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ABSTRACT ARTICLE DETAILS

Bladder cancer presents a significant health challenge due to its high malignancy and rising  Published On:
incidence rates. Silver-based materials are well-known for their cytotoxic effects on various cell 14 December 2024
types. This study not only aimed to synthesize and characterize carbon-supported WO;:Ag
heterostructures but also to evaluate their biological and physicochemical properties. The material
was synthesized through the synergistic thermal decomposition of a-AgoWO4 dispersed in
chitosan, followed by WO3:Ag heterostructure formation on a carbon support, yielding samples
with varying a-AgaWO, concentrations (SC, SC1, SC2, and SC4, for 0, 10, 20 and 40% of a-
AgoWO4 for chitosan). Characterization confirmed the successful formation of carbon-supported
heterostructures with controlled ionic release and enhanced ROS generation. In vitro assays were
conducted to assess the viability of non-tumor (3T3 fibroblasts) and tumor (bladder carcinoma
MB49) cells using MTT salt and neutral red dye. Additional analyses included autophagy
detection by correlating data from viability assays, nitric oxide and ROS quantification using the
Griess reaction and fluorescent probes, and Caspase-3 activity measured with a fluorescent
antibody. The results indicated that SC1 and SC2 samples were more effective against both cell
types, with SC2 showing heightened effectiveness against the tumor lineage by inducing greater
oxidative stress in MB49 cells compared to 3T3 fibroblasts. Additionally, the materials exhibited
low ionic release (<0.01%), reducing potential adverse effects. Mechanistic analysis showed that
the carbon support and synergistic interactions between WOs and Ag modulated *OH radical
production, even without light, enhancing the material's cytotoxic efficiency. These findings
highlight the therapeutic potential of WOs:Ag heterostructures as a safe and effective approach for
treating aggressive cancers like bladder carcinoma, emphasizing the importance of further
development in advanced biofunctional materials. This study also highlights the therapeutic
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potential of carbon-supported WO;:Ag heterostructures in bladder cancer treatment and
underscores the importance of continued research in the development of novel anticancer

strategies.

KEYWORD: heterostructures; carbon support; blader cancer; oxidative stress;apoptosis.

1. INTRODUCTION

In Western countries, bladder cancer (BC) is among
the leading causes of cancer-related deaths, ranking as the
ninth most common cancer globally [1]. In 2020, there were
approximately 573,000 new cases and 213,000 deaths, with a
global five-year prevalence of 1,721,000 cases [2]. BC is a
significant health issue, with its overall incidence remaining
stable; however, certain regions have experienced increased
morbidity and mortality, likely due to varying exposure
factors linked to cancer development [3]. Although progress
in clinical management over the past three decades has been
modest, recent advancements have shifted this trend. The
identification of various DNA, RNA, and protein biomarkers
through sequencing and gene expression has deepened our
understanding of BC, revealing it to be one of the
malignancies with the highest mutation rates, second only to
lung and skin cancers [4]. A particularly aggressive and
challenging subtype of BC is represented by the MB49
murine cell line, which is commonly used as a model for
studying bladder cancer [5-8]. MB49 cells exhibit high
malignancy and resistance to conventional therapies, making
them a valuable tool for researching new treatment strategies
[9]. This highlights the urgent need for innovative treatments
that are easily synthesized, safe, and adaptable, particularly
given the significant heterogeneity among different types of
bladder cancer. Such treatments must offer greater selectivity
and lower risks of side effects [10].

The emerging field of advanced materials is focused
on developing personalized multifunctional particles with
diverse applications in healthcare, including cancer therapy
[11]. Ag-based materials are particularly notable for their
physicochemical, antimicrobial, and anti-inflammatory
properties, making them promising candidates for biomedical
applications [12,13]. Additionally, Ag is less toxic than metals
like mercury and copper, which enhances its appeal for
medical use [14,15]. However, their clinical use remains
limited. Consequently, the development of advanced
materials that incorporate Ag along with other components is
being investigated, as these formulations may enhance
biofunctionality and reduce cytotoxicity in eukaryotic cells
[16-20]. In this context, understanding the toxicity and
environmental impact of these new materials is crucial,
particularly for their application as potential anticancer
agents. By addressing these factors, we can facilitate the
development of safe and effective treatments that also
consider environmental sustainability.

