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HIGHLIGHTS

® Direct Laser Interference Patterning (DLIP) is performed on stainless steel.

® DPeriodic ‘cones’ and ‘holes’ with period ~850 nm are produced over areas of 250 mm?.
® Textured surfaces are hydrophobic with a high peak density (S,q = 1.56-1.9 peaks/um?).
® E. coli and S. aureus retention is reduced by up to 99.8% and 79.1%, respectively.

® Antibacterial properties are demonstrated over large surfaces textured by DLIP.
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Direct Laser Interference Patterning (DLIP) with ultrashort pulses was exploited to produce tailored periodic sub-
micrometer structures on stainless steel surfaces to reduce bacterial attachment and retention. Laser pulses with
wavelength 1030 nm and duration 8 ps were employed to form a two-beam line interference pattern that was
applied in a two-pass strategy to produce fine cross-wise surface structures with a period of ~ 850 nm and a
depth of ~ 500 nm. The laser setup and process parameters were selected based on a simple theoretical model of
the resulting interference pattern and ablation depth to limit the number of contact points available for bacterial
cells with dimensions 500-2000 nm. Periodic ‘cones’ and ‘holes’ were produced covering areas of 250 mm? with
the same interference pattern by exploiting the dependence of laser-induced periodic surface structures on
polarization. Cones and holes yielded reductions in E. coli retention of 99.8% and 99.4%, respectively, and S.
aureus retention of 70.6% and 79.1%, respectively, after two hours immersion in bacterial solution compared to
reference samples. Such reductions achieved over large surface areas suggests that this approach is appropriate
for upscaling and high throughput production of antibacterial metallic surfaces in the food and healthcare in-
dustries.

1. Introduction retention are therefore of interest not only for minimizing contamina-
tion, but also for reducing cleaning requirements and associated
downtime, corrosion, environmental impact and residual chemical

content. A range of manufacturing methods such as plasma etching,

Functional surfaces are of increasing interest in advanced manu-
facturing processes within the food and healthcare industries where

products must meet higher quality and performance standards.
Antibacterial stainless steel surfaces have much potential to prevent
contamination, infection and the formation of biofilm with important
consequences for consumers, workers and patients [1,2]. In the most
critical of applications, harsh chemical cleaning agents such as sodium
hydroxide or sodium hypochlorite are currently required to eliminate
and prevent biofilms [3]. Functional surfaces that reduce bacterial
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anodic oxidation, chemical vapor deposition, lithography and electro-
spinning have been proposed to achieve antibacterial behavior by tai-
loring wettability and topography to minimize the interaction between
bacterial cells and surfaces [4]. Antibacterial surfaces are often de-
signed to mimic naturally occurring self-cleaning and antibacterial
surfaces such as the lotus leaf and cicada wing, which are characterized
by hierarchical superhydrophobic micro and nanoscale structures and
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Fig. 1. Schematic of the interaction between a rod-like bacterial cell such as Escherichia coli and a textured surface for ‘positive’ surface features protruding above the
mean plane (a) and ‘negative’ surface features penetrating below the mean plane (b).

densely-packed bactericidal nano-pillars, respectively [5,6]. The im-
portance of surface topography and hydrophobicity on bacterial re-
tention has been the subject of extensive investigations [7-9], with the
former found to be of strong influence where the characteristic feature
size is smaller than the bacterial cell dimensions, thus minimizing the
number of contact points between the cell and substrate. This concept is
represented schematically in Fig. 1 for a rod-like bacterial cell such as
Escherichia coli interacting with ‘positive’ and ‘negative’ surface features
smaller than the cell size, protruding above and below the mean plane
respectively.

