.29 ym, for F1-30 and F2-30,
respectively. This coupled with the differences displayed in bacterial
growth between both gram negative bacteria analyzed further sup-
port the necessity to continue and expand our understanding of how
bacterial and textured surfaces interact.

Finally, it must be said that the analysis of bacterial inter-
actions with hard surfaces is mostly performed through the JIS
72801:2010 standard or US EPA protocol,'”* which requires rel-
atively tedious seeding, recovery, and cultivation to quantify viable
cells. Bioluminescence has been recently proposed as a cost effec-
tive tool for the assessment of antimicrobial behavior in copper
based materials.”””’ The present work has shown that biolumines-
cence assays correlate with recovery and quantification assays in
the textured stainless steel, suggesting the ability of biolumines-
cence to facilitate the early quantification of antimicrobial proper-
ties of hard surfaces. Nonetheless, fine-tuning is still necessary to
ensure that this novel method is comparable to already standardized
assays.

CONCLUSIONS

In the present work, a comprehensive analysis of the influence
of laser texturing on the physicochemical and bacterial prolifera-
tion properties of stainless steel 304 has been conducted. The main
findings of this study can be summarized as follows:

e Roughness measurements further supported the change in
surface finish upon laser texturing revealed by electron
microscopy. The average roughness of the as-received stain-
less steel (0.26 + 0.02 ym) increased up to a maximum of
14.62 + 2.29 ym for a fluence and a scanning interval of 5.64
J/cm® and 10 um, respectively, with different combinations
of these parameters resulting in R, values from 2 ym to 9 ym.

e Laser treatment was observed to cause the oxidation of the
stainless steel substrate in the form of Fe;O4, which was
maximum for the 5.64 J/cm? treated samples.

o Sessile drop tests showed a change from hydrophilic, 80.67°
+ 3.35°, to hydrophobic with values ranging from 138°
to 148°, after laser texturing. Notably, no simple correla-
tion between the contact angle and bacterial growth was
observed. The combination of roughness, chemistry, and
wettability is the main driver of bacterial proliferation.

e Antimicrobial tests performed with bioluminescent E. coli
K12 revealed a higher reduction in the bacterial load for
the extreme laser conditions of the study with a maximum
antimicrobial activity of 3.09 obtained after 2 h 30 min.

e Physicochemical analysis and antimicrobial analysis of E.
coli and hyper biofilm producing A. baumannii MAR002
revealed that the best texturing conditions for antibacterial
surface applications were achieved with a fluence of 5.64
J/cm?, a scanning speed of 20 mm/s, and a scanning interval
of 10 ym.
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Overall, the present study demonstrates the ability of laser tex-
turing to modify common engineering surfaces to confer antimicro-
bial properties of high interest to limit bacterial proliferation and
nosocomial infections in healthcare environments.
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