Available on:
https://ijpbms.com/

One promising Ag-based material is silver
semiconductors, particularly a-AgrWOs, which has become
the focus of our research group due to its antimicrobial,
catalytic, and antitumor properties [21]. Previous studies have
demonstrated the effectiveness of these materials in
combating various pathogenic microorganisms, including
resistant bacteria, fungi, and viruses [22—27]. Furthermore,
this material has proven efficient as a catalyst for the
remediation of organic pollutants and the oxidation of
sulfides [28,29]. Recently, studies on the toxicity of this
material have also been increasing, aiming to address gaps in
biosafety and the environmental impact of such materials
[30-32] . The anticancer potential of a-Ag> WO, has also been
evaluated against bladder cancer using the MB49 cell line[33]
. It was observed that when modified by electron or laser
irradiation, which generates silver nanoparticles on the
surface of a-Ag>WOs, the material exhibits enhanced efficacy
in eliminating these cells. However, obtaining Ag
nanoparticles on the surface of a-Agr,WOs through these
methods remains challenging. An alternative approach for
creating these heterostructures may involve the thermal
degradation of a-Agy WOy, transforming it into WO3:Ag. This
strategy could be advantageous for modulating the properties
of this class of materials.

Understanding the interaction between the a-
AgoWO; and cells is crucial. One aspect is the ability of a
material to be internalized by the cell, which is fundamental
for its bioactivity, especially in the case of metal-based
nanoparticles, which have distinct characteristics in this
context [34]. Electrostatic interaction plays an important role
in initial adhesion and cellular recognition, directly
influencing how materials are biologically perceived [35].
Additionally, these nanoparticles also have the ability to
release compositional ions (Ag" and W¢") into the cellular
environment, triggering a series of intracellular processes.
The generation of reactive oxygen species (ROS) by these
particles can also have significant consequences on cellular
components, resulting in a variety of effects, from
modifications in normal cellular processes to more severe
damage [36-38] . The complexity of this interaction between
materials and cells underscores the urgency to explore and
understand the biological implications of these materials at a
deeper level.

In this study, WO3:Ag heterostructures supported on
carbon were synthesized to evaluate their cytotoxicity on
healthy murine fibroblast NIH/3T3 cells and bladder cancer
MB49 cells. The carbon support was utilized to modulate
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ROS production by the heterostructure and enhance stability,
thereby reducing unwanted effects from ionic release of Ag*
and WS These materials were characterized using
thermogravimetric analysis (TG/DTA), X-ray diffraction
(XRD), Raman spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS).
Cytotoxic activity was assessed using the MTT assay and
neutral red dye on both bladder cancer and murine fibroblast
cell lines. Intracellular production of RNS and ROS was
analyzed wusing the Griess reaction and the 2'7'-
dichlorodihydrofluorescein diacetate probe, respectively.
Cellular morphology was examined via optical microscopy,
and caspase-3 levels were evaluated. The mechanism of
action of the samples was assessed directly through the
production of «OH radicals using EPR, and indirectly by
measuring the reduction in photocatalytic efficiency during
RhB discoloration using specific reactive scavengers. lonic
release was evaluated using ICP-OES. Finally, we propose a
radical formation mechanism, linking the release of ROS to
the cytotoxic effects observed in the cell lines. This work aims
to provide insights for the development of new biofunctional
materials, particularly for the treatment of bladder cancer,
which is extremely aggressive and challenging to treat.

2. MATERIAL AND METHODS

2.1 Synthesis

Synthesis of a-Ag:WQ4: The synthesis of a-AgaWO4 was
carried out following the procedure described in previous

studies [39,40]. The coprecipitation method in an aqueous
medium was employed. In two separate beakers, 50.0 mL of
distilled water was added, and 1x1073 mol of Na,WO4.2H,O
(99.9%, Sigma-Aldrich) and 2x10?% mol of AgNO;
(Cennabras, 99.8%), respectively, were dissolved in the
solutions. Once the compounds were completely dissolved,
the solutions were heated to 70°C, and the AgNO3; solution
was added to the Na,WO4.2H>O solution, resulting in the
formation of a white precipitate. The solution was stirred
continuously for 20 minutes and then centrifuged. The
precipitate was washed with distilled water until the pH 7.
Finally, the precipitate was dried at 60°C for 12 hours.

