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ABSTRACT

Background: Sonodynamic Therapy (SDT) is increasingly recognized as an innova-
tive, non-invasive cancer modality in which low-intensity Ultrasound (U) energizes so-
nosensitizers, provoking a burst of Reactive Oxygen Species (ROS) that culminate in
apoptotic destruction of tumor cells.

Objective: Silver-bismuth oxide nanocomposites (AgB NCs) and their folic acid-
functionalized counterparts (FAgB NCs) studied as sono-sensitizers for improving in
treatment route of melanoma cancer.

Material and Methods: In this experimental research, AgB NCs and FAgB NCs
were synthesized via a green route using Rheum turkestanicum extract. Comprehensive
physicochemical characterizations-including Field-Emission Scanning Electron Micros-
copy (FESEM), Energy-Dispersive X-ray spectroscopy (EDX), Ultraviolet visible spec-
trometer (UV-vis), Powder X-ray Diffraction (PXRD), and Fourier-Transform Infrared
spectroscopy (FT-IR)-confirmed the successful formation and functionalization of the
nanocomposites.

Results: (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) (MTT) as-
says on C540 melanoma cells revealed dose-dependent cytotoxicity, with F-AgBi NCs
exhibiting significantly lower ICso values compared to AgB NCs. Upon U exposure, nano-
composites induced substantial ROS generation, mitochondrial dysfunction, and increased
apoptosis, as verified by flow cytometry. Moreover, the FAgB NCs effectively suppressed
cell migration and inhibited spheroid formation in 3D cultures, indicating potent antitumor
activity in both monolayer and 3D models.

Conclusion: These findings underscore the synergistic potential of folic acid-func-
tionalized AgB nanocomposites as efficient sonosensitizers for targeted melanoma ther-
apy. Their enhanced ROS-mediated cytotoxicity, combined with folate receptor-targeted
delivery, supports their application in advanced nanomedicine and SDT-based cancer
treatment.
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Introduction
elanoma represents a highly aggressive and metastatic form of
cancer that necessitates the development of advanced thera-
peutic approaches for successful intervention [1-3]. This ma-
lignancy originates from the unchecked growth of melanocytes located
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in the basal layer of the epidermis and is driven
by various contributing factors, including pro-
longed Ultraviolet (UV) radiation exposure,
genetic alterations, and immune system dis-
turbances [4,5]. The Tumor Microenvironment
(TME) significantly influences melanoma ad-
vancement by fostering intercellular signal-
ing, enhancing oxidative stress, and facilitating
metastasis, particularly under UV stimulation
[6,7]. Due to its invasive characteristics and re-
sistance to standard treatment methods, there is
a critical demand for more targeted and effec-
tive therapeutic alternatives.

Sonodynamic Therapy (SDT) is a novel, non-
invasive approach for cancer treatment that
leverages low-frequency Ultrasound (U) to ac-
tivate specific sonosensitizing agents, resulting
in the generation of Reactive Oxygen Species
(ROS) that promote apoptosis in malignant cells
[8-11]. This technique offers notable benefits
such as the ability to penetrate deep into tissues,
reduced systemic toxicity, and precise target-
ing of tumor regions. The ROS produced dur-
ing SDT interfere with mitochondrial integrity,
cause DNA fragmentation, and initiate apoptot-
ic signaling cascades including Mitochondrial
Permeability Transition Pore (MPTP) forma-
tion and calcium ion imbalance [12-16]. The
therapeutic success of SDT is closely linked
to the characteristics of the sonosensitizer-es-
pecially its ROS-generating efficiency, tumor
specificity, and biocompatibility [8-11].

ROS in SDT is primarily produced through
sonoluminescence and pyrolysis. Sonolumi-
nescence results from the collapse of cavitation
bubbles, emitting photons that initiate radical
(type I) or singlet oxygen (type II) reactions
[17,18]. Pyrolysis involves the decomposition
of water molecules by U-induced heat, gener-
ating hydroxyl and hydrogen radicals [19,20].
Additionally, U-induced hyperthermia further
sensitizes tumor cells to ROS-mediated dam-
age [21,22]. Despite its promise, the clinical
application of SDT has been limited by the
drawbacks of conventional organic sonosensi-
tizers, including poor stability, rapid clearance,
and limited tumor accumulation [23-25].

