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ARTICLE INFO ABSTRACT

Keywords: Bacterial attachment on surfaces cause fouling, which reduces the hygiene status and effectiveness of equipment.
Surfaces (B) Preventing bacterial attachment on surfaces through surface modification is a potential solution to fouling and
TiO, (D) has thus become a key research area. In this study, the effect of different ZnO contents (wt%) and picosecond
ZnO (D)

laser surface texturing on the antibacterial properties of TiO,/ZnO ceramic coatings were investigated. The
attachment and viability of Escherichia coli (E. coli) bacteria on laser surface-textured and non-textured TiO,/
ZnO ceramic coatings were explored. Bacterial growth in an immersion suspension was evaluated using the
optical density method. The number of colony-forming units on laser surface-textured TiO,/ZnO coatings was
found to be lower than that on non-textured coatings, which indicates that laser surface-textured coatings de-
monstrate strong antibacterial properties. Furthermore, the number of viable E. coli bacteria on laser surface-
textured TiO2/ZnO coatings was observed to be lower than that on non-textured coatings. This finding also
demonstrates that laser surface texturing enhances the antibacterial properties of TiO,/ZnO coatings. Overall,
laser surface texturing increased the surface areas of the coatings and improved the effectiveness of ZnO as an
antibacterial agent. These results prove that laser surface texturing is a successful method for fabricating anti-
bacterial surfaces.

Functional applications (E)

1. Introduction by physical interactions between the bacteria and the substrate sur-

faces, and biological processes occur over long time scales [5]. Several

Surface fouling can be attributed to the deposition and accumula-
tion of undesirable substances on functional surfaces, and it affects the
functionality of the surfaces. Biofouling materials may be composed of
living organisms, such as algae and mussels, and materials involved in
common industrial fouling may be composed of organic and inorganic
matter [1-3]. Because surface fouling can negatively affect the oper-
ating productivity of equipment by reducing transportation effective-
ness, it can cause various economic and contamination issues in nu-
merous industries, including the oil, gas and food industries, which
result in high maintenance costs. In general, fouling begins with the
initial attachment and subsequent multiplication of bacteria on sub-
strate surfaces [4]. The initial bacterial surface attachment is governed

factors, including bacterial properties, substrate surface characteristics
and environmental conditions, influence this attachment process [5].
Bacterial adhesion is related to surface topography, and the modifica-
tion of surface properties, such as topography, chemistry and physi-
cochemistry, may enhance or reduce bacterial attachment. Numerous
studies have been performed to determine the effect of surface topo-
graphical properties on bacterial attachment [6-8], and some studies
have shown that bacterial attachment is strongly affected by surface
roughness [7,9] and surface wettability [10,11]. Meanwhile, several
studies have focused on loading antibacterial agents onto surfaces to
avoid the possible adverse effects caused by bacterial attachment
[12,13]. Several metallic oxides, such as TiO,, ZnO, CaO, SiO, and
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Table 1

Mixing ratios of the powders used as feedstock in the plasma spraying process.

Sample label

Mixing ratios of powders

TiO (g) ZnO (g)
Al 100 0
A2 920 10
A3 70 30
Table 2
Process parameters for atmospheric plasma spraying.
Parameter Value
Arc current (A) 600
Primary gas: argon (psi) 80
Secondary gas: helium (psi) 40
Carrier gas: argon (psi) 30
Powder feed rate (rpm) 4
Spraying distance (mm) 80
Robot speed (mm/s) 250
Number of pre-heat cycles 2

Al,O3, have been widely used as antibacterial agents because of their
stability and durability under ultraviolet (UV) light irradiation. ZnO is
especially promising because of its resistance to bacteria in the absence
or presence of UV light. Furthermore, ZnO does not modify the pH or
concentration of the surrounding medium [14].