Synthesis of WO3:Ag Supported on Carbon: In a beaker,
0.100 g of chitosan (medium molecular weight, Sigma-
Aldrich) was added to 20.0 mL of ethanol and dispersed using
ultrasound for 5 minutes. In another beaker, separate
dispersions of 0.01 g, 0.02 g, and 0.04 g of a-AgzWO, were
prepared by adding each respective amount to 20.0 mL of
ethanol and dispersing for 5 minutes. After this step, the o-
AgryWOy dispersion was added to the chitosan dispersion and
mixed for 10 minutes. The resulting mixture was then dried

in an oven at 60 °C for 5 hours. After drying, the material was
further heated in a conventional oven at 400 °C for 30
minutes, resulting in the final material. The samples without
a-Agy WO, and with 10%, 20%, and 40% (w/w) of a-AgaWO4
were labeled as SC, SC1, SC2, and SC4, respectively.

2.2 Characterization

The thermal stability analysis of the samples was
conducted using a thermogravimetric analyzer/differential
thermal analyzer (TG/DTA) NETZSCH—409 Cell. The
analysis was performed in an oxygen atmosphere with a flow
rate of 50 MI/min, and the temperature range was set from 25
to 1000 °C with a heating rate of 10 °C/min. X-ray diffraction
(XRD) analyses were carried out using a Rigaku
diffractometer equipped with Cu Ka radiation (A= 1.5406 A).
The measurements were obtained with a step size of 0.02° in
the angular range of 10° to 110°. Raman spectra were
collected using an Thr550 spectrometer (Horiba Jobin Yvon)
coupled with an Ag ion laser (MellesGriot) operating at a
wavelength of 633 nm. The laser had a maximum power of
200 Mw, and a fiber microscope was used for data collection.
The spectra were recorded in the range of 100-3000 cm™'. The
morphology and composition of the samples were analyzed
using a scanning electron microscope LEO 440i (Leica-Zeiss)
coupled with an X-ray dispersive energy spectroscopy (EDX)
detector Oxford — INCA 250. Images of the samples were
obtained, and the elemental composition was determined
using EDX. The ionic release tests were carried out following
the same procedure as the in vitro assays. The materials were
incubated for 24 hours at 37°C in the previously determined
concentrations. After incubation, the solution was acidified
using a 1M HNOj solution and subjected to analysis using an
ICP-OES (inductively coupled plasma optical emission
spectrometry) instrument, specifically an ICP-OES Icap
7000.

2.3 ROS identification

Scavenger tests: For the analysis of the reactive
species produced by the samples, photodegradation tests of
rhodamine B (RhB, Synth) were conducted. Specific
scavengers were added to determine the contribution of
different reactive species, including hydroxyl radical (¢OH,
potassium acid phthalate, CsHsKO4, Aldrich), hydroperoxyl
radical (¢OOH, p-benzoquinone, CcH4O,, Alfa-Aesar),
singlete oxygen ('O,, ascorbic acid, C6H806, Synth), holes
(h*, ammonium oxalate, (NH4),C,04, Aldrich), and electrons
(e7, copper nitrate, Cu(NO3),¢3H>0, Aldrich). The procedure
involved adding 50 mg of the sample and 1x10 mol of the
specific scavenger to a 50 mL solution of RhB (1x10- M). A
blank system without the scavenger was also prepared. The
systems were then sonicated for 5 minutes and transferred to
a glass reactor equipped with a water circulator to maintain a
temperature of 25°C. To allow for adsorptive processes, the
systems were kept in the dark under stirring for 30 minutes.
Subsequently, visible lamps (6 visible lamps, 15W, Philips
TL-D) were turned on, and the samples were exposed to light
for 2 hours. At specific time intervals, aliquots were taken and
analyzed using a spectrophotometer to monitor the absorption
band of RhB at 556 nm. The inhibition of photodegradation
with the addition of scavengers was used to determine the
production of reactive species. The results were always
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normalized by comparing them to the test without the
addition of scavenger, allowing for a proportional assessment
of reactive species production.