Recent advances in nanotechnology have
introduced engineered nanomaterials as next-
generation sonosensitizers, offering improved
tumor targeting, increased ROS production,
and enhanced biological stability [26]. Among
these, bismuth oxide (Bi20s)-based nanocom-
posites have attracted attention due to their
high atomic number (Z=83), potent radiosensi-
tizing properties, and strong X-ray attenuation,
making them ideal for theranostic applications
[27-31]. Silver nanoparticles (Ag NPs), known
for their potent cytotoxic and antimicrobial ef-
fects, further enhance the therapeutic potential
of such nanostructures [32-36]. Combining Ag
and Bi:0s in a single nanoplatform can syner-
gistically boost SDT performance through el-
evated ROS production and improved cancer
cell targeting [26,28,32].

To improve targeting specificity, nanoparticles
are frequently modified with folic acid because
of'its strong binding affinity to folate receptors,
which are abundantly expressed in several can-
cer types, including melanoma [37,38]. This
functionalization promotes receptor-mediated
endocytosis, thereby enhancing cellular inter-
nalization and minimizing unintended interac-
tions with non-cancerous tissues.

In the present investigation, silver-bismuth
oxide nanocomposites (AgB NCs) were syn-
thesized through an eco-friendly approach
employing Rheum turkestanicum extract as a
natural reducing and stabilizing agent. Sub-
sequent surface functionalization with folic
acid yielded folate-conjugated nanocomposites
(FAgB NCs). Comprehensive physicochemical
analyses were conducted to validate the struc-
tural integrity and functional attributes of the
synthesized nanomaterials. Furthermore, their
therapeutic performance was systematically
evaluated in both two-dimensional (2D) mono-
layer and three-dimensional (3D) spheroid cul-
tures of melanoma cells. The results highlight
the synergistic enhancement of ROS-mediated
cytotoxicity and apoptosis arising from the
dual action of folic acid-mediated targeting
and U-induced activation. Collectively, these
findings contribute to the advancement of a
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selective, biocompatible nanoplatform with
significant potential for application SDT of
malignant melanoma.

Material and Methods

Materials

All chemical reagents utilized in this ex-
perimental study were procured from Sigma
Chemicals Co. (USA), Scharlau Chemie Co.
(Spain), and Merck Co. (Germany), and were
employed without any further purification.
Prior to experimental procedures, all glassware
was meticulously cleansed using freshly pre-
pared aqua regia, followed by thorough rinsing
with Deionized (DI) water. DI water was con-
sistently utilized for the preparation of all solu-
tions and for final rinsing steps to ensure the
elimination of potential contaminants through-
out the experimental process.

Synthesis of AgB NCs

In this research, the aqueous extract of
Rheum turkestanicum wood was prepared
by subjecting finely powdered wood to con-
tinuous agitation in distilled water, followed
by filtration to remove solid residues. For
the synthesis of Ag-Bi2Os; nanocomposites
(AgB NCs), 20 mL of the obtained plant ex-
tract was diluted with distilled water to a final
volume of 50 mL and subsequently heated to
70 °C in a thermostatically controlled water
bath. A precursor solution (50 mL) containing
equimolar concentrations of Bi(NOs)s;*5H20
and AgNO; was then added dropwise to the
heated extract under constant magnetic stir-
ring. The reaction mixture was maintained
under these conditions for 3 h to facilitate
the formation of nanocomposites. The result-
ing suspension was then dried at 90 °C for
15 h, and the dried material was subjected to
calcination at 500 °C for 2 h to yield the final
AgB NCs.

Synthesis of FAgB NCs
To achieve functionalization of the AgB NCs
with folic acid, 0.1 g of the synthesized AgB

NCs was suspended in 50 mL of distilled water.
A 2.5 mM folic acid solution was prepared and
adjusted to pH 8.5 by adding 0.5 mM NaOH.
This solution was introduced to the nanoparticle
suspension and subjected to reflux at 90 °C for
4 h. The mixture was then dried at 90 °C for 10
h to obtain FAgB NCs.

Characterization of NCs

The synthesized nanocomposites were ana-
lyzed for their structural and physicochemi-
cal characteristics through various techniques.
Field Emission Scanning Electron Microscopy
(FESEM) images were captured using a ZEISS
Sigma 300 instrument from Germany. UV-
visible (UV-vis) absorption spectroscopy was
conducted with a UV-1800 double-beam spec-
trophotometer manufactured by SHIMADZU
in Japan. Additionally, Powder X-ray Diffrac-
tion (PXRD) analysis was performed utilizing
a PANalytical X’Pert PRO MPD instrument
from the Netherlands, employing Cu Ko radia-
tion. Fourier Transform Infrared (FTIR) spec-
tra were also recorded using a Perkin Elmer
Spectrum 100 FTIR device from the USA.