The present study introduced laser surface textured TiO»/ZnO mix
of the two oxides coatings on the basis of the antibacterial effect of TiO5
and ZnO against a broad spectrum of bacterial species [15]. Laser
surface texturing involves creating different patterns on substrates and
has been proven effective in improving surface features [16-19], and
the use of laser surface texturing or laser surface modification to pro-
duce surfaces with different applications has been extensively studied
[16,20]. This method is favourable because (i) it enables the surface
roughness to be controlled from the nano-to microscale without dras-
tically changing surface composition, (ii) it is a single-step process
under ambient conditions and (iii) it is applicable with a wide range of
material types [21,22]. Moreover, modifying the surface morphology
can enhance or reduce the antibacterial properties of materials [12].
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Many studies have been conducted to determine the effect of surface
properties on bacterial attachment and retention [23-26]. Some studies
have reported that surface modification, such as changing the topo-
graphical properties of the surface, affects the initial bacterial attach-
ment on surfaces [5,27,28]. Additional factors, including inherent
bacterial properties, material surface characteristics and environmental
conditions under which growth occurs, further influence bacterial at-
tachment [5,29]. Despite the development of numerous micro- and
nanotopographically engineered antibacterial surfaces, a general con-
sensus on the interaction between bacterial attachment, surface mod-
ification and material surface characteristics has yet to be reached.

This study aimed to develop TiO,/ZnO coatings with different ZnO
contents (wt%). A picoseconds laser ablation technique was used to
create dimpled structures on the surfaces of the coatings and the effects
of laser surface texturing on the antibacterial properties of the TiO5/
ZnO coatings were investigated. The dimpled patterns were produced to
increase the surface area exposed to bacteria and to change the surface
topographical properties of the materials. Subsequently, the anti-
bacterial properties of TiO,/ZnO coatings against Escherichia coli were
also investigated.

2. Materials and methods
2.1. Preparation of the TiO2/ZnO coatings

Commercial TiO, (Metco 102 Oerlikon Metco, = 99.0 wt%) with a
nominal particle size distribution of 11-45 pm and ZnO (Sigma Aldrich,
= 99 wt%) with particle size of less than 5um were used as raw ma-
terials. The TiO, and ZnO powders were mixed in the ratios shown in
Table 1 and used as feedstock in a plasma spraying process to produce
the antibacterial coatings investigated in this study. A polyvinyl alcohol
solution (5wt%) was added into a tank as a binder. The powders were
milled for 2 h, dried at 80 °C for 24 h and sieved using an 80-mesh sieve.
Then, the coatings were deposited onto grade B API 5L carbon steel
with dimensions of 30 cm (length) X 5cm (width) X 7 mm (thickness)
by an atmospheric plasma spray system with a SG-100 torch (Praxair,
USA) mounted on an ABB IRB industrial robot. Prior to deposition, the
substrate was blasted with aluminium grit (24 mesh) to increase surface
roughness and promote mechanical interlocking between the coating
and the substrate. Next, the grit-blasted substrates were ultrasonically
cleaned in ethanol and deionised water. The dried substrate was
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Fig. 1. Schematic of the texturing pattern.
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Fig. 2. XRD patterns of the laser surface textured (LT) and non-textured (NT) TiO,/ZnO coating at different mixing ratio.
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Fig. 3. Surface SEM images and EDX analysis of TiO»/ZnO coatings with different ZnO contents (a) Al, (b) A2 and(c) A3.

plasma-sprayed under the parameters presented in Table 2. The phases
of all the obtained coatings were analysed by X-ray diffraction (XRD,
Xpert-Pro system) with CuKa radiation at A = 1.5406 A. The XRD
patterns were recorded over a 20 range of 20°-80° at a scan step size of
0.05°. The surface morphologies and elemental compositions of the
coatings were observed by scanning electron microscopy (SEM, Zeiss
Leo 1450VP) at an accelerating voltage of 15.0kV and energy dis-
persive X-ray (EDX, Zeiss Merlin field emission SEM) analysis.

2.2. Laser surface texturing

Plasma-sprayed TiO,/ZnO ceramic coatings with areas of
8 mm X 8 mm on were subjected to laser surface texturing. A Q-swit-
ched Nd:YAG picosecond laser system was used to create micro-dim-
pled surface textures on the TiO,/ZnO coatings. As illustrated in Fig. 1,
the texturing technique involved covering a series of intermediate lines
with dimples by applying a laser with a wavelength of 532nm and a
power of 1W. Scanning was repeated for 2000 shots per point to
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produce a dimple. Non-textured samples were used for comparison to
measure the effectiveness of the textured samples. XRD, SEM and EDX
analyses of the textured samples were performed the same equipment
as that described previously. The diameters and depths of the obtained
dimples were measured using a Keyence VHX-1000 digital microscope
with a 900 X magnification. The increase in the laser-textured surface
contact areas and the dimple density were determined using Equations
(1) and (2) [30], respectively.