Hydroxyl radical detection: For the detection of
hydroxyl radicals (¢OH), a solution of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, 99%, Sigma-Aldrich) was
prepared. Specifically, 10 puL of the DMPO solution was
placed in contact with the material in the absence of light. An
aliquot of this mixture was then transferred to a cylindrical
quartz tube for examination using Electron Paramagnetic
Resonance (EPR). The EPR instrument was set to the
following parameters: a frequency of 9.59816 GHz, a
modulation frequency of 100 kHz, a central field of 3420 G,
a sweep width of 200 G, a modulation amplitude of 2 G, a
conversion time of 40 ms, a sweep time of 41 s, an attenuation
of 10 dB, and a power of 20.37 mW. The EPR spectrum was
obtained by averaging 20 scans.

2.4 In vitro assays

The murine fibroblast cell line NIH/3T3 was
used[41] and non-invasive bladder carcinoma cell lines from
male C57BL/6 mouse [42]. The tested concentrations of the
samples were: 3.9, 7.8, 15.62, 31.25, and 62.5 pg/mL. Tests
were performed at least in octuplicate (N= 8), as part of three
independent experiments. The tests conducted included the
evaluation of cell viability through analysis of mitochondrial
function and membrane integrity [43,44], activation of the
cell death process through autophagy by arbitrary autophagic
units (AAU) [45], measurement of reactive nitrogen species
(RNS), such as Nitric Oxide (NO), using the Griess Reaction
[46-48], detection of reactive oxygen species (ROS),
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quantification of Caspase-3 levels, and examination of cell
morphology  through optical microscopy. Detailed
experimental procedures for these techniques can be found in
the Supplementary Information.

3. RESULTS
3.1 Characterization

The first process investigated was the thermal
decomposition of the final material using TG/DTA analysis
(Figure 1A). The results showed that a-Ag, WO, alone begins
to degrade at approximately 550 °C, while chitosan
experiences significant mass loss related to its carbonization
process starting at 220 °C. For samples SC1, SC2, and SC4,
mass loss was observed starting from 220 °C, with
degradation beginning at 200 °C. This indicates an
associative process between the combustion of the organic
matter from chitosan and the thermal degradation of a-
AgoWOs. The thermal decomposition of a-Ag, WO, leads to
the formation of WOs;:Ag heterostructures. Due to the
carbonization of chitosan, the degradation of a-Ag,WO,
occurred at lower temperatures than expected. The carbon
combustion facilitated the formation of WO3:Ag at 400 °C, a
temperature selected to ensure complete carbonization of the
chitosan. This thermal treatment approach was specifically
designed to improve the stability of the WOs heterostructure
and control its cytotoxic effects. By immobilizing the
heterostructure in a carbon matrix, it is expected that the
release of Ag® and W' ions, along with the production of
reactive oxygen species (ROS), will be more controlled
compared to a-Ag>WOs, enhancing its viability as a potential
therapeutic agent.
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Figure 1. A) TG/DTA, B) XRD patterns and C) Raman spectra of the samples.
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To analyze the structural properties of the samples
after thermal treatment, XRD analyses were conducted
(Figure 1B). It can be observed that the QT sample
completely transforms into graphite with a hexagonal
structure and P63mc space group [49] . As for the SC1, SC2,
and SC4 samples, in addition to the formation of graphite, the
complete decomposition of a-Ag;WO4 into WO3 (monoclinic
with space group P21/c) and Ag (cubic with space group Fm-
3m) is observed [50,51]. This indicates that the atmosphere
generated during the combustion of chitosan promotes redox
processes for the formation of WO3 and Ag. To complement
the XRD analysis, Raman spectroscopy analyses were
performed, as shown in Figure 1C. It is possible to observe
the D (~1350 cm™) and G (~1570 cm™) bands of carbon-
based materials, which correspond to defects in the graphite
layers and sp? hybridized carbon bonds, respectively [52].
The intensity ratio between these two bands (ID/IG) is
directly related to the degree of defects in the material [53].
The obtained Ip/lg values slightly decrease with increasing

3.2 Cellular Assays

The 3T3 mouse fibroblast cells are widely used in
cytotoxicity assays due to their sensitivity to various toxic
substances such as nanomaterials [54,55]. On the other hand,
the MB49 cell line, derived from mouse bladder carcinoma,
is notably more resistant, especially to conventional
treatments, making it more challenging in terms of
cytotoxicity induction[56].