The recent demonstration of ultrashort-pulse laser-textured anti-
bacterial surfaces has driven investigations into productive laser-based
techniques for the generation of suitable surface structures over large
areas relevant to industrial applications [10-13]. Both surface topo-
graphy and wettability can be modified by ultrashort pulsed laser ir-
radiation in a single-step process [14-16]. Further to spatial con-
centration of the focused laser beam, processing of metals with
ultrashort pulses provides energy deposition on a time-scale shorter
than the electron-phonon relaxation time, provoking strong electron
excitation, non-equilibrium thermodynamic responses [17] and self-
reorganization of the surface topography. Interaction between linearly
polarized laser pulses and surface plasmon polaritons can produce
laser-induced periodic surface structures (LIPSS) perpendicular to the
polarization orientation with a ridge separation in the order of the laser
wavelength at low fluence and larger hierarchical structures such as
bumps and spikes with superimposed LIPSS at high fluence [18,19].
LIPSS having two-dimensional symmetry (2D-LIPSS) can be produced
with double-pulse irradiation over large areas [20]. Depending on the
irradiation configuration and the material, rhombic [21], triangular
[22], dot [23] and square [24] structures can be attained.

Direct laser interference patterning (DLIP) is an alternative method
for producing micro and nanoscale structures on metallic, semi-
conductor and polymer surfaces, providing greater flexibility in the
choice of target material and surface texture. In contrast to LIPSS, this
method exploits direct material removal by ablation to produce a pre-
defined surface topography. In principle, a number of overlapping co-
herent beams are employed to produce a periodic interference pattern
on the material surface, with a given spatial variation of the fluence
resulting in corresponding material removal on the target surface
[25-28]. The number of interfering beams, their polarization and
choice of processing parameters provide a great variety of possible
configurations [29-31]. The use of ultrashort laser pulses for DLIP
limits unwanted melting effects and can produce diverse structures
through the interplay between DLIP and LIPSS [32]. These aspects, in
turn, allow greater flexibility compared to other methods, promising
more controlled generation of functional surfaces appropriate for
minimizing bacterial retention. It has been shown that DLIP can be
employed to reduce bacterial attachment on copper, titanium and
polymeric surfaces [33-37]. Many current industrial applications in the
food and healthcare industries, however, require the use of stainless
steel and the texturing of very large areas, suggesting that further re-
search must be undertaken into the use of this material and ultrafast
Yb:YAG laser sources emitting at 1030 nm, which show great promise

for high-power (> 1 kW) processing [38-40].

The focus of the current work therefore lies in the generation of sub-
micrometer surface structures over large areas on stainless steel sam-
ples by DLIP using 8 ps laser pulses at a wavelength of 1030 nm. Two-
dimensional surface structures have been produced over an area of
250 mm? with a two-beam line interference pattern and a perpendicular
crosswise structuring strategy. The structures were designed to guar-
antee isotropic properties and minimize the number of available con-
tact points for bacterial cells during the initial phases of attachment.
The setup was chosen based on a simple process model using Beer-
Lambert’s absorption law to predict the ablated volume and surface
topography resulting from a given DLIP interference pattern and laser
parameters [41,42]. The influence of LIPSS was also exploited to
achieve different periodic structures, allowing investigation into the
effects of ‘positive’ and ‘negative’ surface structures (Fig. 1). The re-
sulting stainless steel surfaces were analyzed with scanning electron
microscopy (SEM), shear-force microscopy (ShFM) and the sessile drop
method to determine their form, topography and wettability, and allow
comparison between experimental and theoretical results in the context
of existing design guidelines for laser-textured antibacterial surfaces
[43]. Bacterial retention tests were then performed on laser-textured
and untextured control specimens with Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) bacterial cells to quantify the anti-
bacterial performance of each textured surface.

2. Materials and methods
2.1. Materials

All DLIP experiments were performed by texturing the entire surface
of 50 mm X 50 mm mirror-polished 316L stainless steel specimens with
an initial average areal surface roughness of 30 nm. Control samples for
bacterial retention tests were of the same material with an average
areal surface roughness of 0.37 um, representing current industrial food
handling practices [44].

2.2. DLIP laser setup

The setup employed for surface structuring by DLIP was capable of
combining up to four beams while varying the period of the inter-
ference pattern, spot diameter on the sample surface and individual
polarization of each beam. Full details of the arrangement have been
presented in [45]. In contrast to interference patterns obtained with a
greater number of beams, a two-beam configuration is advantageous in
terms of contrast, smaller periods and phase stability [46]. An addi-
tional advantage is provided in the case of multi-pulse processing of
moving workpieces, whereby positioning inaccuracies parallel to the
interference lines have no influence on the resulting topography. This
property is beneficial for large-area surface structuring where compo-
nents must be continuously moved relative to the laser beam.