>, (wdu)i

Surface area

Increase in surface contact area = X 100%

@

7w d?

412

Dimple density = o)

where d is dimple diameter, u is the depth, i is the number of dimples
and 1 is the distance between two dimples.
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Fig. 4. SEM images and EDX analysis of generated dimple area of laser surface-textured TiO,/ZnO coatings with different ZnO contents (a) Al, (b) A2 and (c) A3.

2.3. Antibacterial testing

2.3.1. Medium preparation

A bacterial growth medium (nutrient broth/agar) was prepared by
dissolving bactoyeast (0.5 wt %), tryptone (10 wt %) and NaCl (10 wt
%) in ion-free water in accordance with the Luria-Bertani (LB), Miller
broth medium preparation protocol. Then, the medium was sterilised in
an autoclaved at 120 °C at 15 psi for 20 min. Bacterial suspensions were
prepared by diluting high concentrations of bacterial cultures in the
prepared medium.

2.3.2. Bacterial cultures

The bacterial cultures of the Escherichia coli (E. coli) K12 strain used
in this study were supplied by Nihon Freezer Co. Ltd. (Japan). The
initial concentration of the E. coli suspension was 10° colony-forming
units (CFU)/ml in accordance with the JIS Z 28015.2 standard.
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2.3.3. Bacterial growth evaluation

Bacterial growth on the substrates was determined by measuring the
turbidity of the E.coli suspension or also known as the optical density
(OD). Square pieces of the textured and non-textured coatings with
dimensions of 8 mm X 8 mm were used in this test. Prior to the test, all
samples were cleaned and sterilised in an ultrasonic 99.9% ethanol bath
for 20 min and then rinsed three times with ethanol to remove dirt and
dissolve nonreacted ligands on the surfaces of the samples. The im-
mersed samples were placed in 5ml of E. coli suspension. The E. coli
suspension was incubated at 37 °C at a vibration frequency of 170/min
for 1 h. The OD values of the E. coli suspension were determined every
1h for 3h after the initiation of the experiment using a spectro-
photometer (Hitachi Technologies U-1100, Japan). OD values were
determined on the basis of the ratio of the intensity of light transmitted
through a culture medium (I,) to the intensity of light transmitted
through a culture medium containing E. coli (Icy) as shown in Equation
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Fig. 4. (continued)
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Fig. 6. Schematic diagram of bacterial adhesion on (a) submicron-textured and (b) microtextured surfaces [38].
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Fig. 7. Changes in the normalised OD of (a) laser surface-textured and (b) non-textured A1-A3 samples.

(3). The OD values were normalised with respect to the value obtained
at the initial time point for each sample. E.coli in the LB culture
medium without sample immersion was used as the blank sample for
comparison purposes.

I Tepg i=il I
= M, where i= 1,2,3... (hours)
log( Icm,i=o/10) 3

2.3.4. Bacterial plate count

The CFUs was used to estimate the number of viable bacteria in a
sample. In this study, a 10~ dilution of E. coli suspension was prepared
by using the culture medium after sample immersion and incubation at
37 °C for 1 h. Then, 0.1 ml of the diluted suspension was grown on agar
at 37 °C for 18h. The colonies on the nutrient agar culture medium
were counted from photographs in accordance with the USDA standard
(BBSOP0019.04).

2.3.5. Bacterial viability test

Bacterial viability assays are widely used to evaluate antibacterial
properties and assess the susceptibility of bacteria to biocides. In this
study, the adhesion and viability of E. coli on the surfaces of the tex-
tured and non-textured coatings were observed using a fluorescence
microscope (BZ-8100, Keyence Co., Ltd). The E. coli nuclei were stained
using the SYTO 9 stain from Thermo Fisher Scientific Inc. followed the
instructions provided with the stain for quantitative analyses prior to
microscopy.