Cell line preparation

C540 melanoma cells were obtained from the
Pasteur Institute of Iran and cultured in Dul-
becco’s Modified Eagle Medium (DMEM)
enriched with 10% Fetal Bovine Serum (FBS)
and 1% penicillin-streptomycin (Gibco, USA)
at a temperature of 37 °C within a humidified
incubator containing 5% CO:x.

Assessment of cellular toxicity
and sonodynamic therapy

In this investigation, C540 cells were cul-
tured at a density of 1.0x10* cells in 96-well
plates for a period of 24 h to facilitate cell adhe-
sion. Subsequent to this, the cells were divided
into two distinct groups: one group remained
untreated with ultrasound (U-), while the other
group received ultrasound treatment (U+). The
cytotoxic and growth inhibitory effects of AgB
and FAgB NCs on cancer cells were evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
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phenyltetrazolium bromide (MTT) assay. The
cells were exposed to various concentrations
(10-500 pg mL") of AgBi and F-AgBi NCs.
Initially, the culture medium was completely
replaced with an MTT solution (0.5%, 100 pL)
that had been solubilized in Phosphate-Buff-
ered Saline (PBS), followed by an additional
incubation period of 4 h. Afterward, 100 pL of
dimethyl sulfoxide (DMSO) was added to re-
place the MTT solution, allowing for the solu-
bilization of the MTT formazan crystals, which
were then centrifuged at 3500 rpm for 3 min.
The optical density of each well was measured
at a wavelength of 570 nm using a microplate
ELISA reader (Biotek, Winooski, VT, USA).
To ensure the accuracy of the results, all mea-
surements were conducted in triplicate. The
control cells, which did not receive any treat-
ment, were designated as having 100% viabil-
ity, and cell survival was quantified using the
following Equation 1 [8]:

Cell survival=(Optical density of treated 1
sample/Optical density of control sample)x100 (D

In the U+ groups, following a one-hour in-
cubation period, an ultrasonic instrument
(215X, Novin, Iran) equipped with an unfo-
cused planar U transducer was meticulously
positioned in direct contact with the substrate
of the cell culture plate. The calibration uncer-
tainty was strictly maintained at a threshold of
less than £1 mW. The central axis of the pla-
nar transducer was meticulously aligned be-
neath each individual well, and irradiation was
conducted at a power intensity of 1.0 W cm™
for a duration of 5 min, employing a duty cycle
0f 50% and a frequency of 1 MHz. The U+ and
U- treated cell cohorts were then subjected to
an overnight incubation at a temperature of
37 °C, within an environment containing 5%
Co.,.

Intracellular ROS
using NCs

The assay was conducted following the
methodology outlined by Z. Kayani et al. [39].
In this investigation, 2',7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA) served as

production

an indicator for intracellular ROS. C540 cells
were cultured in 96-well plates and subse-
quently categorized into two groups: U- and
U+ groups. These groups underwent treatment
with AgB and FAgB NCs at a concentration of
50 ug mL". After a 1 h incubation, 100 uL of a
fresh DCFH-DA solution was introduced. Fol-
lowing an additional 30 min incubation, the U+
group was subjected to a frequency of 1 MHz
and an output power of 1.0 W cm with a 50%
pulse ratio for 5 min. To remove any extracel-
lular 2',7'-dichlorodihydrofluorescein (DCF),
the cells were washed three times with PBS.
Subsequently, 100 pL of lysis buffer was added
to each well, and after a 30 min incubation, the
fluorescence emission intensity at 520 nm, fol-
lowing excitation at 485 nm, was measured in
96-well black plates using a microplate reader
(Biotek, Winooski, VT, USA).

Extracellular ROS
using NCs

This assay was performed in accordance with
the methodology outlined by Z. Kayani et al.
[39] using H DCF (2',7'-dichlorodihydrofiuo-
rescein) in the absence of cellular interactions.
The preparation of H,DCF involved the deacet-
ylation of H.DCF-DA. Specifically, 75 uL of
H,DCF solution was combined with 75 pL of
AgB and FAgB NCs at a concentration of 50
pug mL! in a fluorescence cuvette. Subsequent-
ly, radiation from a source designated as “U”
was applied at a frequency of 1.0 MHz, with
a duty cycle of 50%. The radiation exposure
time was set to 5 min. The fluorescence inten-
sities of the samples were then measured using
a Varian (USA) spectrofluorometer, with PBS
serving as a control.

production

Apoptotic assay

The evaluation of apoptosis was conducted
through a method known as Fluorescence-Ac-
tivated Cell Sorting (FACS) analysis, utilizing
annexin V-FITC (fluorescein isothiocyanate)
and Propidium lodide (PI) staining kits. C540
cells were grown in 12-well plates and divided
into two separate groups: U+ and U-. After a
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24-h incubation period, the cells were collect-
ed, rinsed with PBS, and stained with 10 pL of
annexin V—FITC and 10 pL of PI. The analysis
was carried out using a BD FACSCalibur Flow
Cytometer from BD Biosciences (Franklin
Lakes, NJ, USA). The quantification of apop-
totic cells was determined based on the fluo-
rescence signals from 10,000 analyzed events.