In principle, the setup worked as follows: the laser beam was first
launched from above through a variable telescope and then split by a
diffractive beam splitter into two beams with a total angle of 18.6°
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between the beams. Two inner mirrors guided the beams through half-
wave plates to allow independent variation of the polarization of each.
Two subsequent mirrors reflected the beams to one spot on the sample
surface where the interference pattern was formed. The outer mirrors
were mounted on mechanical goniometers to allow variation of the
angle of incidence and therefore control of the period of the inter-
ference pattern on the textured surface. The sample was held on a stage
with numerically controlled axes, providing movement for structuring
over an area of up to 800 mm X 900 mm.

2.3. Generated interference pattern

The intensity distribution I(x, y) of two coherent interfering beams
is described by [25]

I(x,y) =2l [1 + cos(%n(e)x)] D

where I, is the intensity of each of the two incident laser beams having
top-hat distributions on the target surface, 1 the wavelength, and 6 the
angle of incidence on the surface. This formula is based on the as-
sumption that both beams have the same intensity, polarization and
angle of incidence in a plane of incidence parallel to the x-direction.

To consider the ablation process with pulsed laser beams have
Gaussian intensity profiles, Eq. (1) can first be supplemented with a
Gaussian cross section

I(x,y) = 4lpexp| -2 ﬂ; + 222 ~[1 + COS(MX)]
d; d, A o)

where d, and d, are the diameters of the Gaussian beam for one DLIP
pixel in the x- and y-directions at the level of 1/¢2.

In terms of the Gaussian temporal shape of the laser pulse, the in-
tensity distribution can then be transformed into the fluence distribu-
tion of one DLIP pixel by multiplying I(x, y) with the full width half
maximum (FWHM) pulse duration, 7,

5 .
Bine (X, ¥) = I(x, ¥)-7,/0.94 = 2¢m~exp[—2(4—xz2 + 4%)][1 + COS(M.}C)]
dy d; A
3)
where the mean fluence is

B = 4Ep/(md.dy) 4

and E, is the pulse energy incident on the surface. The peak fluence,
Bine.max- 18 four times the mean fluence due to the Gaussian distribution
and maximum interference between the two beams. The period
A
A =—
2sin(8) 5)

of the interference pattern depends on the angle of incidence 0 and the
wavelength 4 [25].

Based on investigations performed in [9], the characteristic feature
size of laser-textured antibacterial surfaces must be similar or smaller
than the size of a bacterial cell. Of the bacteria types considered within
this work, E. coli is cylindrical in shape with a length and diameter of
2 um and 500 nm, respectively, and S. aureus is spherical in shape with
a diameter of 500 nm. A structure period of 850 nm was therefore
chosen to achieve a half-period feature size smaller than 500 nm. With a
wavelength of 1030 nm, this period required an angle of incidence of
37° according to Eq. (5).

Fig. 2 shows a comparison between the calculated interference
pattern obtained with this angle of incidence and that recorded with a
beam camera under the same conditions. The theoretical results shown
on the left-hand side were calculated according to Eq. (3), while the
recorded fluence distribution achieved with the DLIP setup is shown on
the right. The experimental interference pattern was magnified with a
50 X microscope objective and recorded with a camera chip with a
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pixel size of 8.3 um. The measured results agree well with the calcu-
lated fluence distributions.

2.4. Microscopy and analysis of the topography

Textured samples were analyzed with a JEOL JSM-6490LV scanning
electron microscope (SEM) to determine the size, form and homo-
geneity of the produced surface structures. The surface topography was
quantified with shear-force microscopy (ShFM), a non-contact scanning
probe microscopy technique. The ShFM setup, described in detail
elsewhere [47], provided topography maps of the measured surfaces
with a resolution of 0.1nm and 1nm in the vertical and horizontal
directions, respectively, over an area of up to 100 um X 100 pm. A
custom setup was employed comprising a quartz tuning fork, tungsten
wire probe with a tip diameter of 50 nm, three-axis nano-positioner and
controller. This arrangement allowed large sample travel distances and
did not suffer from artefacts due to scattering of stray light from the
textured surface. Data acquired by ShFM was utilized to determine the
average areal surface roughness, skewness, kurtosis and density of
peaks of all surfaces in line with their standard definitions given in ISO
25178 [48].

