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Nanoparticles of Cs,;;WO; as Antibiofilm Agents and Photothermal
Treatment to Inhibit Biofilm Formation
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ABSTRACT: Metal oxide nanoparticles with photothermal
properties have attracted considerable research attention for their
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N
use in biomedical applications. Cesium tungsten oxide ‘:.:.
(Cs33WO;) nanoparticles (NPs) exhibit strong absorption in ® @ — —
the NIR region due to localized surface plasmon resonance, Ca®a®

through which they convert light to heat; hence, they can be
applied to photothermal treatment for bacteria and biofilm
ablation. Herein, Cs,;3WO; NPs were synthesized through solid-
phase synthesis, and their physical properties were characterized
through Zetasizer, energy dispersive X-ray spectroscopy, Fourier
transform infrared spectrometer, and scanning and transmission
electron microscopy (SEM and TEM, respectively). Burkholderia cenocepacia isolates were cultured in tryptic soy broth
supplemented with glucose, and the biofilm inhibition and antibiofilm effects of the NPs were determined using a crystal violet assay
and the Cell Counting Kit-8 (CCK-8) assay. The biofilm morphology and viability of NP-treated cultures after NIR irradiation were
evaluated through SEM and confocal microscopy, respectively. The cytotoxicity of NPs to human macrophages was also assessed
using the CCK-8 assay. The NPs effectively inhibited biofilm formation, with a formation rate of <10% and a viability rate of <50% at
the concentration of >200 pg/mL. The confocal analysis revealed that NIR irradiation markedly enhanced biofilm cytotoxicity after
treatment with the NPs. The assay of cytotoxicity to human macrophages demonstrated the biocompatibility of the NPs and NIR
irradiation. In sum, the Csy3;WO; NPs displayed effective biofilm inhibition and antibiofilm activity at 200 pug/mL treatment
concentration; they exhibited an enhancement effect under the NIR irradiation, suggesting Cs, ;3 WO; NPs are a potential candidate
agent for NIR-irradiated photothermal treatment in bacterial biofilm inhibition and antibiofilm.

B INTRODUCTION those required for killing planktonic cells.* The inherent

Biofilms are structured microbial communities that adhere to
almost all surfaces, and they contain sessile cells surrounded by
a matrix of extracellular polymeric substances; this matrix is
produced by the microorganisms themselves." This bacteria—
surface association is ubiquitous in most natural environ-
ments.” Microorganisms form biofilms to protect against
various environmental stresses such as poor nutrients, changes
in pH, and mechanical and shear forces. Biofilms enable
microorganisms to tolerate harsh conditions and even develop
resistance to antibiotics and host defense factors.” Bacterial
biofilms can be beneficial or harmful to humans depending on
the species and their localization. Biofilms are a medical threat
and may cause numerous clinical problems. Biofilm-associated
infections are a critical global problem and are increasing
annually; moreover, their impact on healthcare services may be
grossly underestimated. The biofilm formation on indwelling
medical devices, including intravascular catheters, mechanical
heart valves, urinary catheters, and orthopedic implants, can
lead to serious, recalcitrant infections. Bacterial biofilms
contribute to antibiotic resistance, which poses a challenge to
the efficacy of traditional antibiotics. Biofilm eradication often
requires antibiotic doses that are 100- to 1000-fold higher than
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recalcitrance (i.e., tolerance and resistance) of sessile bacterial
cells toward antimicrobial agents, such as antibiotics, is the key
property leading to treatment failure and recurrence of chronic
or local and systemic infections.’

Burkholderia cenocepacia is a member of the B. cepacia
complex (BCC), which comprises a group of opportunistic
pathogens that can cause nosocomial infections, including
severe respiratory tract infections.” BCC members can survive
and multiply in the presence of disinfectants, indwelling
invasive medical devices, and antibiotic solutions, thus acting
as a potential reservoir for infections in the hospital setting.”
Because BCC organisms have innate resistance to a wide range
of antimicrobial agents and they readily form biofilms, they are
difficult to eradicate, and the infections caused by these
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bacteria are difficult to treat.® Therefore, alternative treatment
options beyond traditional antibiotics are urgently needed to
combat the resistance of bacterial biofilm infections.

