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oxide nanoparticles
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In this study, a white light-activated bactericidal coating consisting of acrylic latex, zinc oxide
nanoparticles (ZnO NPs) and crystal violet (CV) was produced through a two-step dipping process. CV
molecules and ZnO NPs were incorporated into an acrylic latex coating deposited onto a glass
substrate. After the incorporation, the colour of the coating surface changed to purple from colourless
and XPS sputtering analysis showed the existence of ZnO NPs within the coating. In a bactericidal test,
the CV dyed samples showed an intrinsic bactericidal activity (0.7-0.88 log reduction in viable bacteria
number) against S. aureus whereas it was not observed on E. coli in the dark. Upon white light irradiation
(light intensity: 512 lux), the bactericidal activity of the CV-dyed sample was significantly enhanced.
Compared to the control, the CV-dyed samples showed 1.16-2.51 log reduction against both bacterial
strains in white light. In terms of the testing against S. aureus in white light, ZnO NPs addition into the
CV-dyed sample showed enhanced bactericidal activity. The bactericidal activity of the CV-dyed sample
with ZnO NPs was 1.34 log higher than the CV-dyed sample. Based on data obtained from TR-EPR
spectroscopy, it is speculated that the addition of ZnO NPs into the dye induces an alternative
photoredox pathway, resulting in more generation of reactive oxygen species lethal to bacterial cells. It
is expected that this technique could be used to transform a wide range of surfaces into bactericidal
surfaces and contribute to maintaining low pathogen levels on hospital surfaces related to healthcare-
associated infection.

1. Introduction

With the rise of bacterial drug resistance, there is an urgent
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need to decrease the spread of bacteria in healthcare environ-
ments and reduce the risk of hospital-associated infections
(HAIs). HAIs cause symptoms ranging from minor patient
discomfort to prolonged or permanent disability and even, in
some cases, death.m” In England, there are at least 300 000 HAIs
annually resulting in 5000 patient deaths.” Contaminated
surfaces contribute to pathogen transmission in hospitals via
contact with both patients and healthcare personnel.*”® It was
reported that 70% of HAIs are associated with bacterial con-
tamination of hospital surfaces or medical devices.””® Vigorous
hospital cleaning routines have been implemented and have
impacted the levels of surface contamination.*'® However, it is
difficult to maintain clean surfaces in hospitals and even small
numbers of residual bacteria can rapidly reproduce if condi-
tions are favourable, resulting once again in high levels of
surface contaminants.
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One promising strategy to reduce bacterial surface contam-
ination in healthcare environments is the use of light-activated
bactericidal surfaces. Significant research has focused on the use
of titanium dioxide nanoparticles (TiO, NPs), which effectively kill
bacteria under ultraviolet (UV) irradiation."*™* UV irradiation of
TiO, NPs results in the generation of reactive oxygen species (ROS)
containing hydroxyl radicals (*OH) and singlet oxygen (*O,). The
ROS initiate a multi-site attack against bacteria resulting in loss of
membrane integrity, inactivation of enzymes, and DNA damage,
causing cell death.* However, since TiO, NPs are UV-activated
photocatalysts, they exhibit poor bactericidal activity in white light
which is widely used in hospitals.**™'® In recent years, to overcome
this shortcoming, research has focused on enhancing the photo-
catalytic activity of TiO, in white light."”™° It was reported that
doping silver or vanadium into TiO, enhanced light-activated
bactericidal activity in white light."®*° Zinc oxide (ZnO) is also a
widely used inorganic photocatalyst. ZnO is considered a more
efficient photocatalyst than TiO, because it is activated under
both UV and white light.?*>* ZnO has been shown to generate
significant ROS concentrations even in white light, particularly
in a wavelength range of 400-500 nm.>*

Crystal violet (CV) and methylene blue (MB) are photosensi-
tiser dyes which mainly absorb visible light and demonstrate
light-activated bactericidal activity.”>*® Irradiation of these
dyes results in ROS generation.”””® Recent research showed
the incorporation of photosensitiser dyes into polymer materi-
als for use in hospital surfaces or medical devices such as
tracheal and urinary catheters to decrease bacterial surface
contamination.>®° Medical grade silicone and polyurethane
were incorporated with the dyes using a simple swell-encapsu-
lation-shrink process and the resultant dye-incorporated mate-
rials exhibit light-activated bactericidal activity in white
light.?>**?° The additional incorporation of gold (Au) NPs or
ZnO NPs into the dye-treated polymers significantly enhanced
the light-activated bactericidal activity and these materials also
demonstrated significant bactericidal activity in the dark.>®*'~?