2.5. Wettability analysis

The static water contact angle and sliding angle of laser-textured
samples were quantified with the sessile drop method after a 30-day
ageing period in ambient air. This ageing period was introduced to
ensure that any potential transition from a hydrophilic to a hydro-
phobic state [14,49,50] was complete prior to measurement of the
wettability and antibacterial performance. Wettability measurements
were performed with a Dataphysics Instruments OCA20 goniometer,
deionized water droplets of volume 6 uL. and a syringe of diameter
310 um. The sliding angle, defined as the angle at which the droplet no
longer adhered to the surface [52], was determined utilizing a rotation
rate of 1°/s. DataPhysics SCA20 software was used to process images of
the deposited droplets and quantify the static contact angle using La-
place-Young fitting of the droplet geometry.

2.6. Bacterial retention

Bacterial retention was quantified for three identical laser-textured
samples of dimensions 50 mm x 50 mm and three untextured control
samples of the same size for each surface structure and bacteria type.
The method employed for assessing bacterial retention, presented in
detail in [13], was based on ISO 22196 and ISO 27447 for measurement
of antibacterial performance [53-54]. Bacterial solutions were firstly
prepared by separately transferring E. coli (ATCC 8739) and S. aureus
(ATCC 6538P) strains to Nutrient Agar (NA) and incubating for 24 h at
37 °C before transferring to NA again and incubating at the same tem-
perature for an additional 18 h. This process was undertaken in con-
formance with ISO 27447 to ensure that the bacterial cells were free
from environmental stresses and in an appropriate growth stage. The
stock was then diluted to 1/500 with an optical density of 0.5 and
transferred into separate sterilized containers with a volume of 200 mL.
The cell density of the resulting solutions was 2.6 X 107 cfu/ml for E.
coli and 8.2 x 10°cfu/ml for S. aureus. Laser-textured and control
samples were individually cleaned for 15 min in acetone, sterilized for
10 min in pure ethanol and dried in air for 10 min in a UV hood prior to
being transferred into separate containers with the bacterial solutions.
The samples were held in a horizontal position with the laser-textured
surface facing upwards for two hours at 24 °C while the containers were
agitated at a frequency of 1.5Hz and a stroke of 30 mm to facilitate
contact between the bacterial cells and the surface. The samples were
then removed from the containers and excess liquid eliminated by
holding the samples in a vertical position for 2 min. Swabs were then
taken in both orthogonal directions along each surface prior to seeding
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Fig. 2. Calculated (a) and recorded (b) interference patterns with two coherent beams and an angle of incidence of 37°.

in NA and incubating for 48 h at 37 °C. A colony counter was then
employed to quantify the number of colony forming units per swab.

3. Results and discussion
3.1. Selection of process parameters and structuring strategy

An ablation model based on the Beer-Lambert absorption law was
employed [41,42,55] to predict the topography of the ablated surface.
Due to the Gaussian profile of the laser beams, together with continuous
feed of the workpiece at vy in y-direction and a repetition rate of f,,,, the
ablation depth was expressed as the sum of Gaussian spatial intensity-
dependent ablation events:

d(x,y) ~ -8 szm ln[qﬁme (x, y- i-;y]/@h] iez
rep 6)

where § is the energy penetration depth and ¢,, the material ablation
threshold. All positive values were set to zero since no ablation was
expected to take place where the fluence was below the ablation
threshold.