The rapid advances in nanotechnology and the increasing
use of nanoparticles (NPs) in biomedical applications offer
viable solutions for identifying new antibiofilm agents. The use
of NPs (nanoscale particles of size 1—100 nm) for the
development of antimicrobial and antibiofilm agents have
advantages over traditional antibiotics, such as their
physicochemical properties of small size, large surface-to-
volume ratio, and high stability. Metals have been used as
antimicrobial agents since thousands of years.” The metal-
based NPs use entirely different mechanisms of action from
those described for traditional antibiotics, making it difficult for
bacteria to develop resistance.'” Metal-based nanomaterials
with dimensions smaller than that of bacteria and their large
surface-to-volume ratio allow strong interaction with the
membrane of bacteria, causing its disruption, followed by
damage of internal cellular structure, and ultimately leading to
cell death, therefore facilitating strong antimicrobial effects on
the bacteria and biofilm."' Metal and metal oxide NPs, such as
silver (Ag), zinc oxide (ZnO), magnesium oxide (MgQO), and
titanijum oxide (TiO,), have demonstrated antimicrobial
activity.* "7

Tungsten (W) (derived from Swedish: “tung + sten” =
heavy stone) is a d-block transition metal in group 6 of the
periodic table. Tungsten oxide (WO;) is a versatile material
that has been widely used as a semiconductor in applications
such as photocatalysis, sensing, batteries, CO, reduction and
pollutant degradation, electrochromic devices, cancer therapy,
and even as antimicrobial agents.'®'” Cesium tungsten oxide
(CsWO;) exhibits strong near-infrared (NIR) photoabsorption
owing to its strong localized surface plasmon resonance
(LSPR) effect; thus, CsWO; is an attractive candidate for
photothermal applications.”>”" In a previous study, CsWO;
NPs were used in a photothermal antibacterial continuous flow
microreactor, achieving over 99.9% antibacterial activity
against Staphylococcus aureus and Escherichia coli over 30 days
of continuous operation under NIR light irradiation.*”
Although a few studies have investigated the antibacterial
ability of WO; and CsWO;, no study has explored their
antibiofilm effects. Therefore, in order to understand the
therapeutic potential of Csy3;;WO; NPs on antibiofilm in
clinical application, the current study explored the biofilm
inhibition and antibiofilm effects of Csy;;WO; NPs and their
application for photothermal treatment on Gram-negative B.
cenocepacia. In addition, the biocompatibility of Csy;3;WO;
NPs was explored by assaying their cytotoxicity to human
macrophages.

B MATERIALS AND METHODS

Synthesis of Cesium Tungsten Oxide (Csy 33WO;) NPs.
Tungsten bronze Cs,;;WO; powder was synthesized via a
solid-state reaction. In brief, ammonium tungstate
[(NH,),WO,] (99% purity, Alfa Aesar, MA) and cesium
chloride (CsCl) (99% purity, Alfa Aesar, MA) were taken at a
mass proportion of 1:0.33, and these compounds were first
separately dissolved in 100 mL of deionized (DI) water and
then mixed in a beaker and stirred constantly at 250 rpm with a
magnetic spinner for 1 h at 25 °C. The solution was then
heated at 180 °C until the water completely evaporated,
yielding a white dried powder, the precursor material. The
white precursor powder was transferred to a quartz boat placed

in a high-temperature furnace tube at a pressure of 0.08 Torr.
The precursor was heated at 550 °C, and a gas mixture of H,
and N, at a ratio of 90:10 Standard Cubic Centimeter per
Minute (SCCM) was introduced to facilitate a redox reaction.
After 1 h, the heating temperature was increased to 800 °C,
and annealing was performed for 1 h with the N, gas flow
adjusted to 100 SCCM. Finally, the furnace was turned off, and
the dark blue micro (u)-powder of Csy3;WO; was obtained
after the quartz boat was cooled.”

Subsequently, the nanogrinding process was performed, in
which 15 g of the Cs, 33 WO; y-powder was mixed with 3.8 g of
a copolymer-based dispersant agent (to prevent particle
aggregation), 10 uL of an antifoaming agent, and adequate
DI water to obtain a mixture solution of 150 g. The mixture
solution was ground with 600 g of 0.1 mm zirconia (ZrO,)
beads for 4 h in the first grinding stage and with 0.05 mm ZrO,
beads for another 4 h in the second grinding stage in the
chamber of a nanogrinder equipment (Justnanotech Co.,
Taiwan) at a temperature of 15 °C and a rotational speed of
2,400 rpm. The final obtained solution was passed through a
0.22-um pore filter for further characterization and experi-
ments.