In this study, we present a simple technique for developing a
white light-activated bactericidal coating (WLABC). CV and ZnO
NPs incorporated acrylic latex was coated onto glass slides.
WLABC was characterised using UV-vis spectroscopy and a water
contact angle meter and the photo and water stabilities of the
coating were tested. Bactericidal tests against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) showed that
WLABC had limited bactericidal activity in the dark, but it is
significantly enhanced in white light with an intensity of 512 lux.

2. Experimental section

Solution A

80 mL of acrylic latex (X935-33, AzkoNovel, Amsterdam, Netherlands)
was mixed with 20 mL of toluene (Fisher Scientific, England, UK).

Solution B

Di(octyl) phosphinic acid (DOPA)-capped ZnO NPs (~5 nm)
were prepared via previously described methods.>*?*?** ZnO
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NPs were gently heated to disperse in toluene (3 mg mL~") and
subsequently mixed with acrylic latex (1:4 ZnO NPs/toluene:
acrylic latex).

Solution C

CV solution (5 mM) was prepared using deionised (DI) water.

2.1. White light-activated bactericidal coating

As shown in Fig. 1, WLABC was prepared using a dip-coating
method.

Control. Glass slide (76 mm x 26 mm) was immersed in
solution A to a depth of 4 cm and withdrawn at a speed of
120 cm min~'. The samples were subsequently air-dried for
24 h, washed using DI water and further air-dried for 24 h.

Sample with ZnO NPs. Glass slide was immersed in solution
B to a depth of 4 cm and withdrawn at a speed of 120 cm min ™.
The samples were subsequently air-dried for 24 h, washed
using DI water and further air-dried for 24 h.

CV-dyed sample. Control was immersed in 50 mL of solution
C for 24 h and it was air-dried for 24 h in a dark room. The
sample was washed using DI water and further air-dried for
24 h in a dark room.

CV-dyed sample with ZnO NPs. The sample with ZnO NPs
was dipped into 50 mL of solution C for 24 h. After that, it was
washed using DI water and dried for 24 h. After drying, the
sample was washed using DI water and further dried for 24 h.
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Fig. 1 Preparation of (a) control, CV-dyed sample, (b) sample with ZnO
NPs, and CV-dyed sample with ZnO NPs. Solution A is a mixture of acrylic
latex and toluene, solution B is a mixture of ZnO NPs and acrylic latex and
solution C is crystal violet solution.
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After sample preparation, the uncoated area was removed
using a glass cutter.

2.2. Characterisation

UV-vis absorption spectra of the coated samples were measured
in a wavelength range of 250-1000 nm using a PerkinElmer
Lambda 25 spectrometer. To determine ZnO NPs encapsulation
within the samples, X-ray photoelectron spectroscopy (XPS) was
carried out on a Thermo K-Alpha spectrometer using mono-
chromated Al Ko radiation. The sample with ZnO NPs and CV-
dyed sample with ZnO NPs were analysed and data were
collected in a binding energy of 0-1200 eV. The data for all
samples were calibrated to adventitious carbon at 284.8 eV.

A static water contact angle was measured for all samples. A
droplet (~5 pL) of DI water was inoculated onto the sample
surface, the samples were photographed side on, and the
images were analysed using FTA32 software.

2.3. Stability test

To determine the photostability of CV in samples, both the CV-
dyed sample and CV-dyed sample with ZnO were exposed to
white light with an intensity of ~5489 lux for 1080 h. At regular
time intervals, the absorbance change of the samples at 590 nm
was determined spectroscopically.