For mirror-polished stainless steel, ablation takes place when the
incident fluence on the workpiece exceeds the threshold value of
@5, = 0.1 J/cm?. This value was obtained with the method described in
[56]. The ablation threshold of stainless steel derived in this way was
found to be similar to that given in the literature for steel, which has
been reported as being slightly higher than 0.1 J/cm? in [57] and
slightly lower than 0.1 J/cm? in [58] for approximately 60 pulses.
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Figs. 3(a) and 4(a) show the targeted three-dimensional topography
and a horizontal section, respectively, as calculated using Eq. (6) for the
interference pattern shown in Fig. 2(a) and the processing parameters
given in Table 1. With these parameters, the ablated grooves were
calculated as having the same width as the ridges and a depth of about
0.5 um. This depth was chosen to obtain a groove aspect ratio of about
1. Fig. 3(b) (3D) and Fig. 4 (2D horizontal and diagonal sections) show
the calculated topography after a second, perpendicular processing step
as part of a cross-wise strategy described below. It should be noted that
the horizontal section in Fig. 4(a) applies to both one and two proces-
sing steps, as this region was not altered during the second step. Taking
into account the increased surface roughness formed with the first pass
(see Fig. 3(a)) the ablation threshold was estimated to be ¢,, = 0.05J/
cm? during the second pass [59].

In order to structure large areas, a strategy with continuous feed
parallel to the interference lines was applied to maximize the struc-
turing rate. Heat accumulation effects during DLIP have been in-
vestigated for nanosecond laser pulses [60]; however, there have been
no investigations of this type to date for picosecond pulses to the au-
thors’ knowledge. The repetition rate was therefore set to
Jrp = 100kHz to avoid significant heat accumulation effects. Under
these conditions, heat accumulation was not considered to be sig-
nificant based on the theory described in [61].

Due to the angle of incidence of the two beams and angular dis-
persion effects from the diffractive beam splitter, the area of the beam
profile on the sample’s surface had an elliptical shape, which was al-
ways elongated in x-direction, perpendicular to the interference lines
and the feed direction. Angular dispersion was caused by the relatively

S
[e)]
Depth in ym

Fig. 3. Calculated topography after the first ablation process (a) and the second ablation process (b).
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Fig. 4. Horizontal view (top) and diagonal view (bottom) of the calculated depth after the second ablation process.

Table 1
Process parameters employed for ablation calculation.
Parameter Name Value
8 Energy penetration depth 9 nm[55]
b Material ablation threshold 01 1
Ry
cmr
P Mean fluence incident on workpiece during 1st pass 011
- 2
cmr
o, Mean fluence incident on workpiece during 2nd pass 0.05 =
- 2
cmr
8 Angle of incidence 37°
i wavelength 1030 nm
dy Beam diameter on workpiece in x-direction 190 um
dy Beam diameter on workpiece in y-direction 60 um
vy Feed rate 100 mm/s
Jrep Repetition rate 100 kHz

broad spectral bandwidth of the laser and the diffractive beam splitter.
For the performed experiments, the elongated diameter was 190 um in
the x-direction and 60 um in y-direction. The spot diameters were de-
termined according to [56].

Two-dimensional structures were obtained with the line inter-
ference pattern by adding a second process step in which the surface
was rotated by 90°, as shown schematically in Fig. 5. Due to the de-
pendence of optical absorption on surface roughness [59,62], the pulse
energy used during the second processing step was reduced to half of
that applied in the first step, leading to a balanced topography in the x-
and y-directions. Fig. 3(b) shows the theoretically predicted topography

15t process step
sample

trajectory

continuous feed rate

\

interference pattern

90° rotation

N

formed by the two process steps. Due to uncertainties concerning the
behavior of various physical quantities during the process such as the
absorptivity and ablation threshold of the material, the employed
parameters were based on values from the literature and were con-
sidered as an initial estimate.

3.2. Parametric study

Fig. 6 shows SEM images of the resulting topographies produced
after the first process step with different pulse energies, E,, corre-
sponding to different mean fluences, ¢,. The remaining process para-
meters were set as estimated in the previous section (Table 1). Due to
measurement uncertainties in determining the laser spot size, target
ablation threshold and laser power, factors that can have a strong effect
on experimental results, the ratio of peak fluence to the ablation
threshold was set experimentally. This ratio represents the argument of
the logarithm in Eq. (6). The pulse energy was firstly set to the
minimum at which an ablation effect was observed (7.2 uJ). The re-
sulting surface morphology is shown in the SEM image in Fig. 6(a). In
this case, the ratio is 1 in Eq. (6) since the peak fluence is equal to the
ablation threshold. For tests performed in section 3.1, the required ratio
was instead 4:

