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Abstract This study focused on antibacterial durabil-
ity testing of surface coatings based on acrylic matrix-
embedded UVA-activated ZnO. Such coatings on
stainless steel were treated by dry rubbing, wet
rubbing, and abrasive treatment to simulate wearing
during everyday touching, cleaning, and aggressive
scrubbing. Abrasive treatment caused clear topological
changes to the surfaces, flattened the surface at
the micrometer scale, and released a significant
amount of surface material, which was partly acrylic
matrix and partly the embedded ZnO. The highest
release of Zn, the most prominent photocatalytic
activity under UVA and the greatest antibacterial
effect, was observed for abrasively treated surfaces.
Although a small amount of surface material was
released from surfaces after dry and wet rubbing, no
significant increase in Zn release or photocatalytic
activity was detected. On the contrary, antibacterial
activity after those treatments decreased in comparison
with untreated surfaces, likely due to partial surface
masking by the released acrylic matrix. In summary,
our results indicate that antimicrobial ZnO material
immobilized in acrylic matrix creates stable surface
coatings that may lose some of their efficacy during

daily use and cleaning procedures, but activity of which
will be retained during a more aggressive abrasion
procedure.

Keywords ZnO, Acrylic matrix, Antimicrobial
efficacy, Photocatalytic activity, Stability

Introduction

High-touch surfaces have been considered as an
important source of infectious disease outbreaks.1

Even up to 40% of microbial infections in hospital
settings may spread through fomites or microbe-con-
taminated materials.2,3 Therefore, introduction of
antimicrobial coatings on surfaces at infection hot
spots to prevent adhesion, proliferation, or decrease
residence time of microbes, would potentially provide
socioeconomic and health benefits.4 In most studies,
the efficacy of antimicrobial coatings in reducing
microbial bioburden has been clearly demonstrated in
laboratory model conditions, on newly prepared sur-
faces and in conditions usually not representing the
application-relevant use scenarios.5,6 Only a few stud-
ies in which activity of antimicrobial coatings has been
shown during their real-life use have been published.7

Those studies have demonstrated either decrease in
surface-residing microbes or related infections after
introduction of copper-based surfaces, but reliable data
are generally lacking for other types of surfaces.8,9

Recent comparisons between the activity of antimi-
crobial surfaces in standardized test conditions and
real-life relevant conditions have indicated that these
do not always coincide. Factors such as temperature,
relative humidity, and the presence of organic soiling
may significantly affect antibacterial activity of the
surfaces.5,10,11 For example, copper-based surfaces that
are based on slow release of antimicrobially active
copper ions allow the accumulation of dead bacterial
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biomass that can block ion release and lead to surface
inactivation.12,13 Apart from surface inactivation by
dead bacteria, other types of organic material origi-
nating from the environment as well as physical aging
or chemical changes may also significantly affect the
activity of antimicrobial surfaces. However, loss of
efficacy over time is an important drawback hindering
the use of antimicrobial surfaces in real applications.14

Despite this, stability and durability in application-
relevant conditions and over longer periods of time are
properties largely overlooked in most of the studies
published thus far on antimicrobial surfaces.15

One of the potential issues impeding the durability
testing of antimicrobial surfaces is the lack of clear
performance criteria and appropriate testing methods.
Most articles focusing on stability of surfaces have
focused on mechanical durability testing and not specif-
ically on preservation of antimicrobial activity. Accepted
durability testing methods include cross-cut method
enabling to evaluate adhesion between substrate and
coating material, pencil hardness test that estimates
mechanical hardness of coating material, TABER�

rotary platform test that characterizes mechanical abra-
sion, and impact test that identifies how a coating
performs under a rapid deformation process.16–19 The
simplest and most widely used mechanical wear testing
method involves sandpaper abrasion with specified
weight, fixed speed, and distance.20–22 On the other
hand, no widely used methods exist for evaluation of
stability of antimicrobial effect of surfaces, and only a
limited number of publications are available on that
topic. One of the simplest methods that has been used
involves consecutive antimicrobial tests alternating with
simple rinsing. Such method has been used to demon-
strate the preservation of photoactivated antimicrobial
effect ofZnO/Agnanocomposite-based surfaces over ten
use cycles,23 aswell as to show the silver ion leaching from
silver zeolite-coated surfaces over one year.24 Other
studies have followed the guidance formechanical testing
and studied the effect of wiping or abrasion on antimi-
crobial activity. In those studies, preservation of antibac-
terial efficacy of zeolite-incorporated silver nanoparticles
encapsulated by hydrophilic polymers toward Escher-
ichia coliwas demonstrated after 1200 repeated dish soap
solution wipings, or over 30 wash cycles with artificial
sweat,19 retainment of antibacterial effect of copper
nanoparticles containing surfaces after rubbing was
shown,25 and resistance of surfaces with acrylonitrile
butadiene styrene plastic-immobilized TiO2 nanoparti-
cles to wiping, brushing, and scratching was proven.26 At
the same time, if TiO2 nanoparticles were simply
electrosprayed to surface, poor wiping and abrasion
durability were measured.26 A rubbing procedure has
been also shown to significantly decrease the activity of
plastic surfaces containing immobilized tributyl phos-
phonium compounds against Arthrobacter and E. coli,
whereas plastic surfaces coated with perfluoroalkyl
compound retained its antibacterial activity.27,28 Also,
peeling tests have been used to demonstrate the mechan-
ical antibacterial durability of zwitterionic copolymers