Characterization of Csj 33 WO;3 NPs. The size distribution
and zeta potential of Csy3;;WO; NPs were evaluated using a
Zetasizer Nano ZS90 (Malvern, Worcestershire, UK). The
surface morphology and atomic composition of the NPs were
determined through field-emission scanning electron micros-
copy (FE-SEM) (Hitachi SU8220, Japan) and energy
dispersive X-ray spectroscopy (EDS) at an accelerating voltage
of 10 kV, respectively. Moreover, the contour shape of
Csp33WO; NPs was assessed through high-resolution trans-
mission electron microscopy (TEM) (Hitachi HT7800, Japan)
at an accelerating voltage of 100 kV.** The infrared spectrum
of Csy33WO; NPs was obtained using a Fourier transform
infrared (FTIR) spectrometer NIR-4850 (JASCO Interna-
tional Co., Ltd., Tokyo, Japan). The sample was mixed with
potassium bromide (KBr) and pressed as pellets. Scans (256
scans) were recorded between 4000 and 400 cm™ at a
resolution of 16 cm™.

Bacterial Culture and Growth Conditions. The clinical
isolates used in this study were B. cenocepacia CVS454 and
CVSS81, which were collected from Chiayi Chang Gung
Memorial Hospital, a tertiary teaching hospital in Chiayi,
Taiwan. This study was approved by its Institutional Review
Board (IRB) (IRB No.: IRB 201801001B1). The isolates were
routinely cultured on tryptic soy agar overnight at 37 °C and
subcultured in tryptic soy broth (TSB) for 16 h at 37 °C.

Assessment of Biofilm Formation Ability and Biofilm
Viability. The biofilm formation ability of the isolates was
determined using the commercial Biofilm Formation Assay kit
(Cat. no: B601—10, Dojindo, Japan). Briefly, biofilms were
formed on the peg lid of the microtiter plate containing TSB
supplemented with 0.25% w/v glucose (TSBg). Each well of
the 96-well microtiter plate was inoculated with overnight
culture at a dilution of 1:40, covered with a 96-peg lid, and
incubated for 24 h at 37 °C under static conditions. The
biofilm formed on the peg lid was quantified by measuring the
absorbance of all samples at a wavelength of 590 nm by using a
microplate reader.

To examine the biofilm inhibition ability and antibiofilm
efficacy of the NPs, bacterial cultures were either untreated or
treated with 10, 25, 50, 100, 250, 500, and 1000 ug/mL
Csp33WO; NPs for 24 h during inoculation. To assess the
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Figure 1. Characterization of Csy33;WOj; nanoparticles. (A) SEM image. (B) TEM image. (C) EDS pattern depicting the atomic composition of

Csy33WO; NPs. (D) Size distribution and zeta potential of the NPs.

biofilm inhibition ability, after 24-h NP treatment, the biofilm
formed on the peg lid was quantified using the Biofilm
Formation Assay kit (Cat. no: B601—10, Dojindo, Japan)
according to the manufacturer’s protocol. To assess the
antibiofilm efficacy of the NPs, the viability of the biofilm
formed on the peg lid after 24-h NP treatment was determined
using the commercial Biofilm Viability Assay kit (Cat. no:
B603—10, Dojindo, Japan) following the manufacturer’s
protocol. The viable biofilm cells formed on the peg lid were
also determined by the colony forming units (CFU) counting
method. After 24-h NP treatment, the peg lid was washed with
sterilized saline solution twice, transferred to a new 96-well
microtiter plate containing saline, and subsequently placed in
an ultrasonic bath for 15 min to detach the biofilm. Samples
were then serially diluted 1:10 and 10 yL of each was spread
on tryptic soy agar plates. Colonies were counted to evaluate
antibiofilm activity after overnight incubation.
Photothermal Treatment and Antibiofilm Ability
Analysis. The overnight culture was diluted to 1:1000 in
TSB and grown for 6 h at 37 °C with shaking. A 30 mm glass
bottom culture dish (Cat no.: PC209—0010, Simply) was
inoculated with the 1:10 dilution of the subculture, and the
subcultures were untreated or treated with either 100 or 200
ug/mL CsWO; NPs for 24 h. The biofilms formed on the
culture dishes were irradiated with 150-W NIR light for 0 and
S min. After photothermal treatment, the dishes were rinsed
with sterilized physiological saline and assayed through
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staining by using the Filmtracer LIVE/DEAD Biofilm Viability
Kit (Cat. no: L10316, Invitrogen, Molecular Probes, OR). A
series of images were captured in the z section by using a Leica
TCS SPS II confocal microscope (Leica, Germany) with the
objective Leica HCX PL APO 40.0 X 0.85 DRY lens (Leica,
Germany). Three representative optical fields were examined
for each sample. The viability of the biofilm was analyzed using
the Biofilm Viability Checker, and 3D images of the biofilm
were generated from the z-stack images by using the 3D viewer
of Image] (Fiji).