¢inc,max/¢lh = 4¢m/¢lh = 04/01 =4 (7)

To achieve this value, the pulse energy was increased by a factor of
four (29 WJ) compared to the minimum pulse energy exhibiting an ab-
lation effect. The resulting morphology, which was applied for the final
structures, is shown in Fig. 6(c). Fig. 6(b) instead shows the resulting

2" process step

continuous feed rate

Fig. 5. Large area processing strategy for 2D structures with the 1D interference pattern. The lines of the interference pattern are always parallel to the direction of

the feed. Lateral displacement of feed lines was 140 pm (30% overlap).
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Fig. 6. SEM images of topographies produced with different pulse energies: E, = 7.2uJ (a), E, = 9uJ (b) and E, = 29uJ (c).

topography when the pulse energy was calculated based purely on the
parameters given in Table 1 (9 wJ). In this case, the width of the grooves
is not as wide as the ridges, which is not in agreement with predicted
values given by Eq. (6). This result is due to uncertainties in the spot
size, laser power and ablation threshold. By setting the ratio of peak
fluence to the ablation threshold experimentally, and therefore ex-
cluding uncertainties in these input parameters, good alignment was
achieved between the predicted and experimental topography for all
applied pulse energies.

The parameters used for production of the final topographies were
the angle of incidence 6, feed rate v, and repetition rate f,, as listed in
Table 1 and the pulse energy for the first pass (29 wJ) and second pass
(14.5 wJ) to reach the required ratio of 4 according to Eq. (6). The hatch
distance was 140.3 um, a multiple of the structural period and a line
overlap of about 26%. The throughput of the process was 7 mm?/s,
considering only the laser on time.

3.3. Topography analysis

In the case of two-beam DLIP, the fluence distribution of the in-
terference pattern is limited to lines such as those shown in Fig. 2(a),
which are independent of the polarization orientation. LIPSS resulting
from material response to intense laser irradiation, however, arise
perpendicular to the polarization orientation and have a period similar
to the laser wavelength [16,18], leading to interplay between DLIP and
LIPSS [32]. This dependence was exploited to achieve two different
topography types, with parameters from sections 3.1 and 3.2 employed
for processing in both cases. With p-polarization, LIPSS developed
parallel to the interference lines. The resulting morphology corre-
sponded to the calculated ablation geometry after the first process step
(Fig. 7(a)) and ‘cones’ after the second process step (Fig. 7(b)). With s-
polarization, LIPSS developed perpendicular to the interference lines,
resulting in ‘holes’ after the first (Fig. 7(c)) and second process steps
(Fig. 7(d)). In this case, the structures deviated from the calculated
geometry and could not be described by Eq. (6). Both regular structures
had a period of approximately 850 nm, which was consistent with the
period predicted by the ablation model.

The primary characteristic features of both surfaces were similar in
size to E. coli and S. aureus as intended, while finer features could also
be seen on both textured surfaces in the form of nano-spheres and nano-
ripples. The formation of these finer details was likely due to re-
deposition of ablation products [67], microfluidic movement of molten
material [32] and oxidation effects from contact with air during laser
processing. The hierarchical nature of the laser-textured surfaces mi-
micked naturally occurring self-cleaning and antibacterial surfaces to
some extent [5,6].

ShFM topography maps of the laser-textured surfaces are shown in
Fig. 8. The corresponding roughness parameters are listed in Table 2.
Comparing the topography of the cones in Fig. 8(a) with the calculated
profile in Fig. 3(b), it is evident that the measured ablation depth is
slightly lower than the theoretically predicted value. This effect may be
attributed to differences between the modelled and actual fluence