and silver-based surface coatings.29,30 As a more aggres-
sive treatment, ultrasonication of surfaces has been
applied, and copolymer-embedded zwitterionic material
was shown even to resist such treatment.29 One of the
methods suggested by the US EPA Office of Pesticide
Programs to be used to test the preservation of antimi-
crobial effect of surfaces is US EPA Interim Guidance
for Evaluating the Efficacy of Antimicrobial Surface
Coatings that involves suggestions for testing of durabil-
ity to both physical and chemical treatments and enables
the durability formaximally over fourweeks.31 Following
this guidance, antiviral durability of organosilane qua-
ternary ammonium compound-based coatings and two
commercial ‘‘peel and stick’’ coatingswas studied and the
results showed that most of the tested surfaces lost their
activity during the procedure and thus are not expected
to resist routine cleaning, disinfection with chemicals, or
potentially simply wetting the treated surfaces.32

Despite its importance, antimicrobial durability test-
ing is not frequently discussed in research papers
concerning antimicrobial surfaces and thus, many
initially promising surfaces may not be robust enough
to survive the proposed end-application. A general
search from ISI Web of Science showed that only
around 1%of all 40,000 publications available on search
term ‘‘antimicrobial AND surface*,’’ may also contain
information on some aspects of durability. Moreover, as
preservation of antimicrobial activity is evidently
dependent on the surface or its coating properties as
well as on the testing method, each proposed antimi-
crobial surface should undergo application-relevant
durability testing. In this study, we evaluated the effect
of three treatments on antimicrobial performance of
UVA-activated photocatalytic surface coatings that are
based on acrylic polymer matrix-immobilized ZnO
micro- and nanostructures and applied onto stainless
steel surface.23,33 Such surfaces have the potential to be
used outdoors or by sunlight well-illuminated indoor
conditions and therefore, their exposure to various wear
and tear is a realistic scenario. Two of the applied
treatment methods followed the suggestions of the US
EPA method for antimicrobial surfaces and modeled
daily abrasive wearing and wet cleaning process, and
one applied method involved abrasion, expected to
model extreme abrasion, e.g., by scraping.31 Post-
treatment physical changes of the surface coatings were
described, release of Zn as the active component was
analyzed, and photocatalytic and antimicrobial activity
of the surface coatings was determined. We expected
the study to provide information on durability of
photocatalytically active antibacterial surfaces during
different use scenarios.

Materials and methods

For all experiments, type II deionized water (Pacific
TII Water Purification System) was used. The follow-
ing key chemicals were used for chemical synthesis:
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methanol (Sigma-Aldrich, puriss, ‡ 99.8%), 1-butanol
(Sigma-Aldrich, puriss, ‡ 99.5%), KOH (LACH-NER,
90.0%), and Zn(CH3CO2)2 (Sigma-Aldrich, ‡ 99.0%).
All other chemicals were of analytical grade. Ultra-
sonic bath Elma Elmasonic P 30 H (max. power 320 W)
or ultrasonic homogenizer UP200Ht Sonotrode S26d7D
with titanium probe and maximal output 200 W
(Hielscher Ultrasonics) were used throughout the study.

Preparation of ZnO micro-
and nanocomposite-based surface coatings

AISI304L stainless steel (SS) disks (Outokumpu,
Finland, 8% Ni, 18% Cr, 75% Fe, 2B surface finish)
that were laser cut to 20-mm diameter and had
thickness of 2 mm were used as substrates. Prior to
applying the ZnO-based coatings, the disks were
cleaned with water and Fairy washing liquid (1 drop
in 400 mL of water; Procter and Gamble) followed by
3 times water rinse. Then, the disks were cleaned in an
ultrasonic bath for 15 min in 400 mL of water, for
15 min in 400 mL of acetone, for 15 min in 400 mL of
water, for 15 min in 400 mL of ethanol, and for 15 min
in 400 mL of water. Finally, SS disks were dried at
ambient conditions.