The CV stability within the CV-dyed sample and CV-dyed sample
with ZnO NPs was tested when they were exposed to water. The
samples were immersed in 40 mL of phosphate-buffered saline
(PBS) for 3000 h. At periodic time intervals, PBS was taken and then
measured at 590 nm using a UV-vis spectrometer to measure CV
molecules leached from the sample to PBS. The CV concentration
was calculated using the Beer-Lambert law as below.

c=Al(e x b)

where c is the concentration of crystal violet, A is an absorbance
at 590 nm, ¢ is a molar extinction coefficient for crystal violet in
water at 590 nm of 87000 M~ cm™ ", and b is the path length of
the cuvette (1 cm).*®

2.4. Bactericidal testing

In bactericidal testing, E. coli (ATCC 25922) and S. aureus
(NCTC 13143) were used. The bacteria were stored at —70 °C

Fig. 2
with ZnO NPs (CVZnO) in a wavelength of 450-650 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

in brain-heart-infusion broth (BHI broth, Oxoid Ltd, Hamp-
shire, England, UK) containing 20% (v/v) glycerol and propa-
gated on either MacConkey agar (Oxoid Ltd) in the case of
E. coli or mannitol salt agar (Oxoid Ltd) in the case of S. aureus.
BHI broth (10 mL) was inoculated with one colony and cultured
at 37 °C for 18 h with shaking at 200 rpm. The bacteria were
harvested by centrifugation (21 °C, 4000 rpm for 8 min), washed
using 10 mL of PBS, and centrifuged again to recover
the bacteria which were re-suspended in 10 mL of PBS. The
bacterial suspension was diluted 1000-fold to obtain the inocu-
lum with ~10° CFU mL™". 25 pL of bacterial suspension was
inoculated onto the samples and covered with a sterile cover-
slip (2.2 em x 2.2 cm) to ensure good contact between the
bacteria and the sample surface. Subsequently, the samples
were placed in Petri dishes with moistened filter paper to
maintain humidity and exposed to white light (512 lux) whilst
an identical set of samples was maintained in the dark. After
the light irradiation, the samples were placed in 10 mL of PBS
and vortexed for 30 s. The washed suspension was concentrated
into 150 puL by centrifugation (21 °C, 4000 rpm for 8 min),
serially diluted, plated on agar and then incubated at 37 °C for
24 h (E. coli) and 48 h (S. aureus). The colonies that grew on the
plates were counted.

2.5. Time resolved-electron paramagnetic resonance (TR-EPR)
spectroscopy

A Bruker E580 pulsed EPR spectrometer, operating at X-band
frequencies (9-10 GHz/0.3 T) was used to record the TR-EPR
spectra of the CV and CVZnO samples (1.5 cm x 2 cm) under
aerobic conditions. The sample was irradiated with a pulsed
laser excitation (~10 m] per pulse) at a wavelength of
~660 nm. An Oxford Instruments CF935 flow cryostat was
used to cool the sample using liquid helium and the tempera-
ture was maintained (50 K) using an Oxford Instruments ITC
503 temperature controller.

2.6. Statistical analysis

T-tests on experimental data were calculated using a statistical
function of Microsoft Excel, version 2308.
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(a) TEM image of ZnO NPs and (b) UV-vis absorption spectra of control, sample with ZnO NPs (ZnO), CV-dyed sample (CV), and CV-dyed sample
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3. Results and discussion

To characterise ZnO NPs, transmission electron microscopy
(TEM) measurements were carried out (Fig. 2(a)). The TEM
image showed that the size of ZnO NPs was ~5 nm. UV-vis
absorbance spectra of the samples were measured over a
wavelength range of 250-1000 nm. As shown in Fig. 2(b), the
CV-dyed sample had a main absorption at 590 nm, with a
shoulder peak at 550 nm. The CV-dyed sample with ZnO NPs
showed a slight increase in optical absorption, compared with
the CV-dyed sample.

CV-dyed samples with ZnO NPs and samples with ZnO NPs
were analysed using XPS to determine the presence of ZnO NPs
within the top 1-12 nm of the sample surface. As shown in
Fig. 3, XPS shows the presence of ZnO NPs at the sample
surface and within the polymer bulk. A doublet peak at a
binding energy of 1044 and 1021 eV corresponds to Zn 2p,,
and 2p;/, indicating ZnO NPs.