Biofilm Morphology Visualization. To visualize changes
in the morphology of the biofilm formed after treatment with
Cs033WO; NPs and NIR irradiation, the bacterial cultures were
either untreated or treated with 100 and 200 pg/mL
Csg33WO; NPs and subsequently subjected to NIR irradiation.
The biofilm formed on the surface of plastic coverslips was
observed through SEM.*® Overnight bacterial cultures diluted
to 1:100 in TSBg were added on coverslips in the 35 mm Petri
dish, followed by treatment with the NPs for 24 h. The
samples were then exposed to 150-W NIR irradiation for 0 and
S min. The samples were washed with phosphate-buffered
saline three times and then fixed with 3% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4).
The fixatives were removed by washing with 0.1 M cacodylate
buffer, after which the samples were fixed in 1% osmium
tetroxide in 0.1 M cacodylate buffer at 4 °C for 1 h. Then, the
samples were dehydrated in a serial ethanol gradient (30%,
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Figure 3. Biofilm formation ability of B. cenocepacia isolates after treatment with Csy33WO; NPs for 24 h. The clinical isolates of B. cenocepacia (A)
CVSS81 and (B) CVS454 were treated with different concentrations (0—1000 pg/mL) of Csy33;WO;5 NPs, and the biofilms formed on the peg lids
were assessed based on crystal violet staining. Data were normalized to the percentage of untreated biofilms in three independent experiments (n =
3) and are expressed as means + standard deviations (SDs). Asterisks denote statistically significant decreases in biofilm formation rates compared

with the untreated group (** p < 0.01, *** p < 0.001, **** p < 0.0001).

50%, 70%, 95%, and 100%), coated with platinum, and
analyzed for biofilm morphology through FE-SEM (SU8220).

Cell Culture and Differentiation. The monocyte-like
THP-1 cell line derived from the peripheral blood of a patient
with acute monocytic leukemia was purchased from the
Bioresource Collection and Research Center, Taiwan. The
THP-1 cells were cultured in RPMI 1640 medium (ATCC
modification) supplemented with 10% fetal bovine serum, 2-
mercaptoethanol (0.05 mM), and 1% MycoZap Plus-CL (Cat.
no: VZA-2012, Lonza, Switzerland) at 37 °C in a humidified
atmosphere with 5% CO,. The cells were further stimulated
with 100 nM phorbol myristate acetate (PMA; Cat. no: P8139,
Sigma-Aldrich, St. Louis, MO) for macrophage differentiation.

Cytotoxicity Assay. The Cell Counting Kit-8 (CCK-8)
assay (Cat. no: C000S, TargetMol, Boston, MA) was used to
assess the cell viability of the macrophages after exposure to
CsWOj; NPs. Briefly, the THP-1 cells were seeded in 96-well
cell culture plates at a density of 0.4 X 10° cells/well, and their
differentiation into macrophages was induced through the
addition of PMA. Following 2-day differentiation, the cells
were treated with a series of concentrations of CsWO; NPs (0,
100, 200, 400, and 800 ug/mL) for 1 day. At the end of NP
treatment, the cells were incubated with fresh medium
containing CCK-8 solution (1:10 in culture medium) for
another 1-2 h at 37 °C. For photothermal treatment,

macrophages treated with the NPs for 1 day were irradiated
with 150-W NIR light for 5 min and then incubated with
CCK-8 solution. Finally, the cytotoxicity of CsWO; was
analyzed by measuring the absorbance of all samples at 450 nm
by using a microplate reader. The viability of untreated cells
was considered to be 100%.