Two types of ZnO (Supplementary Fig. S1) were
used to prepare coatings onto SS disks: commercial
ZnO (color pigment Sennelier Zinc White, color code
PW4, Max Sauer SAS, France) with microsize irregu-
lar-shaped particles, approximately 500�2000 nm in
diameter, designated as ZnO(c), and in-house synthe-
sized ZnO with 20 nm (diameter) 9 120 nm (length)-
sized nanorods designated as ZnO(s). The in-house
synthesis protocol and the resulting ZnO(s) nanostruc-
tures have been described in detail in our previous
study.33 The acrylic polymer chosen as a matrix for
ZnO nanostructures was two-component matte top-
coat from SIRCA S.p.A, Italy (topcoat F40P005,
aliphatic hardener F901CT and thinner DT452)
designed for metal surfaces. First, 56 wt% topcoat
and 14 wt% hardener were mixed by a vortex mixer.
To that, 30 wt% of thinner (in the case of samples
without ZnO, designated as matrix, M) or thinner
previously mixed with ZnO was added, and mixed
again. In the case of ZnO samples, ZnO(c) or ZnO(s)
nanostructures were mixed with topcoat thinner using
wt ratio 92:8 thinner/ZnO, dispersed using ultrasonic
homogenizer for 5 min (in regime 0.5 s ultrasonic, 0.5 s
switched off, and amplitude 33%) and additionally
vortexed for 10 s. The resulting mixtures were then
added to topcoat and hardener mixture as described
above. SS disks were coated with the mixtures: acrylic
topcoat mixed with pure thinner, thinner supple-
mented with ZnO(c), or ZnO(s) to produce matrix
only (M), ZnO(c), or ZnO(s) surfaces. Next, 70 lL of
the mixtures was pipetted onto a SS disk on a self-
made rotating spin coater, which was turned on to
300 rpm for 3 s. After coating, SS disks were dried for
24 h at room temperature laboratory conditions.

Treatment of coated surfaces for simulated wear

Three different treatments were performed to evaluate
the durability of ZnO micro- and nanostructures-based
surface coatings after simulated wear. A custom auto-
mated abrasion tester based on open-source RepRap
hardware and software (reprap.org) was used for all
treatments. Two of those dry and wet rubbing methods
followed EPA Interim Guidance for Evaluating the
Efficacy of Antimicrobial Surface Coatings.31 For
dry (D) rubbing, a sponge (Scotch Brite Non-Scratch
Scrub Sponge, length 9.2 cm) with its nonabrasive side
and with additional weight of 224 g was used. The
sponge was passed over coated surfaces for 40 cycles,
each cycle consisting of 16 passes (8 passes over the
disk back and forth) and each pass lasting for 2.5 s
(38 cm horizontal movement for one-way shift).
Between every cycle, there was 20 min waiting time.
The used 40 treatment cycles correspond to a 4-week
long-use claim according to EPA guidance.31 For wet
rubbing (W), the procedure described above was
amended with a 2000 mg/L of NaOCl chosen as a
commonly used chemical disinfectant. Then, 20 mL of
NaOCl solution was poured onto the bottom of the
dish, and the sponge was soaked there for a minimum
of 10 min prior to passing it over the coated surfaces
with an additional weight of 454 g. Pass length and
moving speed were the same as in the case of D
treatment, but one cycle consisted of 8 passes (4 passes
over the disk back and forth). After every cycle, 30 min
waiting time was used. A new sponge was replaced
after every 5 cycles. A total of 40 cycles were
completed, which according to EPA guidance is
equivalent to a 4-week claim.31

The third treatment was based on sandpaper abra-
sion protocol that is a common method used to test
mechanical properties of surfaces and has generally
been expected to remove the topmost layer of coat-
ings.21 For this, 10-cm-long abrasive pad with 3000 grit
(surface structure shown on Fig. S2, 3MTM 443SA
TrizactTM Fine Finishing Disk, silicon carbide) using
additional weight of 100 g was passed over coated
surfaces. The pass length and speed matched those of
D and W, and 100 consecutive passes were performed.
Surfaces treated using this process are marked with A
(abrasion).

D, W, and A treatments were performed for every
surface coating type, M, ZnO(c), and ZnO(s). All the
different variants of surfaces and their treatments are
shown in Supplementary Table S1.

Photocatalytic activity measurement

Photocatalytic activity was measured on the basis of
methylene blue (MB) degradation. The coated surfaces
were placed into wells of 6-well microplates, 5 mL of
1.0 9 10�5 M MB aqueous solution was pipetted into
each well, and the whole plate was covered with UV
transparent borosilicate glass to suppress evaporation.
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Into each well, magnetic stirring bar (7 9 2 mm) was
placed and stirring at 150 rpm was carried out during
the whole experiment. To decrease drying effects, all
photocatalytic experiments were performed in a pre-
conditioned climatic chamber (Memmert CTC 256,
Germany) at 23�C and 90% relative humidity (RH).

A self-built lamp consisting of four fluorescent Hg
light bulbs (15 W iSOLde Cleo, kmax = 355 nm) was
used, and the light intensity at test surface height was
2.4–3.0 W/m2 at 315–400 nm spectral range (i.e., in the
UVA region, measured using Delta Ohm UVA probe
through borosilicate cover glass). The pH of the initial
MB solution was 7.0. Degradation of MB was mea-
sured in 4 parallels. Degradation of MB solution with
working stirrer but without sample measured under the
same conditions served as reference. Before experi-
ments, the samples with dye solution were precondi-
tioned for 20 min in dark to establish the adsorption
equilibrium of MB. After the degradation experiment,
the MB solution was poured into a standard PS 10-mm
optical length cuvette to measure the UV–Vis absor-
bance of MB using a spectrophotometer (Agilent Cary
UV–Vis-NIR 5000, Agilent, USA). The absorbance
intensity at 663 nm (characteristic absorbance peak for
MB) after the test was compared to the initial intensity
to evaluate the degradation of MB.