Scratch assay

In the scratch assay, C540 cells were inocu-
lated into 24-well plates at a density of 2x10°
cells mL"! and incubated for 24 h at 37 °C in
a 5% CO, atmosphere. Following this incuba-
tion period, a confluent monolayer of cells was
observed. To induce the formation of scratches,
the monolayer was meticulously scraped in a
linear fashion. Subsequent to this, the cell de-
bris was removed by washing the wells with a
fresh culture medium. The cells were then sub-
jected to incubation at 37 °C in the presence
of AgB and FAgB NCs, both administered at
concentrations of 50 pg mL"'. The aforemen-
tioned NCs were also exposed to U irradiation.
To observe the dynamics of cell migration over
time, optical images of the scratched area were
taken at fixed time intervals, namely at the ini-
tial time (t)) and after 24 h, using a digital light
microscope.

Evaluation of spheroid viability
assay

C540 cells were subsequently introduced at
a density of 1x10* cells per well in a 96-well
plate and incubated in a humidified chamber
at 37 °C with 5% CO,. After a three-day in-
cubation period, C540 spheroids were gener-
ated, and the wells were subjected to treatment
with AgB and FAgB NCs at a concentration of
50 pg mL", in addition to U-irradiation and a
combination of both treatment modalities. All
experimental conditions were preserved over-
night at 37 °C in a humidified environment with
a stable 5% CO, concentration. To guarantee
the reliability and reproducibility of the results,
each cell group was arranged in triplicate, with
each treatment condition being repeated three

times. The evaluation involved quantifying
the fluorescence intensity of resazurin, using
a Biotek microplate reader set to an excitation
wavelength of 544 nm and an emission wave-
length of 600 nm.

Statistical analysis

Data analysis was conducted utilizing Graph-
Pad Prism 10 (GraphPad Software, San Diego,
CA, USA). The paired sample comparisons
were assessed using the Student’s t-test, where-
as one-way ANOVA was applied to evaluate
differences across multiple groups. The results
are presented as mean + Standard Deviation
(SD), with statistical significance established
at P<0.05.

Results

PXRD

The PXRD patterns of AgB and FAgB nano-
composites are shown in Figure 1a. Both ma-
terials exhibit characteristic diffraction peaks
at 20 values of 21.89°, 24.66°, 25.86°, 27.03°,
27.52°,28.11°, 33.30°, 35.53°, 37.08°, 40.17°,
45.25°,46.45°, 48.66°, 52.47°, 54.91°, 57.96°,
and 63.64°, which correspond to the mono-
clinic a-Bi:Os phase (JCPDS No. 71-0465).
These results are consistent with prior studies
on doped a-Bi.Os structures [40]. Additional
peaks at 20=37.72°, 44.40°, and 64.51° in the
AgB pattern confirm the presence of metal-
lic silver (Ag) (ICSD Card No. 52362) [41].
The size of the crystallites was determined
utilizing the Debye-Scherrer formula, as out-
lined in Equation 2 [42]:

D=KM(Bcos0) (2)

In this context, D represents the mean crystal-
lite size, K denotes the shape factor, A indicates
the wavelength of the X-ray, B refers to the Full
Width at Half Maximum (FWHM), and 0 sig-
nifies the Bragg angle [42]. The average crys-
tallite sizes were estimated to be 57.84 nm for
AgB NCs and 68.84 nm for FAgB NCs. The
slight increase in crystallite size after folic acid
conjugation suggests that folic acid may have
influenced particle growth during synthesis.

J Biomed Phys Eng
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Figure 1: (a) Powder X-ray Diffraction (PXRD) spectra, (b) and (c) Field Emission Scanning
Electron Microscopy (FESEM) images, (d) and (e) Energy-Dispersive X-ray spectroscopy (EDX),
(f) UV—vis absorption spectra, (g) and (h) band- gap, and (i) Fourier Transform Infrared (FTIR)
spectra of silver-bismuth oxide nanocomposites (AgB NCs) and folic acid-functionalized

counterparts (FAgB NCs).