Figure 3 shows the results obtained by the MTT
method in this study, where the 3T3 cells demonstrated a

WOs:Ag loading, ranging from 1.12 to 1.06. This indicates a
reduction in the defects present in the carbon support material
with the increase in WO3:Ag load. Additionally, a peak at 799
cm! can be observed, corresponding to the stretching mode
of W-O-W bonds. These findings are consistent with the
results obtained from Raman spectroscopy and XRD analysis.

SEM images are presented in Figure 2. It can be
observed that carbon support material exhibits an extremely
porous micrometric structure (Figure 2A). Upon the
formation of WO3/Ag on the surface of the carbonic material,
irregular structures of these materials (highlighted as high-
contrast particles) fill these pores and deposit on the surface
of the carbonic support (Figure 2B-C). As anticipated, with
increasing concentrations of WO3:Ag, the surface becomes
progressively filled with these structures. Figure S1 displays
the elemental mapping of Ag, W, and O species, revealing a
non-uniform distribution of these particles on the carbon
support surface.

significant decrease in cell viability at the highest
concentrations tested of the samples SC1, SC2, and SC4
when compared to the control. Figures 3B and 3D show a
reduction starting at the concentration of 7.8 ug/mL, and
Figure 3C shows a reduction starting at 15.62 pg/mL. The
same pattern was observed in the results obtained by the VN
technique, which also demonstrated a reduction in viability in
the SC1, SC2, and SC4 samples. Figures 3F and 3H show a
significant decrease starting at the concentration of 3.9
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pg/mL, and Figure 3G shows a reduction starting at 15.62
pg/mL.
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Figure 3. In vitro results in murine fibroblast NIH/3T3 cell line. A-D) Cell viability in % with MTT. E-H) Cell viability in
% with Neutral Red. (*) vs C: *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. The results were presented as median with
upper and lower quartiles: Me [Q1; Q3].

Figure 4 shows the cell viability results by MTT and
VN in the MB49 cell model, highlighting a reduction in cell
viability by the MTT assay at a concentration of 62.5 pg/mL
compared to the control in samples SC1, SC2, and SC4
(Figures 4B, 4C, and 4D, respectively). For the VN assay, the

results showed that the decrease in MB49 viability was
significant for sample SC1 at a concentration of 62.5 pg/mL
(Figure 4F), and for sample SC2 it was from a concentration
of 7.8 pg/mL (Figure 4G).
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Figure 4. In vitro results in murine bladder cancer cell line MB49. A-D) Cell viability in % with MTT. E-H) Cell viability in
% with Neutral Red. (*) vs C: *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. The results were presented as median with
upper and lower quartiles: Me [Q1; Q3].

These results showed that, although the SCI1 and
SC2 samples exhibited lower cytotoxic potential for MB49
cells compared to 3T3 cells, there was still a significant
reduction in the viability of MB49 cancer cells at the higher
concentrations of SC1 and SC2 compared to the control
group. These data are corroborated by optical microscopy

images that can be found in the Supplementary Information
(Figures S2-S9) These data are considered promising as they
suggest that these materials have potential to be explored as
an anticancer treatment, given that they affected the viability
of malignant cells. Studies in the literature have shown that
compounds previously tested in the MB49 cell line, when
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compared to fibroblast cells, produced results similar to those
identified in this study [57].

Both cell viability and mitochondrial membrane
integrity can be affected by several factors, including redox
transitions, which can lead to consequences such as
ischemia/reperfusion through contact with nanoparticles [58].
These redox transitions are analyzed through the production
of reactive oxygen species (ROS) in MB49 cells, as described
in Figure 5.