Scanning electron microscopy imaging

Scanning electron microscope (SEM) Nova NanoSEM
450 with 3 kV electron acceleration voltage and
secondary electron detector was used to visualize the
top view of all the coatings. Samples were placed on
the SEM stub with carbon tape. In all cases, noncon-
ducting surfaces were covered with a 6-nm layer of
gold. All sample types were imaged in SEM in 10009,
10,0009 and 100,0009 magnifications to detect mor-
phological changes in the surface layer of the coating
after simulated wear. The 10009 fields were chosen
randomly and 10,0009 fields were captured of pro-
truding features of the acrylic coating, visible signs of
morphological changes and low areas where debris had
accumulated. The images were captured and presented
for illustrative purposes, and no SEM image analysis
techniques were used.

Contact angle measurements

The sessile drop method was used to measure surface
water drop contact angles using a moving platform
based on Thorlab DT12 (Newton, NJ, USA) dovetail
translation stage.34 A 2 lL drop of deionized water was
pipetted onto each coated surface. After 10 s, the
water droplet was photographed with a Canon EOS
650d camera (Ota City, Tokyo, Japan) using a MP-E
65 mm f/2.8 1–5 9 Macro focus lens. Image analysis

software (ImageJ 1.8.0 172 [NIH, Madison, WI, USA)
for Windows, plugin for contact angle measurement]
was used to determine the contact angle formed by the
liquid drop on the glass surface.35 The average of
contact angles measured from four water droplets per
sample was calculated. Samples with contact angle
< 90� were considered hydrophilic, and samples with
contact angle > 90� were considered hydrophobic.36

Determination of Zn release from surfaces

To measure the release of Zn, 500 lL of deionized
water was placed onto each surface so that the liquid
covered the surface maximally. The surface was incu-
bated at room temperature for 4 h, and maximal
volume of liquid was removed. For each analysis, four
surfaces were pooled to obtain an average Zn concen-
tration. Prior to the measurement appropriate dilutions
of the samples were made. ICP-MS (Agilent 7700)
measurement of Zn concentration in the water samples
were performed following the ISO 17294-2:2016 stan-
dard.37

Antibacterial activity evaluation

Antibacterial activity of coated surfaces was evaluated
against Gram-negative Escherichia coli DSM 1576
(ATCC 8739) using a microdroplet method.10 Bacteria
were grown overnight on LB agar (5 g/L NaCl, 10 g/L
tryptone, 5 g/L yeast extract, and 15 g/L agar) plates,
collected using a sterile inoculation loop to prepare the
inoculum in 500-fold diluted Nutrient Broth (0.006 g/L
meat extract, 0.02 g/L peptone, and 0.01 g/L NaCl).
Alternatively, for testing of wet rubbed (W) surfaces,
bacterial inoculum was prepared in 500-fold diluted
Nutrient Broth that was supplemented with 0.5 g/L of
Na2S2O3 to neutralize mainly the effect of chlorine
residues that may be present on wet rubbed surfaces
after sodium hypochlorite treatment.38 The cell density
was adjusted photometrically to achieve a target
OD600 value of 0.074, corresponding to approximately
1.05 9 108 CFU/mL. The surfaces were inoculated
with 5 9 2 lL microdroplets of the bacterial inoculum
and placed in a closed Petri dish system to minimize
ventilation effects on inoculum drying. Surfaces were
then incubated in a climate chamber (Climacell EVO,
Memmert, USA) at 90% relative humidity and 22�C
for 4 h. Exposures were conducted in parallel in the
dark or under UVA illumination, in which case a 1.1-
mm-thick UVA-transmissive borosilicate moisture
preservation glass was used as a cover. For UVA,
UVA/Vis Combi light tray of the climate chamber was
used, and UVA intensity was measured 2.0 W/m2 at
315–400 nm spectral range. After the exposure, sur-
faces were placed to tubes containing 10 mL of SCDLP
toxicity neutralizing medium (17 g/L casein peptone,
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3 g/L soybean peptone, 5 g/L NaCl, 2.5 g/L Na2HPO4,
2.5 g/L glucose, 1.0 g/L lecithin, and 7.0 g/L Tween 80)
and vortexed for 30 s to detach the bacteria.39 Serial
tenfold dilutions in phosphate-buffered saline (PBS:
8 g/L NaCl, 0.2 g/L KCl,1.44 g/L Na2HPO4, 0.2 g/L
KH2PO4; pH 7.1) were made and 20 lL of the dilutions
were drop-plated on LB solid medium (5 g/L yeast
extract, 10 g/L tryptone, 5 g/L NaCl, and 15 g/L agar).
Plates were then incubated for 16–18 h at 37�C, viable
counts as colony-forming units (CFU) were counted,
and results were expressed as log10-transformed CFU
counts per surface. The theoretical limit of detection
(LOD) was calculated using the value of 3
colonies 9 dilutions of the final culture. For statistical
analysis, all CFU values below LOD were adjusted to
LOD. All antibacterial testing experiments were con-
ducted in at least three biological replicates with two
technical replicates.