3. Results and discussion

3.1. XRD patterns and microstructures of non-textured TiO,/ZnO ceramic
coatings

Fig. 2 shows the XRD patterns of the coatings containing only TiO»
(A1), 90 wt% TiO, with 10 wt% ZnO (A2) and 70 wt% TiO, with 30%
ZnO (A3). The A1 XRD pattern showed peaks associated with the (110),
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Fig. 8. The number of CFUs on (a) laser surface -textured and (b) non-textured TiO»/ZnO coatings. Representative images are also shown of E. coli recultivated on
agar from suspensions of (c) laser-textured and (d) non-textured TiO,/ZnO coatings.

(101), (111) and (210) planes, which are consistent with rutile titania
(JCPDS 00-21-1276). The XRD peaks for A2 and A3 shifted to a low
angle because of the introduction of ZnO into the TiO, lattice without
rutile phase alteration (Fig. 2). The sharp diffraction peaks in the
spectra are indicative of high TiO, crystallinity, which can be attributed
to high purity. The reduction in the intensity of the major TiO, dif-
fraction peak in the XRD spectra of A3 when the ZnO content was in-
creased to 30 wt% suggests that ZnO phases were present without rutile
phase alteration [31]. The low-intensity ZnO peaks in the XRD spectra
of A2 were mainly attributed to the low ZnO content of the sample.
Fig. 3 displays the SEM images of the TiO5/ZnO ceramic coatings
prepared with different ZnO contents. The coatings present the typical
microroughened surfaces that are characteristic of plasma spraying
products. The as-sprayed coating (Fig. 3a—c) contained partially melted
and nonmelted particles that had adhered to fully melted splats. Semi-
spherical and spherical particles corresponded to partially melted and
nonmelted particles, respectively (Fig. 3b). Several surface microcracks
formed as the ZnO content of the coatings increased. For example, there
were more microcracks and pores in the surface of A3 (Fig. 3¢) com-
pared to in the surface of A1 or A2 that contained less ZnO. Microcrack
formation could be attributed to the combination of the reinforcement
of the TiO»/ZnO and nonmelted particles. Similarly, Zhao et al. [31]
observed that TiO, coatings with the highest ZnO content showed ir-
regular and disordered morphologies due to the high-temperature
characteristic of plasma spraying and rapid cooling rates.

3.2. XRD analysis, morphology and structural characterisation of laser
surface-textured TiO,/ZnO ceramic coatings

Picosecond laser ablation was used to create dimples on the surfaces
of the TiO,/ZnO ceramic coatings. The XRD patterns of the laser sur-
face-textured Al, A2 and A3 coatings are shown in Fig. 2. The XRD
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peaks of the laser surface-textured coatings shifted to a slight higher
angle of 26 compared to non-textured samples. Usually, peak shifts to
higher angles is attributed to stress and defect relaxation that occur in
coatings after the coatings are annealed at a temperature that is higher
than the deposition temperature [32]. In this case, the increased tem-
perature during the laser ablation process is believed to be the main
reason for the peak shift. The sharp diffraction peaks observed in the
patterns of the laser surface-textured samples had reduced intensities
compared to the non-textured samples. The decrease in the intensity of
the major TiO, and ZnO diffraction peaks in the XRD spectra of the laser
surface-textured A2 and A3 samples suggest that no phase alteration
occurred. However, the different peak shapes correspond to the pre-
ferential growth of different crystal planes, which resulted in XRD peaks
with different intensities [32].

SEM was used to observe the overall surface features of the laser
surface-textured samples, and the results shown in Fig. 4 indicate that
macroporous structures remained after laser texturing. The SEM images
(Fig. 4a—c) revealed that samples showed melted and nonmelted par-
ticles combined with pores and cracks observed on the surface. The
areas surrounding the dimples were covered with matter ejected during
the dimple formation (Fig. 4a—c). The temperature of the material in-
creases during the laser-material interaction and the material begins to
melt; ejection occurs on the surface as a result of the ensuing pressure
drop [33]. The EDX analyses (Fig. 4a—c) of the generated dimples area
show that distinct oxygen peaks were detected beside titanium and
zinc. This is because the surface layers of the samples oxidized when
exposed to air and high temperature during laser surface texturing
process. We also analysed the surface chemistry of the samples after
texturing. For example, the Ti and O content of A1 was determined to
contain 61.2 = 0.7wt % Ti and 37.1 * 0.7wt % O before surface
texturing and 58.9 + 0.7 wt % Ti and 39.0 = 0.7 wt % O after tex-
turing, which means the picosecond laser process did not affect the
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Fig. 9. SYTO 9-stained live cell bacteria on laser-textured (a) Al, (b) A2 and (c) A3 coatings and non-textured(d) Al, (e) A2 and (f) A3 coatings.

surface chemistry of Al significantly.