Statistical Analysis. Statistical analyses were performed
using one-way analysis of variance with GraphPad Prism 9.5
software. All results were calculated from the data of three
independent experiments and are expressed as means =+
standard deviations (SDs). In all experiments, cells treated with
NPs were compared with untreated controls. A p value of
<0.05 was considered statistically significant.

B RESULTS

NP Characterization. As depicted in Figure 1A and B, the
surface morphology and contour shape of CsWO; NPs were
evaluated through SEM and TEM, respectively, and the results
revealed that the particles were granular in nanoscale.
Moreover, the results of the EDS analysis (Figure 1C)
confirmed the atomic composition of Cs,33WO; with Cs, O,
and W without other impurity peaks. The mean diameter and
zeta potential of Cs;3;3WO; NPs, as measured using the
Zetasizer equipment, were 63.12 #+ 0.35 nm and —22.2 + 1.35
mV, respectively (Figure 1D).
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Figure 4. Biofilm viability of B. cenocepacia isolates after treatment with Cs,;3WO; NPs for 24 h. The clinical isolates of B. cenocepacia (A) CVSS81
and (B) CVS454 were treated with different concentrations (0—1000 pg/mL) of Csy33;WO; NPs, and the viability of the biofilms formed on the
peg lids was determined using the CCK-8 assay. Data were normalized to the percentage of untreated biofilms in three independent experiments (n
= 3) and are expressed as means + standard deviations (SDs). Asterisks denote statistically significant decreases in biofilm viability rate compared
with the untreated group (** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure S. Biofilm formation and viability in B. cenocepacia isolates after treatment with Csy3;3;WO; NPs for 24 h. The clinical isolates of B.
cenocepacia (A, C) CVSS581 and (B, D) CVS454 were treated with different concentrations (0—250 pg/mL) of Csy33WO; NPs, and the formation
and viability of biofilms on the peg lids were determined using the crystal violet assay and CCK-8 assay, respectively. Data were normalized of the
percentage of untreated biofilms in three independent experiments (n = 3) and are expressed as means + standard deviations (SDs). Asterisks
denote statistically significant decreases in the biofilm formation/viability rate compared with the untreated group (* p < 0.0S, ** p < 0.01, *** p <
0.001, **** p < 0.0001).

An FTIR measurement was conducted over a wide of Csy33WO;, as illustrated in Figure 2A. The absorption
wavelength range of 2500—25000 nm, equivalent to a spectra of the Csy;;WO; NPs span the entire IR region.”® A
wavenumber range of 4000—400 cm™, to analyze the spectral wide absorption band in the wavenumber range of 420—1000
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was quantified using the Biofilm Viability Checker and is expressed as mean + standard deviation (SD) (n = 3).

cm™! is observed, which can be attributed to the vibration
modes of W—O bond, confirming the formation of tungsten
oxide.”” Figure 2B illustrates the profiles of temperature rise
induced by NIR-irradiated NP solution as a function of NP
concentration. The time-course temperature plot remains
steady for at least 30 min, confirming the photothermal
stability and durability of the materials.

28149

Effect of NPs on Biofilm Formation Inhibition and
Antibiofilm Abilities. The biofilm formation ability of two
clinical isolates of B. cenocepacia was determined, and the effect
of Csy33WO; NPs on biofilm formation and antibiofilm
abilities of these isolates was subsequently investigated. The
isolates were found to be strong biofilm producers after the 24-
and 48-h incubation periods. To determine the effect of the
NPs on the biofilm formation inhibition ability of the bacterial
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Figure 7. FE-SEM visualization of the B. cenocepacia biofilm after treatment with Cs;33WO; NPs and NIR irradiation. Bacteria were allowed to
develop into a biofilm on coverslips for 1 day in the presence of different concentrations of Csy3;WO; NPs and then exposed to NIR irradiation.
Micrograph depicting biofilms of bacteria that were untreated (A), treated with NIR irradiation alone (B), treated with different concentrations of
Csy33WO; NPs without NIR irradiation (C, E), and treated with Csy3;WO5 NPs plus NIR irradiation (D, F). The white arrows indicate the
extracellular matrix and red arrows indicate the structure or the morphological changes of cells.