Statistical analysis

Statistical analysis of the data was performed with
GraphPad Prism 9.5.0 (GraphPad Software, San
Diego, USA). Raw data used can be found in the
Supplementary Raw Data file. One-way ANOVA
followed by Tukey’s multiple comparisons test at
a = 0.05 was used where appropriate.

Results and discussion

Physical changes of surface coatings
during simulated wear

SEM images of the studied surfaces (Fig. 1) indicated
that the newly prepared acrylic matrix or ZnO-
containing acrylic matrix coating on stainless steel
appeared smooth but not totally flat as expected from a
matte surface topcoat. No visible ZnO particles
extruded from the topmost layer in the case of ZnO-
containing surface coatings and thus, we conclude that
the top layer of the surface coating was matrix
polymer. Similar smooth surface structures have been
previously shown for Aeroxide� TiO2 P25 nanoparti-
cles-based acrylic paint on wooden substrate.40 This
observation is in good agreement with the general idea
that smoothness of polymer surfaces depends strongly
on pigment/polymer ratio, and in the case of low
pigment/polymer ratio, obtained surfaces are rather
smooth.41

All the wear-simulating treatment procedures used,
however, introduced clear changes to all the surface
coatings. Already at 10009 magnification under SEM,
clear changes were observed for samples treated by
abrasion (Figs. 1a–c, upper rows). Visible scratching
marks appeared, and a part of the topmost matrix
polymer was removed from higher structures, thereby
flattening the initial surface coating. The topographical

structure of the abrasive pad is presented in Supple-
mentary Fig. S2, and it is clear that the scratching
marks on surface (red arrows on Fig. 1) represent
traces of the structures of this abrasive pad. At 10,0009
magnification SEM images, changes of surface coatings
were observed for every treatment (Figs. 1a–c, lower
rows). Solid material that was either acrylic matrix
polymer or embedded ZnO micro- and nanostructures
was released and accumulated either near the edges of
the higher structures in the case of dry rubbing (D) or
spread over the whole surface in the case of wet
rubbing (W) (Supplementary Fig. S3). However,
interestingly, the appearance of scratching marks and
release of surface material did not affect surface
hydrophobicity as evidenced by contact angle mea-
surements (Fig. 2). The contact angles of all the surface
treatment types were statistically similar, > 90� and
thus, were classified hydrophobic.36 It is well-known
that hydrophobic/hydrophilic properties of surfaces are
influenced by both topographical structure and chem-
ical composition of surface. Since our experiments do
not influence contact angle even in the case of
abrasion, it is reasonable to conclude that hydropho-
bic/hydrophilic properties in the case of present
surfaces are dominated by the chemical composition
of surface.

In addition to topographic characterization, the
surface coatings were also characterized for their Zn
release profile. Although both ZnO(c) microstructures
and ZnO(s) nanostructures were fully immobilized into
the acrylic topcoat matrix, release of Zn ions was still
possible due to low level surface leaching or minor
release of ZnO particles. Such release was expected to
be very low in the case of untreated samples as the
topmost surface was dominated by acrylic polymer
matrix (Fig. 1a). However, as release of solid material
was observed from the topmost layer of ZnO(c) and
ZnO(s) surface coatings (Supplementary Fig. S3), lib-
eration of either ZnO particulates or Zn ions was
expected to increase. Such an increased release of Zn
from surfaces may however play an important role in
antimicrobial activity as both liberated Zn ions as well
as ZnO particles may exert antibacterial activity and
additionally, released ZnO particles may contribute to
photocatalytic effect. It is important to note that Zn
release experiments could not be conducted exactly at
conditions mimicking antibacterial or photocatalytic
measurements due to their too low liquid content
(antibacterial tests) or too high dilution (photocatalytic
activity measurement). Therefore, the results on Zn
release profiles are comparable between sample and
treatment types and are not exactly transferrable to
antibacterial or photocatalytic tests. In parallel to ZnO
surfaces, released Zn was also quantified from matrix
only covered surfaces, where Zn content was
17.5 ng/surface (marked to Fig. 3 with dashed line).
Detectable amounts of Zn were released from ZnO-
containing surfaces either in the form of Zn ions or
ZnO particulates. In general, ZnO(s) nanostructures-
based surfaces released less Zn than ZnO(c)
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microstructures-based surfaces, and more Zn was
released under UVA treatment than in dark (Fig. 3a,
b). Dry (D) and wet (W) rubbing did not notably affect
surface release of Zn but surfaces after abrasive

treatment (A) released considerably higher amounts
of Zn. This observation is in correlation with SEM
images demonstrating visible physical changes on
ZnO-containing surfaces and release of surface coating