The results in Figure 5B showed that, although not
statistically significant, the SC1 and SC2 groups tend to
increase ROS production gradually with the increase in the
tested concentration. The production of ROS at high
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concentrations causes intracellular oxidative stress, which
can lead to cellular damage, inducing programmed cell death
through signaling proteins such as caspase-3 [59,60].

Caspase-3, also known as the effector caspase, is a
protein responsible for the final degradation of substrates that
activate the caspase-dependent apoptotic pathway [61]. The
analyses for caspase-3 in this study demonstrated in MB49
cells that, although not statistically significant, there was an
increase in caspase production at a concentration of 3.9
pg/mL compared to the control (Figure SC). Cell death by
autophagy induced by SC, SC1, SC2, and SC4 is shown in
the Supplementary Information (Figures S10 and S11). Cell
death by autophagy occurred in all materials.
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Figure 5. In vitro results of SC1 vs SC2 in murine bladder cancer cell line MB49. A) NO intracellular synthesis. B) ROS
intracellular synthesis. C) Caspase-3 levels. (*) vs SC1: *p <0.05; **p <0.01. The results were presented as median with
upper and lower quartiles: Me [Q1; Q3].

It is believed that the exposure of nanomaterials in
MB49 cells may interfere with cell-to-cell interaction by
triggering the activation of the intrinsic apoptosis pathway, as
observed through caspase-3 [62]. When there is an increase
in ROS production and consequently activation of the
caspase-3 pathway, cells enter a state of vulnerability,
facilitating the initiation of the apoptotic process [63,64].
These factors are crucial to evaluate in maintaining cellular
integrity and functionality.

3.3 Mechanistic Insights

The cellular activity of the samples can be attributed to
various mechanisms associated with the samples, such as
ionic release, generation of reactive oxygen species (ROS),
and physical contact [65,66]. In order to investigate these
effects, the ROS production of the material was assessed
using electron paramagnetic resonance (EPR) (Figure 6A),
while the photoreactive scavengers were employed to
examine their impact (Figure 6B). Furthermore, the ionic
release was analyzed through inductively coupled plasma
optical emission spectrometry (ICP-OES) (Figure 6C) to
shed light on this aspect.
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In-situ EPR analysis is an effective method for
detecting «OH species [67,68]. In this study, the samples were
immersed in an aqueous medium containing DMPO and kept
in the dark during the measurements. The EPR spectra, shown
in Figure 6A, reveal that «OH radicals were trapped by
DMPO, with no detectable «OH signals in the absence of the
samples. By double integrating the signals between 3380 G
and 3460 G, the values (expressed in arbitrary units)
corresponding to *OH production were obtained for the SC
(9.43), SC1 (38.92), SC2 (18.63), and SC4 (12.98) samples.
The intensity of the signals attributed to the DMPO-OH
adduct decreased as the amount of WO3:Ag on the carbon
support surface increased, indicating that «OH production is
influenced by the synergy between WO3:Ag and the carbon
support. In this context, it can be observed that the SC1 and
SC2 samples produce a higher amount of «OH radicals, which
may explain their increased efficiency in eliminating MB49
cells.

The generation of «OH radicals and other reactive
species such as *OOH, 'O, h* (low electronic density), and
¢ (high electronic density) by the samples was investigated
by adding specific scavengers for these species during the
photodegradation of RhB (Figure 6B) [69]. As expected, the

SC sample showed minimal RhB photodegradation,

indicating limited production of these reactive species by
carbon support. In contrast, samples SC1, SC2, and SC4
displayed increased RhB photodegradation, which correlated
with WOs:Ag heterostructure, with SC2 being the most
effective. The decrease in RhB photodegradation efficiency
by the SC4 sample may be related to the excess WO;3:Ag,
which reduces the charge pair separation efficiency provided
by the carbon support. The addition of reactive scavengers led
to a reduction in photocatalytic efficiency across all tests,
with the most pronounced decrease observed for «OH, h*, and
¢". The decrease in efficiency for «OOH and 'O, suggests that
these species are also being produced during the process,
indicating that «OH radical generation is not exclusive. These
findings suggest that these reactive species contribute to the
biological activity of the samples even in the absence of light,
supporting the EPR analysis shown earlier.