cells, we treated the bacterial culture with different
concentrations of the NPs during biofilm formation. Increasing
the concentrations of the NPs significantly influenced the
biofilm formation rate of the isolates (Figure 3). Specifically,
treatment with 100 pg/mL NPs resulted in biofilm formation
rates of 48.83% for CVSS81 and 72.84% for CVS454.
However, at NP concentrations of up to 250 ug/mL, the
biofilm formation rate of the isolates markedly decreased to
below 30% (25.38% and 15.54%, respectively). These findings
suggested that Cs;33WO; NPs inhibited biofilm formation in a
concentration-dependent manner, with effective inhibition
observed at concentrations of up to 250 ug/mL.

Biofilm viability after NP treatment gradually decreased with
increasing concentration; however, NPs at <100 ug/mL
exhibited only slight antibiofilm effects against B. cenocepacia
biofilm (Figure 4). For instance, at an NP concentration of 100
pug/mL, the biofilm viability of CVS581 and CVS454 was
85.99% and 86.20%, respectively, which decreased to 60.47%
and 65.75% at 250 pig/mL. Furthermore, concentrations up to
500 pg/mL resulted in the destruction of more than 50% of
the bacterial biofilm.

Given the substantial changes in the biofilm formation
inhibition ability between the 100 and 250 pug/mL treatment
concentrations, the lowest effective dose within 100 to 250 ug/
mL range was determined. At 100 pg/mL, Csy3;;WO; NPs
inhibited biofilm formation, reducing the formation rate to
<30%, while treatment concentrations of 200 ug/mL and
higher led to rates of <10%, indicating nearly complete
inhibition (Figure SA and B). In addition, biofilm viability
gradually reduced with increasing NP concentrations from 100

to 200 pg/mL, with more than 50% of the biofilm cells being
destroyed, whereas the viabilities were closely similar for
concentrations of 200 and 250 ug/mL (Figure SC and D).
Notably, a significant decrease in cell viability at 200 ug/mL
treatment concentrations was also confirmed by CFU counting
method (Figure S1). These results imply the high efficacy of
Csg33WO; NPs in inhibiting biofilm formation and their
considerable cytotoxicity at a concentration of 200 ug/mL.
Thus, in addition to predominantly inhibiting biofilm
formation, Csy33WO; NPs also play a role in killing biofilm
cells.

Effect of Photothermal Treatment on the Antibiofilm
Effects of Csy33WO; NPs. The effect of photothermal
treatment on the biofilm inhibition and antibiofilm effects of
Csy33WO; NPs was investigated through confocal microscopy
and SEM. The confocal analysis demonstrated the antibiofilm
effects of Cs3;WO; NPs (100 and 200 pg/mL) under NIR
irradiation. The LIVE/DEAD Biofilm Viability kit provides a
two-color fluorescence assay and was used to distinguish live
and dead bacterial cells within the biofilm community based on
membrane integrity. The SYTO9 green fluorescence dye
penetrates healthy and damaged membranes, while propidium
iodide red fluorescence dye only penetrates bacteria with
damaged membranes. Bacteria with intact cell membranes (i.e.,
live) are stained fluorescent green, while those with damaged
membranes (i.e., dead) are stained fluorescent red. As
illustrated in Figure 6, untreated biofilm cells exhibited green
fluorescence, while the biofilm cells treated with 100 ug/mL
NPs exhibited a mixture of green and red fluorescence,
indicating the presence of dead cells post-NP treatment. The
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Figure 8. Cytotoxic effect of Cs;3;WO; NPs and NIR irradiation on THP-1 macrophages. Cell viability of THP-1 macrophages after exposure to
different concentrations of Csy3;WO; NPs (A) plus NIR irradiation (B) was analyzed using the CCK-8 assay. Data were normalized to the
percentage of untreated cells and are expressed as means =+ standard deviations (SDs).