Fig. 1: SEM images of surface coatings. (a) Acrylic topcoat matrix covered surfaces, (b) ZnO(c) in acrylic topcoat matrix
surfaces, (c) ZnO(s) in acrylic topcoat matrix surfaces. Untreated surfaces (left column) and surfaces treated with dry (D) or
wet (W) rubbing and abrasive treatment (A) procedures were viewed using 10003 [upper rows of (a)–(c)] and 10,0003 [lower
rows of (a)-(c)] magnification. Red arrows indicate visible scratches and white arrows indicate released surface coating
material
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material (Fig. 1b, c). Thus, we can conclude that zinc as
active ingredient is released from ZnO-containing
surfaces, and its release is significantly increased after
abrasive treatment. This released fraction of Zn may
further contribute to both antimicrobial as well as to
photocatalytic activity of ZnO-based surfaces. To the
best of our knowledge, similar release experiments
with high sensitivity chemical methods have not been
reported in the literature in the case of ZnO-containing
acrylic surfaces or paints.

Photocatalytic activity of surface coatings
after simulated wear

Due to the photoinduced nature of ZnO and formation
of reactive oxygen species during exposure of ZnO to
UVA, the effect of wear-simulating surface treatments
on photocatalytic activity of ZnO-based surface coat-
ings was studied.42 Methylene blue (MB) was used as a
photocatalytically degradable model dye and disap-
pearance of the dye after exposure to the different
samples was measured (Fig. 4). As expected, none of
the samples exhibited notable photocatalytic activity in
the dark (Fig. 4b). Under UVA, however, ZnO-based
surface coatings showed significant photocatalytic
effect (Fig. 4a). There was no significant difference
between photocatalytic activity of surfaces containing
ZnO(c) microparticles or ZnO(s) nanoparticles. Also,
matrix alone showed some photocatalytic effect under
UVA, which was probably caused by light-aided
degradation of MB dye. However, this effect was
significantly lower than the effect of ZnO-based
surface coatings. Significant photocatalytic effect of
ZnO-based surface coatings has also been demon-
strated in earlier studies, where ZnO powder was
immobilized to acrylic paint, mostly for decoration of
indoor surfaces.43,44 Similar to our study, Vu et al.
showed that while both ZnO nanoparticle- as well as
microparticle-based coatings exhibited photocatalytic
activity, weak photocatalytic effect was observed also
in the case of neat coatings.44

Among the used surface treatment methods, only
abrasive treatment had a notable effect on photocat-
alytic activity of the ZnO-based surface coatings
(Fig. 4a, c). The photocatalytic activity of both ZnO(c)
and ZnO(s)-based coatings significantly increased after
abrasive treatment. At the same time, dry and wet
rubbing had no significant effect on MB degradation
profile of any of the surface coatings. This finding is in

Fig. 2: Contact angles of surface coatings before and after
treatment. ZnO(c) in acrylic matrix surfaces were used as
model surface in untreated form or after dry (D) or wet (W)
rubbing, or abrasive treatment (A). Single measurement
values and average are shown. The dashed line represents
90� contact angle above which surfaces were considered
hydrophobic

Fig. 3: Release of Zn from surface coatings before and after treatment. Release of Zn was measured over 4 h under UVA
illumination (a) or in the dark (b) from ZnO(c) or ZnO(s)-based surface coatings after their dry (D) or wet (W) rubbing, or
abrasion (A). The dashed line represents the amount of Zn released from matrix alone surfaces. The values demonstrate the
average Zn release measured from four parallels from each treatment group

1011

J. Coat. Technol. Res., 21 (3) 1005–1016, 2024



correlation with previous information on Zn release
based on what abrasive treatment released either Zn
ions or ZnO particulates, while dry and wet rubbing
had no such effect (Fig. 3). Increased photocatalytic
activity of abrasively treated ZnO-based surfaces
suggests that the material released from such surfaces
(see SEM images of A samples on Fig. 1a–c) was
mostly photocatalytically active ZnO. Indeed, closer
investigation of abrasively treated surfaces revealed
the presence of protruding ZnO particulates (Supple-
mentary Fig. 4e, f) that may have exhibited photocat-
alytic activity. These results suggest that abrasive
treatment may effectively enhance the photocatalytic
and self-cleaning activity of ZnO-based acrylic matrix

coated surfaces, however at the same time also
potentially decrease the lifetime of those surfaces.

Antibacterial activity of surface coatings
after simulated wear

The preservation of antibacterial activity after treat-
ments simulating different wear scenarios was tested
with E. coli. The bacteria were exposed to surface
coatings for 4 h as pilot experiments indicated that
longer timepoints than 4.5 h under UVA caused
almost full inactivation of surface-exposed bacteria
(Supplementary Fig. S4) and thus quantitative com-