The surface wettabilities of the control, sample with ZnO
NPs, CV-dyed sample and CV-dyed sample with ZnO NPs were
measured using a water contact angle meter. As shown in
Table 1, all samples gave water contact angles of <90° indicat-
ing hydrophilicity. The addition of CV or ZnO NPs into the
acrylic latex-coated samples slightly increased the water
contact angle.

The bactericidal activity of the control, CV-dyed sample,
sample with ZnO NPs and CV-dyed sample with ZnO NPs was
tested against E. coli and S. aureus in the dark and in white
light. Fig. 4 shows the bactericidal activity of the control and
treated samples against S. aureus in the dark and in white light.
The light intensity of the used white lamp was 512 £ 51 lux. In
the dark, the sample with ZnO NPs did not show bactericidal
activity against S. aureus compared to the control (P-value > 0.05)

CV-dyed sample with ZnO NPs
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Table 1 Static water contact angle of control, sample with ZnO NPs
(ZnO), CV-dyed sample (CV) and CV-dyed sample with ZnO NPs (CVZnO)

Sample Water contact angle (°)
Control 24.7 £+ 2.0°

ZnO 50.2 £ 2.4

CvV 69.0 £ 1.6

CVZnO 62.7 £ 4.5

“ Average water contact angle + standard deviation.

while the CV-dyed sample and CV-dyed sample with ZnO NPs
demonstrated limited bactericidal activity with 0.7 and 0.88 log
reductions in the number of viable bacteria, respectively (P-value
<0.01). Upon 3 h irradiation of the white light, a 0.33 log
reduction in bacterial numbers was observed on the sample
with ZnO NPs alone, compared to the control (P-value <0.05).
Bactericidal enhancement was observed on CV-dyed samples
after 3 h exposure to white light and the CV-dyed sample with
ZnO NPs demonstrated the most potent bactericidal activity
(P-value <0.01). Compared to the control, a 1.16 and 2.51 log
reduction in the number of viable bacteria was observed on the
CV-dyed sample and the CV-dyed sample with ZnO NPs, respec-
tively after 3 h exposure to white light.

Fig. 5 shows the bactericidal activity of the samples against
E. coli under dark and under white light conditions. After 4 h
incubation in the dark, a statistically significant reduction in
the number of bacteria was not observed for all the samples as
expected (P-value >0.05). After 4 h exposure to white light, all
treated samples showed enhanced bactericidal activity com-
pared to the same materials in the dark. Compared to the
control, a 1.55 log reduction in bacterial numbers was observed
on the sample containing ZnO NPs alone and ~2.0 log
reduction in bacterial numbers was observed on both the

Sample with ZnO NPs

/Coated layer

E l<— Slide glass

Zn 2p3/2

Level 3 2n 2p312
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Fig. 3 XPS spectra of sample with ZnO NPs and CV-dyed sample with ZnO NPs. The presence of ZnO NPs on the surface of the samples or
encapsulated within the samples was investigated with a sputtering time of 30 s per level.
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Fig. 4 Bactericidal activities of control, CV-dyed sample (CV), sample
with ZnO NPs (ZnO), and CV-dyed sample with ZnO NPs (CVZnO) against
S. aureus in (a) dark and in (b) white light. The samples were exposed to
white light source with an intensity of 512 lux for 3 h and another set was
incubated for 3 h in dark room. All experiments were performed at 20 °C.

Control

CV-dyed sample and the CV-dyed sample containing ZnO NPs
(P-value <0.01).