biofilm cells treated with 200 pg/mL NPs predominantly
exhibited red fluorescence, indicating the loss of membrane
integrity and cell death. Consistent with the results of the
biofilm viability assay, NP-treated samples, especially those
treated with 200 pg/mL NPs, exhibited significantly lower
biofilm viability than untreated samples, confirming the
antibiofilm effects of Csy3;;WO; NPs. Moreover, samples
treated with NIR irradiation alone exhibited green fluorescence
and similar cytotoxicity to untreated samples, indicating
limited toxicity of NIR irradiation to B. cenocepacia biofilms.
However, when the biofilm cells were treated with the NPs
followed by NIR irradiation, they exhibited brighter red
fluorescence compared to NP treatment alone. Moreover, with
NIR irradiation, NPs at a concentration of 200 yg/mL could
kill more than 90% of the biofilm cells; this result suggested
that photothermal treatment enhanced the ability of the NPs
to cause biofilm cell membrane damage and cell death.
Furthermore, the architecture and morphology of the
biofilm upon treatment with Csy33WO; NPs (100 and 200
ug/mL) and NIR irradiation were observed through SEM. In
the untreated and NIR irradiation alone groups, bacterial cells
were aggregated and covered with a mature biofilm structure
(Figure 7, panels A and B). Bacterial cells treated with 100 pg/
mL NPs were also aggregated but had a less dense extracellular
matrix covering, and the additional photothermal treatment
seemed to destroy the biofilm structure (panels C and D).
Furthermore, bacteria treated with 200 pg/mL NPs predom-
inantly appeared isolated, with only a few aggregated cells
having an extracellular matrix covering. The additional NIR
irradiation resulted in near-complete cell isolation and biofilm
inhibition, indicating that NP and photothermal treatments
inhibited bacterial aggregation and biofilm formation. None-
theless, the growth pattern of bacterial cells treated with 100
pug/mL and 200 pg/mL NPs was similar to untreated bacterial
cells, indicating no effect of NPs treatment on bacterial growth
(Figure S2). Therefore, the imaging studies (confocal
microscopy and SEM) provided insights into the potential
inhibition of biofilm formation and antibiofilm effects of
Csy33WO; NPs and photothermal treatment.
Biocompatibility. Biocompatibility is crucial for NPs and
photothermal agents, ensuring their safety for biological
applications alongside their biofilm inhibition and antibiofilm
effects. To evaluate the cytotoxicity of Cs,;;WO; NPs (100—
800 ug/mL), the viability of mammalian macrophages was

assessed using the CCK-8 assay. Even at the highest
concentration tested (800 ug/mL), the viability of cells
remained above 80% after 1 day treatment with Csy;;WO;
NPs, indicating the low cytotoxicity of Cs;33WO; NPs to
macrophages (Figure 8). Moreover, the viability of NP-treated
macrophages remained above 80% under NIR irradiation,
confirming the safety of the NPs and photothermal treatment
dosage for bacterial biofilm inhibition in biological application.

B DISCUSSION

Because of the increasing problem of antibiotic resistance and
the low efficacy of classical drugs and agents in eradicating
bacterial biofilms, the use of inorganic nanomaterials as
alternative agents has recently received considerable research
attention. Various NPs of d-block transition metals and their
oxides, such as Ag, CuO, ZnO, and TiO,, have demonstrated
diverse biological activities and are increasingly considered as
antimicrobial and antibiofilm agents.”**” For example, CuO
NPs were demonstrated to efficiently reduce biofilm formation
by MRSA and E. coli in a dose-dependent manner.”® At
concentrations of >50 y1g/mL, these NPs also inhibited biofilm
formation by oral bacteria® and therefore can be considered
potential biofilm inhibition agents. Tungsten oxide, an
important transition metal oxide semiconductor, is widely
used in biomedical applications such as in biosensor electrodes
and as anticancer and antimicrobial agents due to its high
photoactivity, sensitivity, selectivity, and biocompatibility.”* >
Mathary et al.*® revealed the antibacterial effects of tungsten
oxide NPs at 2.0 wt % against S. aureus, resulting in
nonviability for 83.7% of the S. aureus population. In this
study, we assessed the biofilm inhibition effects of Csy;;WO;
NPs and found that Csy;3;WO; NPs can be used as effective
biofilm inhibition agents at a concentration of >200 pg/mL
(Figure 5).