Fig. 4: Photocatalytic activity of surface coatings before and after treatment. Photocatalytic activity observed as
degradation of methylene blue (MB) dye by matrix alone (M), ZnO(c) or ZnO(s) surface coatings after dry (D) or wet (W)
rubbing, or abrasive treatment (A). (a) Photocatalytic activity under UVA and (b) photocatalytic activity in dark conditions.
Lower panels represent the differences in MB degradation between surfaces treated by D, W, or A and the untreated surface
under UVA (c) or in the dark (d). Color codes used on (c) and (d) are shown. Datapoints and average of four parallels with
standard deviation are shown. Statistically significant differences (p < 0.05) are shown as: ns—nonsignificant, ** (p < 0.01),
*** (p < 0.001)
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parison with wear simulated treatments would have
been impossible. Exposure of E. coli for 4 h to
untreated ZnO-containing surface coatings had a
statistically significant antibacterial effect both under
UVA as well as in the dark (Fig. 5a, b). Under UVA,
the untreated ZnO(c) surface coating resulted in 2.5
log10 decrease in viable count and the untreated
ZnO(s) surface coating decreased viability by 1.5
log10. Although those surfaces exhibited statistically
significant antibacterial effect also in the dark, this
effect had a relatively low biological importance (0.5

log10 decrease in the case of ZnO(c) surface and 0.25
log10 decrease in the case of ZnO(s) surface). This
result indicating that the antibacterial potential of
ZnO-based surfaces reveals mainly under UVA sug-
gests that the prevailing mode of action of ZnO(c) and
ZnO(s) surface coatings was UVA-induced photocat-
alytic activity and production or reactive oxygen
species, as also suggested in previous studies.45 The
statistically significant but biologically less relevant
decrease in bacterial viable counts on ZnO(c) and
ZnO(s) surfaces in the dark suggested low but existing

Fig. 5: Antibacterial activity of surface coatings before and after treatment. The number of log10 colony forming units (CFU)
of E. coli per surface of matrix alone (M), ZnO(c), or ZnO(s) after 4 h exposure under UVA (a) or in the dark (b). Surfaces were
tested either untreated or after dry rubbing (D), wet rubbing (W), or abrasive (A) treatment. Red dotted line represents the
detection limit (LOD). Lower panels represent the differences in antibacterial activity (CFU count per surface) between
surfaces treated by D, W, or A and the untreated surface under UVA (c) or in the dark (d). Color codes used on (c) and (d) are
shown. Datapoints and average are shown with standard deviation. ns—nonsignificant, * p < 0.1 ** p < 0.01, *** p < 0.001,
**** p < 0.0001
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antibacterial effect due to surface-released Zn ions
or ZnO particulates (Fig. 3).

Interestingly, we observed that wet (W) rubbing of
matrix only surfaces caused significant antibacterial
activity (Supplementary Fig. S5), which was not only
most prominent under UVA illumination, but also
detectable in the dark. We suggest that despite careful
rinsing with deionized water, remaining residues of
hypochlorite cleaning agent were left on W surfaces,
and a subsequent exposure of such residues to UVA
evoked a synergistic effect between chlorine and short
wavelength light. As shown earlier by Blomberg et al.,
the treatment of surfaces by any cleaning or disinfec-
tion agent may leave residues and thus, the potential
interference of such residues with antimicrobial effi-
cacy should be accounted for.46 Also, the synergistic
effect of chlorine and UVA has been shown earlier,
and for example, chlorine oxide and UVA combination
has been used for efficient cleaning and disinfection of
drinking water.47 In order to neutralize the background
antibacterial effect of wet rubbed matrix alone sur-
faces, Na-thiosulphate that has been shown to effi-
ciently neutralize chlorine and other halogens was
added to the tests with W surfaces. Indeed, the
addition of Na-thiosulphate efficiently removed the
antibacterial effect of wet rubbed surfaces (Fig. S5).

Compared with untreated ZnO-based surface coat-
ings, a clear increase in antibacterial activity was
observed after abrasive treatment both, under UVA as
well as in the dark (Fig. 5). This finding coincides well
with topological changes of surfaces after abrasion and
increased release of Zn. Under UVA, the increased
antibacterial activity also coincides with increase in
photocatalytic effect, and therefore, we may conclude
that under UVA, the mechanism of antibacterial
action is elevated release of ZnO particulates or
exposure of higher amount of ZnO micro- and nanos-
tructures on surfaces and resulting increase in UVA-
induced production or reactive oxygen species. On the
other hand, in the dark, such photocatalytic effect does
not take place, and instead, antibacterial activity is
achieved by leaching of Zn ions from either surface-
released or surface-exposed ZnO structures. Interest-
ingly, after dry or wet rubbing, antibacterial activity did
not increase, but on the contrary, decreased (Fig. 5).
This finding is somewhat similar to photocatalytic
activity where D and W treatments did not enhance the
photocatalytic effect, except W-treated ZnO(s) sur-
face. However, unlike in the case of antibacterial
results, no significant decrease in photocatalytic effect
on D- and W-treated surfaces was observed. The
decrease in antibacterial effect after dry and wet
rubbing was most prominent in the case of ZnO(c)
surface coatings where under UVA illuminaton, D
treatment decreased antibacterial effect by 1.7 and W
treatment by 1.5 log10 (Fig. 5c). Around one log10
decrease in antibacterial activity was observed also due
to W treatment of ZnO(c) surface (Fig. 5c). The exact
reason for decreased antibacterial activity due to dry
and wet rubbing of surfaces is unknown but we suggest

that the matrix material released during D and W
treatments masked the surfaces from bacteria, which
were deposited to surfaces in very low liquid volumes.