distribution, re-deposition of ablation products and oxidation effects.
Positioning inaccuracies perpendicular to the feed direction, which
could not be avoided, may have also contributed to this deviation. The
measured surfaces are highly regular, with an average areal surface
roughness of 55 nm for the cones and 68 nm for the holes, marginally
higher than that of the original mirror-polished samples (30 nm). The
skewness is low while the kurtosis is close to 3 in both cases, indicating
symmetrical and wide height distributions. The density of peaks, an
important factor indicating the quantity of available contact points for
bacterial cells, is above 1 um ™2 for both cones and holes structures. A
large reduction in available contact points is expected once the density
of peaks exceeds the theoretical cell density [13]. In the case of E. coli,
cylindrical in shape with a length of 2 pym and diameter of 500 nm, a
reduction in contact points is therefore expected where the density of
peaks is greater than 1pum~ 2 which was attained on both textured
surfaces. In the case of S. aureus, spherical in shape with a diameter of
500 nm, the equivalent threshold is 4 um 2, which was not attained on
either textured surface. The presence of fine nano-scale features is
nonetheless expected to further influence bacterial attachment and
biofilm formation.

3.4. Wettability analysis

The average static water contact angle of the laser-textured surfaces
was 154 = 3° and 148 * 5° for cones and holes, respectively. Images
of deposited water droplets on both surfaces are provided in Fig. 9.
Droplet sliding was not observed for angles up to 90°. The laser-textured
surfaces were therefore considered hydrophobic, as the static contact
angle was greater than 90° [63], but not superhydrophobic due to lack
of droplet sliding [64]. The surfaces nonetheless exhibited considerably
lower wettability than untextured 316L stainless steel, which is char-
acterized by a static water contact angle of 77 = 3° [50]. The higher
static water contact angle of laser-textured surfaces can partially be
attributed to chemical changes taking place after laser irradiation, re-
sulting in changes in the intrinsic wettability of the fluid-substrate
combination. Though the evolution of wettability was not investigated
during the 30-day ageing period, transition from a hydrophilic to a
hydrophobic state over a period of up to 30 days after ultrashort pulse
laser exposure has been extensively investigated in the literature
[49,50]. Kietzig et al. [14] proposed that such a transition is due to the
formation of active magnetite following laser exposure and subsequent
dissociative adsorption of carbon dioxide from the air. The transition
has been shown to be accompanied by a reduction in oxygen content
and an increase in carbon content on the surface [50].

The increase in static water contact angle on the laser-textured
surfaces is also due to the resulting surface topography, where an in-
crease in the ratio of the actual to projected surface area leads to a
higher apparent contact angle for intrinsically hydrophobic fluid-sub-
strate combinations [51]. It has been shown that relatively high laser
energy doses are required to achieve superhydrophobic surfaces char-
acterized by droplet sliding through the formation of larger hierarchical
structures [50]. In the present study, however, the aim was to prioritize
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sub-micrometer surface features, as large reductions in bacterial at-
tachment have been shown to take place where the feature size is
smaller than bacterial cells [9-13,15]. Lower wettability has none-
theless been associated with lower bacterial attachment independent of
surface topography [8,13,65,66], for which this factor was expected to
further reduce bacterial attachment and biofilm formation.

3.5. Bacterial retention

Fig. 10 shows geometric averages of the residual bacteria count on
laser-textured samples after two hours of exposure to the bacterial so-
lutions, normalized against 316L stainless steel control samples with an
average areal surface roughness of 0.37 um. Values represent the
number of residual colony forming units determined with a colony
counter after sample swabbing and subsequent incubation. The laser-
textured surfaces exhibit large reductions in E. coli retention (99.8%
and 99.4% for cones and holes, respectively) and moderate reductions
in S. aureus retention (70.6% and 79.1% for cones and holes,
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Fig. 7. SEM images of structures produced
with p-polarization after the first process
step (a) and second process step (b). SEM
images of structures produced with s-polar-
ization after the first process step (c) and
second process step (d). The resulting topo-
graphies are cones (b) and holes (d). The
magnification is 10000 x (left) and 20000 x
(right).
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Table 2
Topography parameters for cones and holes produced by ultrashort pulsed
DLIP.