Alkali-doped tungsten bronze is a nonstoichiometric metal
oxide with the general structure M,WO3, where M is any alkali
metal, such as K, Cs, Rb, and « is a variable <1.>”*® For x <
0.33, the bronze M_WO; (M = K, Cs, Rb) exhibits a hexagonal
structure, in which the M ion is at the center surrounded by a
six-membered ring channel formed by arrays of corner-linked
WOy octahedra.’”*” The NP assembly of M ,WO; exhibits a
remarkable solar heat-shielding eftect on absorption of
broadband NIR light due to the LSPR of free electrons.*”*'
Because of the strong NIR absorptive properties, Csy33WO;

https://doi.org/10.1021/acsomega.4c01212
ACS Omega 2024, 9, 28144-28154


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01212/suppl_file/ao4c01212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01212?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

NPs can efficiently convert NIR light into heat and hence can
be used with photothermal therapy. Robby et al.** demon-
strated that CsWO;-immobilized polymer dots exhibited high
antibacterial activity against E. coli and S. aureus under NIR
irradiation but negligible antibacterial activity in the absence of
NIR irradiation. A recent study demonstrated that the
combination of poly(vinyl alcohol) (PVA)/WO; films and
NIR light irradiation [(WO;/PVA), + NIR] markedly
improved the antibacterial activity of (WO,;/PVA),, yielding
high antibacterial efficiency of approximately 90% and >90%
against E. coli and S. aureus, respectively.”’ Similarly, in the
current study, the confocal images (Figure 6) indicated that
the bacterial biofilm treated with the NPs exhibited increasing
red fluorescence (i.e., dead cells) in a concentration-dependent
manner, but a markedly enhanced red fluorescence intensity
was found in the presence of NIR irradiation, suggesting that
NIR irradiation substantially improved the antibiofilm effects
of Csy33WO; NPs.

The antibacterial effects of NPs are highly dependent on
their physiochemical properties, such as size, shape, surface
morphology, and zeta potential. The zeta potential, also known
as electrokinetic potential, is a measure of the net electrical
charge on the surface of NPs and reflects their long-term
stability.**** Tt is a key feature of NPs that directly influences
their biological activity, particularly their electrostatic inter-
action with bacteria or the bacterial biofilm. Most bacteria
exhibit a negative zeta potential, which may be attributable to
the dominance of negatively charged functional groups in
macromolecules such as peptidoglycans, teichoic acids,
teichuronic acids, lipopolysaccharides, phospholipids, proteins,
and extracellular polysaccharides on the surface of the
bacteria.*>* Studies have demonstrated that positively charged
metal NPs interact with the negatively charged bacterial cell
surface, which alters the zeta potential of the cells, thereby
leading to membrane depolarization and bacterial cell damage;
by contrast, negatively charged NPs exhibit markedly low
antibacterial activity."” Nevertheless, the biofilm inhibition and
antibiofilm effects of negatively charged Csy3;WO; NPs (zeta
potential: — 22.2 &+ 1.35 mV) herein may have caused the
accumulation of NPs on the cell surface.”® A differential
change in the zeta potential affects the bacterial cellular
physiology,” thus leading to cell death or interference in
biofilm formation. In addition, the accumulation of NPs is
beneficial for enhancing the dose of NIR irradiation in
photothermal therapy combined with NP treatment.

Unlike bacteria, THP-1 macrophages were not sensitive to
Csy33WO; NPs, possibly because the negatively charged NPs
are not as easily penetrating cells by electrostatic interaction
between membrane glycoproteins and NPs as positively
charged NPs.”’ Moreover, a previous study indicated that
the negatively charged NPs do not affect the cell cycle.’' The
difference in the culture environment of bacteria and
eukaryotic cells may also cause their difference in sensitivity
to Csy33WO; NPs. The biomolecules in a complete cell culture
medium may compete with cell membrane lipids to adsorb
onto the surface of NPs and therefore weaken the interaction
of NPs with the cell membrane and enhance biocompati-

bility.*®

B CONCLUSIONS

The current study demonstrated the biofilm inhibition and
antibiofilm effects of Cs;33WO; NPs on B. cenocepacia isolates
when used alone or in combination with NIR irradiation. It

also confirmed the biocompatibility of the NPs for human
macrophages. Cs,3;3WO; NPs exerted biofilm formation
inhibition and antibiofilm effects in a concentration-dependent
manner, with nearly complete inhibition at the concentration
of 200 pg/mL. The synergic effects of NIR irradiation and NP
treatment resulted in enhanced biofilm inhibition and
antibiofilm effects. These results suggest that Csy;;WO; NPs
are a potential biologically safe photothermal-based biofilm
inhibition agent.
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