In summary, our results indicated that relatively mild
treatments of acrylic matrix-immobilized ZnO-based
coatingsmay rather decrease the antibacterial activity of
such surfaces, while more aggressive treatment involv-
ing abrasion is likely to restore and even increase the
antibacterial activity. Also earlier studies have sug-
gested that different surface treatment procedures may
affect the antibacterial activity differently.While simple
rinsing of surfaces and their immersion inwater between
antibacterial tests, or even wiping with soap solution did
not affect antibacterial activity, abrasive treatment of
surface-deposited surface coatings decreased the
antibacterial effect of some surfaces.19,23,24,26 However,
the extent of antibacterial activity loss has been shown to
be dependent on the strength of attachment of the
antimicrobial material to surfaces. Therefore, usually
polymer or ceramic-embedded surface coatings have
been relatively resistant to treatments that involve
abrasion and therefore, could be considered durable
over time and towards various treatments.25,28,29,48

Based on our results, however, in the case of matrix-
immobilized antimicrobial material, a more aggressive
cleaning or abrasion stepwould be required from time to
time, in order to expose the active material to surface
and ensure the antibacterial effect.

Conclusions

The results of our study demonstrated that wear and tear
of antimicrobial surface coatingsmay significantly affect
the performance of antimicrobial surfaces. Dry rubbing,
wet rubbing, and abrasive treatment, used as simulated
wear scenarios for ZnO-based surface coatings, affected
the physical appearance of those coatings at the mi-
croscale. A significant amount of material was released
from surfaces due to aggressive abrasive treatment but
a certain amount of surface material was also released
during dry andwet rubbing.According to photocatalytic
and antibacterial activity assessment, this released
material was either acrylic matrix with embedded ZnO
in the case of abrasive treatment, or mostly matrix
material in the case of dry and wet rubbing. The
abrasion-releasedZnO resulted in higher photocatalytic
activity and increased antibacterial efficacy, supposedly
due to light-induced reactive oxygen species production
on released ZnOmaterial under UVA illumination and
dissolution of antibacterial levels of Zn ions in the dark.
The fact that dry and wet rubbing did not increase the
antimicrobial activity of ZnO-based surfaces but with
the exception of wet rubbing of one of the surface types
rather decreased the antimicrobial activity, suggests that
matrix material that was released during rubbing, was
masking the antimicrobial effect. Therefore, our find-
ings show that dry and wet rubbing of ZnO-based
surface coatings performed following the guidance of
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US EPA retained the photocatalytic activity of the
surfaces but generally decreased the antimicrobial effi-
cacy of those surfaces over a model 4-week use claim.
Aggressive abrasion, however, significantly increased
both photocatalytic and antibacterial effect. Although
such an increased activity may result in positive outcome
in short term, during long term and repeated use, it may
clearly lead to decomposition of the surface coatings.
Therefore, we suggest that a preferred method of
preservation or even increasing the antimicrobial activity
involves production of relatively ‘‘thick’’ surface coatings
in the case of which repeated removal of topmost layers
would be possible. Overall, our study emphasizes a clear
need for detailed guidelines on cleaning procedures to be
applied on antimicrobial surfaces in order to assure their
maximal lifetime and performance.
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Odnevall, I, ‘‘Weathering and Antimicrobial Properties of
Laminate and Powder Coatings Containing Silver Phosphate
Glass Used as High-Touch Surfaces.’’ Sustainability, 14 (12)
7102 (2022)

47. Chuang, Y-H, Wu, K-L, Lin, W-C, Shi, H-J, ‘‘Photolysis of
Chlorine Dioxide Under UVA Irradiation: Radical Forma-
tion, Application in Treating Micropollutants, Formation of
Disinfection Byproducts, and Toxicity Under Scenarios
Relevant to Potable Reuse and Drinking Water.’’ Environ.
Sci. Technol., 56 (4) 2593–2604 (2022)

48. Kim, J, Kim, U, Han, K, Choi, J, ‘‘Antibacterial Persistence
of Hydrophobically Glazed Ceramic Tiles.’’ J. Korean
Ceram. Soc., 59 (6) 920–928 (2022)

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

1016

J. Coat. Technol. Res., 21 (3) 1005–1016, 2024


	Durability of photocatalytic ZnO-based surface coatings and preservation of their antibacterial effect after simulated wear
	Abstract
	Introduction
	Materials and methods
	Preparation of ZnO micro- and nanocomposite-based surface coatings
	Treatment of coated surfaces for simulated wear
	Photocatalytic activity measurement
	Scanning electron microscopy imaging
	Contact angle measurements
	Determination of Zn release from surfaces
	Antibacterial activity evaluation
	Statistical analysis

	Results and discussion
	Physical changes of surface coatings during simulated wear
	Photocatalytic activity of surface coatings after simulated wear
	Antibacterial activity of surface coatings after simulated wear

	Conclusions
	Open Access
	References