A digital microscope was used to measure the diameters and depths
of the dimples generated by laser texturing. The average diameters and
depths of the dimples in all samples were on average 21.21 + 0.33 and
7.29 * 0.21 pm, respectively, as shown in Fig. 5. These values showed
that laser texturing increased the total initial surface contact area of the
coating by more than approximately 5 % with a dimple density of 3.5
%. Increasing the contact area of a solid surface exposes more of its
material to potential chemical and/or physical interactions, which in-
creases the chance of collisions between the surface and other particles
and can increase reaction rates. The availability of surface contact area
is also one of the main factors that influence bacterial adhesion [34,35].
Shaikh et. al [5] reported that laser surface modification enhances
bacterial rejection without affecting the biocompatibility of surfaces.
Surface textural features that are smaller than bacterial cells inhibit
bacterial adhesion by reducing the available surface contact area be-
tween bacteria and the surface (Fig. 6a) [23,36]. Meanwhile, surfaces
with textural features that are comparable in size with the size of a
bacterial cell, i.e., micron-sized features, facilitate bacterial access into
spaces between textural features (Fig. 6b) as bacteria tend to align and
maximise their contact area with the surface. This tendency results in
different adhesion behaviours that are dependent on the shape, size,
chemical composition and wettability of the surface [6,37,38].

3.3. Antibacterial activity of TiO2/ZnO coatings

The bacterial growth on the laser textured and non-textured samples
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is shown in Fig. 7. The degree of culture medium turbidity is directly
related to the number of microorganisms present. Thus, the culture
medium turbidity increases as the microbial cell mass increases. Fig. 7
shows that the addition of ZnO strongly affected the OD slopes, parti-
cularly those of the laser textured surfaces (Fig. 7a). The OD value of
the laser surface-textured samples differed significantly with increasing
ZnO content at each cultivation time point. For example, as illustrated
in Fig. 7a, the laser surface-textured A3 coating consistently yielded the
lowest OD value at each cultivation time point. The antibacterial
properties of the laser surface-textured TiO5/ZnO coatings were there-
fore associated with the ZnO content. The laser surface-textured A2 and
A3 coatings were associated with a significant reduction in the bacterial
growth at each cultivation time point. Meanwhile, no significant trend
was observed in the bacterial growth of the non-textured coatings
(Fig. 7b). The non-textured coatings lacked significant antibacterial
properties regardless of ZnO contents and provided inconsistent OD
values at different cultivation time points. For example, the highest OD
value for the non-texturedA3 coating was obtained after the first cul-
tivation time point. Nevertheless, the OD values of the same coating at
the second and third cultivation time points decreaed. These results
indicate that texturing enhanced the antibacterial properties of the
TiO»/ZnO coatings and that texturing enhanced the antibacterial
properties of ZnO and TiO,.

Furthermore, the numbers of CFUs on the laser surface-textured
TiO,/ZnO coatings were lower than those on the non-textured coatings
(Fig. 8a-b). For example, the number of CFUs on the laser surface-
textured Al sample was approximately 24.2 % lower than that on the
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Fig. 10. Schematic diagram showing the enhancement of bacterial attachment on surface-textured TiO,/ZnO coatings; Zn?* from ZnO inhibits the bacterial growth

resulting in bacterial death.

blank sample, whereas that on the non-texturedAl sample was only
approximately 15.9 % lower than that on the blank sample. These re-
sults show that laser texturing the surfaces improved the antibacterial
properties of the TiO,/ZnO coatings. Furthermore, the number of CFUs
decreased significantly when the ZnO content increased. This reduction
in CFUs showed that ZnO in the coatings influenced the antibacterial
properties of the laser surface-textured and non-textured surfaces.