It is interesting to note that the incorporation of ZnO NPs
into CV-dyed samples significantly enhanced the light-activated
bactericidal activity against S. aureus compared to the material
containing CV alone (P-value <0.01), but no such increase was
observed for E. coli (P-value >0.05). This is presumably the
result of the barrier function of the Gram-negative outer
membrane which impedes the passage of ROS.*>

The bactericidal mechanism of crystal violet can be
explained as follow: upon white light irradiation, crystal violet
molecules are excited from a ground state, and the molecule
is transformed to a long-lived triplet state via a short-lived
higher lying singlet excited state. The molecules in the
triplet state undergo two photoreaction pathways including
redox reactions related to the generation of superoxide
radical (O, ), hydrogen peroxide (H,0,), *OH, and quenching
by oxygen molecules related to 'O, generation. The reactive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen species initiate a multisite attack on bacteria, causing
bacterial cell death.?”*®

To understand the mechanism of the bactericidal activity
enhanced by ZnO NPs, a change in the triplet state of the crystal
violet was determined using TR-EPR spectroscopy in CV-dyed
samples, with and without ZnO NPs addition into the coating.
TR-EPR spectroscopy can be used to substantiate a triplet state
formation in the materials and gain further information on the
properties of the photo-excited triplet state.** The TR-EPR
spectra for the samples were simulated using the EasySpin
toolbox on MATLAB™ and compared to data obtained from the
spectroscopy. The relative populations of the three triplet
sublevels, p,:py:p, was calculated to be 0:0.45:0.55, respec-
tively, whereas the zero-field splitting parameters, D and E,
which describe the magnetic dipolar interactions between the
two unpaired electrons, were determined to be |D| = 1650 MHz
and |E| = 315 MHz, in line with a previous literature report.*°
An isotropic g value (equal to free electron g value) where
8x:8y:g; = 2.003 was used in the simulations. The spectra
indicate the presence of spin-polarised triplet states of organic
aromatic molecules, which are non-Boltzmann populated.
These values indicate that the triplet states are localised on the
crystal violet in both CV-dyed samples Fig. 6(a). It was confirmed
that the profile line of the two spectra was similar, but their
intensity was different, indicating the addition of ZnO NPs to the
sample does not cause rearrangement in the populations within
the triplet state. Previous studies with MB and 2 nm Au NPs
encapsulated in silicone also demonstrated no significant
change in line profile, indicating no alteration in the excited
state populations.** However, the addition of ZnO NPs into the
CV-dyed sample decreased the intensity of the EPR spectrum
(Fig. 6(b)). Based on MATLAB™ simulations, it was estimated
that there was a 40% decrease in the production of the triplet
state. Previous studies showed that it produced an alternative
pathway for photoexcited electrons when semiconductive mate-
rials were added into crystal violet indicating that the material
acts as an electron acceptor, inducing the generation of reactive
oxygen species.*"** Thus, it is speculated that instead of chan-
ging into a triplet state, the photoexcited electrons in crystal
violet flowed into ZnO NPs and it induced more reactive oxygen
species than the CV sample. As a result, the population in the
triplet state became lower after the addition of ZnO NPs.

Previous studies showed that the addition of 1.3 nm gold
nanoclusters ([Au,s(Cys),g]) into CV-treated polymer showed
bactericidal activity at a light intensity of ~300 lux and
promoted the generation of H,O, only.42 Our research showed
that 5 nm ZnO NPs addition to the dye showed photobacter-
icidal activity at a slightly higher intensity than that of
[Au,s5(Cys)5]- However, it was reported that the ZnO NPs addi-
tion to the dye enhanced the generation of 'O, and H,0, in
white light and smaller nanoparticles doping more efficiently
enhanced photocatalytic reaction.*>**** Thus, adding ~1 nm
ZnO NPs to crystal violet is expected to improve photobacter-
icidal activity at white light flux levels of <500 lux and to
facilitate more ROS multisite attacks on bacteria than that of
the combination of [Au,s(Cys);g] and CV.
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Fig. 5 Bactericidal activities of control, CV-dyed sample (CV), sample with ZnO NPs (ZnO), and CV-dyed sample with ZnO NPs (CVZnO) against E. coli in
(a) dark and in (b) white light. The samples were exposed to white light source with an intensity of 512 lux for 4 h and another set was incubated for 4 h in

dark room. All experiments were performed at 20 °C.
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Fig. 6 Time-resolved electron plasmon resonance spectra of CV and
CVZnO (a) normalised spectra and relative MATLAB simulation super-
imposed and (b) non-normalised primary data.