Parameter Cones Holes

Areal roughness, S, 55 = 1nm 68 = 1nm
Skewness, Sy 0.004 = 0.02 —0.09 = 0.02
Kurtosis, Sy 3.08 = 0.02 2.74 = 0.02

Density of peaks, Spq 1.6 + 0.2um™2 1.9 + 0.2um™2

respectively) compared to the control samples. The fine surface features
resulting from ultrashort pulsed DLIP are clearly well-suited to reducing
E. coli attachment and retention. The high density of peaks of the laser-
textured surfaces, above 1 um~2 for both cones and holes, is of fun-
damental importance in achieving this result, and is in line with other
works that have demonstrated reductions in E. coli attachment on laser-
textured surfaces [10,13]. S. aureus is likely to have been more greatly
influenced by the lower wettability of laser-textured surfaces. In this
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Fig. 8. ShFM topography maps of cones (a) and holes (b) structures produced by ultrashort pulsed DLIP with p and s polarization, respectively.
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Fig. 9. Water droplet (6 uL) contact on surfaces with cones (average static
water contact angle 154 + 3°) (a) and holes (average static water contact angle
148 + 5°) (b).
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Fig. 10. Geometric averages of the residual bacterial retention for surfaces with
cones and holes exposed to E. coli and S. aureus for two hours. Values are
normalized against stainless steel control samples with an average surface
roughness of 0.37 pm.

case, the maximum theoretical cell density (4 um~2) is greater than the
density of peaks and is therefore likely to have been of lesser influence
on reducing the number of attachment points. In terms of the specific
surface texturing strategy, little discernable difference between cones
and holes can be observed.

With both surface structure size and wettability accounted for by
ultrashort pulsed DLIP, laser-textured samples exhibit good anti-
bacterial performance for both tested cell types. It is nonetheless pos-
sible that finer surface features could further reduce the retention of S.
aureus. Additional reductions in the dimensions of the generated
structures are possible, providing scope for further investigation into

Optics and Laser Technology xxx (xxxx) xxxx

DLIP for antibacterial surfaces at a wavelength of 1030 nm. Upscaling
the process by optimizing laser texturing at a wavelength of 1030 nm is
of fundament importance for achieving industrially relevant texturing
rates. The obtained results nonetheless exhibit large improvements over
current industrial practice while achieving such reductions over much
larger areas than have been demonstrated to date for metallic surfaces
subject to DLIP [33-37].

3.6. Application to rough stainless steel surfaces

Fig. 11 shows SEM images of cones (two process steps, p-polariza-
tion) and holes (one process step, s-polarization) applied to rough
stainless steel surfaces. The images show grain boundaries with differ-
ences in height. It is clear that the structures appear at different heights
if the grain boundaries are wide enough to allow interference to take
place. How large the height differences can be also depends strongly on
the interference volume of the overlapping beams. The smaller the
volume, the smaller the height differences can be. These results none-
theless confirm applicability of the proposed DLIP texturing approach
to industrially relevant surfaces.

4. Conclusion

Ultrashort pulsed DLIP has been shown to be an effective approach
for producing periodic surface structures on stainless steel suitable for
limiting bacterial attachment and retention over an area of 250 mm?.
Bacterial retention was shown to be reduced by up to 99.8% for E. coli
and 70.6% for S. aureus through appropriate selection of the inter-
ference pattern and laser parameters. DLIP provides greater flexibility
than LIPSS due to the possibility of tailoring the interference pattern to
achieve specific characteristics appropriate for antibacterial surfaces. A
two-beam interference line pattern and a perpendicular crosswise
structuring strategy were chosen to achieve periodic 2D structures with
good contrast and small periods, in the order of 850 nm with a laser
wavelength of 1030 nm. Specific structure types with cones and holes
were chosen not only to demonstrate their antibacterial properties, but
also to highlight further potential for new applications such as negative
texturing of molds for production of non-metallic components. The
transfer of such surface structures through molding processes and the
resulting antibacterial performance provide much scope for future
work. Though smaller structures could potentially be produced by
utilizing a laser source with shorter wavelength, optimization of DLIP
performed at a wavelength of 1030 nm is important for upscaling to
industrial throughput on large surfaces, possible through increases in
average power provided by advanced laser sources currently available
at this wavelength. Ultrashort pulsed DLIP will now be tested to process
yet larger areas and with a greater variety of micro-organisms to

Fig. 11. SEM images of cones and holes (one laser pass) structures applied to rough stainless steel surfaces.



A. Peter, et al.

promote uptake in new applications in the food and healthcare in-
dustries.
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