The amount of viable E. coli grown on the laser surface-textured and
non-texturedTiO,/ZnO coatings are shown in Fig. 9. Notably, laser
texturing improved the antibacterial properties of the TiO»/ZnO coat-
ings, which indicates that the laser surface-textured coatings had a
higher antibacterial activity than the non-textured coatings. Bacterial
growth was uninhibited in samples with non-textured surfaces
(Fig. 9d-f) but was inhibited on the laser surface textured coatings
(Fig. 9a—c). The fluorescence images indicate that few E. coli bacteria
were present on the laser surface-textured coatings. Furthermore, fewer
bacteria were observed on the laser surface-textured A3 sample than on
the laser surface-textured A2 and Al samples. However, the number of
bacteria detected on non-texturedTiO,/ZnO coatings (Fig. 9d—f) was
not significantly correlated to the ZnO content of the coating. This re-
sult is consistent with the OD value measurements and the number of
CFUs, and demonstrates that the laser surface-textured TiO,/ZnO
coatings have antibacterial properties. These results can be attributed to
two reasons.
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(i) Zn exhibits inhibitory and antimicrobial effects on various types of
bacteria [15,39]. Zn also has bacteriostatic properties, for example
Zn™"? jons can influence the growth of various bacteria when re-
leased [12]. Furthermore, the incorporation of Zn can enhance the
antibacterial activity and biocompatibility of TiO, coatings. ZnO
acts as an efficient antibacterial agent by destabilising bacterial
membranes upon coming into direct contact with bacteria
[12,39,40].

(ii) The dimples formed in the TiO5/ZnO ceramic coatings increased
the surface area of the coating by more than 5 %, which also in-
creased the amount of TiO, and ZnO exposed as antibacterial
agents. E. coli bacterial cells are typically approximately 2.0 um
long rod-shapes with a diameter of 0.25-1.0 um [23]. The fact that
the E.coli bacteria were smaller than the dimples increased the
bacterial adhesion on the textured surfaces. Bacterial adhesion on
regularly patterned microscale features, such as grooves and pits
(dimples), are able to trap and localize the E.coli cells and thereby
direct the bacterial attachment to surfaces [41]. The attachment of
E. coli bacteria on laser -textured surfaces leads to cell cycle arrest
and death. Zn?* from ZnO can inhibit bacterial growth by pene-
trating the cell wall, which results in bacterial death [42]. Zn?* can
also act as a catalytically active centre producing hydroxyl radicals
that damage the reproductive capacity of the bacteria, which leads
to bacterial death [42]. This finding is consistent with that of this
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study, in which bacterial attachment on TiO»/ZnO coatings with
non-textured surfaces was high regardless of ZnO content as
evinced by the strong green fluorescence signal in Fig. 9d—f. On the
other hand, the green fluorescence signal Fig. 9a—c was relatively
weak, which indicates that the most of the bacteria lost their via-
bility on the laser-textured surfaces.

In this work, the introduction of ZnO into TiO, ceramic coatings by
plasma spraying resulted in coatings with high antibacterial activity.
The effectiveness of ZnO as an antibacterial agent can be observed in
the samples with laser-textured surfaces. As illustrated in Fig. 10, in-
creasing the surface area of the TiO,/ZnO coatings by laser surface
texturing promoted bacterial attachment to the surface coating; the
dimples, which were larger than bacterial cells, provided additional
spaces for bacterial attachment. The increase in bacterial attachment on
the surface coating helped facilitate the action of ZnO and TiO, as
antibacterial agents as evinced by the OD measurements, the numbers
of CFUs on each sample and the fluorescence imaging results. All the
results indicate that laser surface texturing increased the antibacterial
properties of the TiO2/ZnO coatings.

4. Conclusions

We used a picosecond laser to texture the surfaces of TiO,/ZnO
ceramic coatings with different ZnO contents and investigated their
antibacterial properties. The results showed that the presence of dim-
ples on the surface drastically affected the antibacterial properties of
the TiO,/ZnO coatings. The laser surface-textured coatings had lower
ODs, fewer CFUs and less live cell bacteria as observed by fluorescence
microscopy than the non-textured samples. Increasing the surface area
of the TiO»/ZnO coating by laser surface texturing promoted bacterial
attachment to the surface coating. The increase in bacterial attachment
on the surface coating helped facilitate the action of ZnO and TiO, as
antibacterial agents.
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