The photostability of the CV-dyed sample and the CV-dyed
sample with ZnO NPs under white light with an intensity of 5489
lux was monitored using UV-vis spectroscopy. The samples were
irradiated for 1080 h and the absorbance at 590 nm was measured
at regular intervals to determine degradation of the dye. As shown
in Fig. 7, CV intensities of the CV-dyed sample and CV-dyed
sample with ZnO NPs decreased by 62% and 73% over 1080 h,
respectively. The light intensity used in this study is 20 times
higher than white light which is commonly found in hospital
corridors and wards.?' It is anticipated that the photodegradation
of the CV dye will be much slower in a healthcare setting as
degradation is a function of light intensity.

264 | Mater. Adv, 2024, 5, 259-266

To determine CV stability within the coating, CV-dyed
samples were immersed in 40 mL of PBS solution and observed
for 3000 h. The CV release from CV-dyed samples into PBS was
determined at 590 nm using UV-vis spectroscopy. As shown in
Fig. 8, CV molecules were partially released from the coating
samples into PBS for 3000 min and any further leaching was
not observed. The CV concentration in PBS was <580 nM.
According to previous studies, CV at a concentration of
<1000 nM does not show intrinsic bactericidal activity; it also
demonstrates limited or no light-activated bactericidal activities.*>
Considering the concentration of used CV (~5 mM) to produce
bactericidal coating, the total amount of CV leaching was negli-
gible (<1% of the total).
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Fig. 7 Photodegradation of CV-dyed sample (CV) and CV-dyed sample
with ZnO NP (CVZnO) under white light irradiation for 1080 h. The samples
were exposed to white light source with a light intensity of 5489 lux. The
absorbance of samples was periodically measured at 590 nm using a UV-
Vis spectrometer. Normalized crystal violet reduction = optical density
time at 550 nm/optical density control, standard at 550 nm; optical density
time represents optical density of sample at white exposure time t, and
optical density control, standard is optical density of samples before white
light exposure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CV leaching from CV-dyed sample and CV-dyed sample with ZnO NPs
into PBS. The samples were immersed in 40 mL of PBS solution for 3000 min.

4. Conclusion

In this study, a white light-activated bactericidal coating using
acrylic latex, zinc oxide nanoparticles (ZnO NPs) and crystal
violet (CV) was produced. Through a simple dipping process, a
glass slide was coated with acrylic latex, CV and ZnO NPs. In
bactericidal tests against S. aureus and E. coli in the dark, the
CV-dyed sample, the sample with ZnO NPs alone and the CV-
dyed sample containing ZnO NPs showed some intrinsic bac-
tericidal activity with 0.21-0.88 log reduction in bacterial
numbers. In the light, the CV-dyed sample and the CV-dyed
sample containing ZnO NPs showed an enhanced bactericidal
activity compared to the same materials in the dark. In white
light (intensity: 517 lux), the reductions in the number of viable
bacteria on the CV-dyed sample and CV-dyed sample with ZnO
NPs against S. aureus and E. coli were 1.16-2.01 and 1.97-2.51
log reduction after 3 and 4 h exposure to white light, respec-
tively. A bactericidal activity of the CV-dyed sample enhanced
by ZnO NPs was observed when tested against S. aureus in white
light. The bactericidal activity of the CV-dyed sample with ZnO
NPs was 1.34 log higher than the CV-dyed sample. TR-EPR
spectroscopy showed that the additional incorporation of ZnO
NPs within CV-dyed samples decreased the population of
molecules in the triplet state. It is speculated that adding
ZnO NPs into the dye produces an alternative pathway for
excited electrons, inducing more reactive oxygen species lethal
to bacterial cells. The acrylic latex employed in this research is a
copolymer of vinyl acetate and butyl acrylate, and it is com-
monly used as a house paint component.’” Because of its
superior wet adhesion, it can be applied to wood, stucco and
metal surfaces. Thus, it is expected that this technique can be
applied to a wide range of surfaces in hospitals to potentially
reduce hospital-associated infections.
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