The release of Ag™ and W into the solution was
investigated using ICP-OES over a 24-hour period (Figure
6C). The samples were incubated at various concentrations in
the culture medium. It was observed that both Ag" and W¢*
exhibited minimal ionic release, with amounts less than
0.01% (<0.6 ppb). Therefore, the cytotoxic effects are
primarily attributed to the production of ROS by the SC1 and
SC2 samples. According to previously published studies,
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these concentrations of Ag" and W®" ions are not toxic [70—
72].

These results, along with the analysis of ROS
production, demonstrate that it is indeed possible to control
ionic release and ROS generation by using a carbon support,
which was one of the main objectives of this work in aiming
to facilitate the biological application of these materials. In
previous studies, when compared to the direct use of a-
AgyWO,4, the 24-hour ionic release at comparable
concentrations reached 2.36 ppm [70]. Despite the initial -
AgryWOy4 content being only 10% of the sample weight, this
value is still nearly 500 times lower, highlighting the
improved control offered by the carbon support. While ROS
production via photocatalysis is more qualitative than
quantitative, making direct comparison challenging due to
varying concentrations of RhB, photocatalyst, and system
specifications, the different amounts of starting reactants,
chitosan and o-AgoWO, used to obtain the WOs:Ag
heterostructures supported on carbon, indicate that ROS
production efficiency can be regulated. Therefore, the thermal
decomposition process, coupled with the use of a carbon
support, is critical in determining the reactive behavior of this
material.

To understand the mechanism of action of this
material, it is crucial to consider the effects of Ag on the WO3
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semiconductor. When the work function of Ag ((D,‘a,g ) is lower
than the electron affinity of WO; (X?/%), the semiconductor
gains a negative charge, causing a downward shift at the
interface [73]. As previously observed, *OH radicals are
generated even in the absence of light, indicating that excited
electrons in the conduction band (CB) promote electron
deficiency (h") in the valence band (VB), enabling redox
reactions [74,75]. This results in electron accumulation at the
interface (e7), establishing a contact potential between WO3
and Ag. The rapid electronic transfer between the CB and VB
occurs at the contact interface, leading to efficient charge
separation and reinforcing the contact potential between the
two materials [76]. Recombination traps in the forbidden
energy region (Egp) of WOs3 (2.8 eV) enhance the
recombination process (Figure 7A). The formation of these
distinct electronic densities is essential for the production of
ROS through interactions with H,O and O, molecules (Figure
7B). The electron deficiency interacts with H»O molecules,
*OH and protons (H), while the
accumulated electron density reacts with O, to generate
superoxide radical (¢O5). The O then combines with H* to
form «OOH or loose an e to form 'O, [77]

forming radicals

Carbon support

.Figure 7. A) Interface and B) ROS formation schema by WO3:Ag heterostructures supported on carbon.

These species can penetrate cell membranes and
interact with phosphate and sulfate groups, leading to cell
death or inhibition of cell replication by disrupting essential
protein synthesis and causing damage to DNA [78,79]. Due
to the short lifetime of ROS, most of the damage occurs in the
cell wall, affecting cellular respiration and altering the
electrochemical potential of cells [80].

5. CONCLUSIONS

The  study that WOs::Ag
heterostructures supported on carbon, synthesized through
the thermal decomposition of a-Ag>WO4 in a chitosan matrix,
exhibited a porous structure with uniformly distributed
particles, enabling efficient control of ionic release and the
generation of reactive oxygen species (ROS). The SC1 and
SC2 samples showed high efficacy in reducing the viability

demonstrated
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of bladder carcinoma cells (MB49) with lower toxicity to
murine fibroblasts (3T3), indicating apoptosis induced by
increased ROS levels and caspase-3 activation, while the low
release of Ag* and W ions (<0.01%) reinforced the
material's safety. The synergistic interaction between WOs
and Ag, along with the carbon support, was crucial for
modulating the generation of «OH and other reactive species,
even in the absence of light, highlighting the potential of these
heterostructures as a promising strategy for bladder cancer
treatment.
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