FESEM and Energy-Dispersive X-ray
spectroscopy (EDX)

FESEM images of AgB and FAgB NCs
(Figures 1b and c) reveal differences in mor-
phology. AgB NCs displayed a porous, ir-
regular surface, whereas FAgB NCs exhibited
distinct tentacle-like structures with lengths of
~500-600 nm and diameters of ~30-40 nm, in-
dicating a morphological shift due to folic acid
coating.

The elemental composition was verified us-
ing EDX as illustrated in Figures 1d and e. The
AgB NCs were found to contain silver (Ag),
bismuth (Bi), and oxygen (O). In contrast, the
FAgB NCs also displayed the presence of car-
bon (C) and nitrogen (N), suggesting the func-
tionalization with folic acid. The detection of
C and N atoms serves as evidence for the suc-
cessful attachment of folic acid to the surface
of the AgB NCs.

UV-vis absorption

UV-vis absorption spectra (Figure 1f) show
a weak absorption peak at 298 nm for AgB
NCs, attributed to surface plasmon resonance

(SPR) of Ag nanoparticles [43]. A blue shift
of this peak in FAgB NCs indicates an altered
electronic environment due to folic acid bind-
ing. The optical band gap energies of AgB and
FAgB NCs were calculated using Tauc plots
(Figure 1g and h), based on Equation 3 [50]:
(ahv)>=A(hv-Eg) 3)

Where o is the absorption coefficient, /v
is photon energy, and Eg is the band gap en-
ergy [44]. The band gaps were found to be
1.37 eV for AgB and 1.33 eV for FAgB NCs.
The reduced band gap in FAgB NCs suggests
improved electronic transitions and better
sonoabsorbing activity.

FTIR

FTIR spectra of AgB and FAgB NCs are
shown in Figure 1i. For AgB NCs, character-
istic Bi-O and Ag-O stretching vibrations ap-
peared at 433, 507 cm! and 461, 546 cm,
respectively [45,46]. These characteristic
peaks were also observed in FAgB NCs, con-
firming the presence of folic acid functional
groups such as strong peaks at 1398, 1618,
and 1718 cm corresponding to C=C, C=0
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stretching, and N—H bending vibrations. The
incorporation of folic acid is further supported
by additional signals consistent with its molec-
ular structure, verifying successful conjugation
to the nanocomposite surface [47].
Cytotoxicity and U-Assisted
Therapy

The cytotoxic effects were assessed us-
ing MTT assays on C540 melanoma cells
subjected to escalating concentrations (10-500
pg mL"') of AgB and FAgB NCs. As illus-
trated in Figure 2a, both NCs exhibited dose-

120

dependent cytotoxicity, with FAgB NCs show-
ing significantly higher potency. At 50 pug mL",
cell viability dropped to 61.81% for AgB and
48.42% for FAgB NCs. The calculated ICso
values were 76.95 pg mL"' (AgB) and 28.58
pg mL"' (FAgB), highlighting the enhanced
therapeutic effect of folic acid functionaliza-
tion. U exposure (1 MHz, 1.0 W cm?, 5 min)
further reduced cell viability (Figure 2b). The
combination treatment (FAgB/U") led to the
most pronounced cytotoxic effect, reducing
viability to 27.58%, compared to 42.12% for
AgB/U+.

(@)

100 -

@
L
H

Cell viability (%)
¥
t

0 10 25 50 100 250
Concentration (ng mLY)

mAgB (b)
mFAgB

********
e

©)

Flourescence intensity (A.U.)

o
& &
e

120

100

@
e

Cell viability (%)

500 4

ns

Flourescence intensity (A.U.)
w
*

Figure 2: (a) And (b) In vitro viability percents of C540 cells treated in different groups
(un-exposure of ultrasound (U) (a), and exposure of ultrasound (U) irradiation (b)); Fluorescence
intensities of 2’,7'-dichlorodihydrofluorescein (H2-DCF) in control samples of silver-bismuth
oxide nanocomposites (AgB NCs) and folic acid-functionalized counterparts (FAgB NCs) (50
ug mL™?) exposure of Ultrasound (U) radiation at 50% pulse ratios over duration of 5 minutes,
presented in (c) under cell-free conditions and (d) within C540 cells. The error bars represent
the standard deviations derived from three independent measurements. ** indicate significant
differences (P-value=0.001), *** and **** indicates very significant differences (P-value<0.0001).
The error bars represent the standard deviations derived from three independent measure-

ments.
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Reactive
Generation

The ability of NCs to induce ROS was mea-
sured via fluorescence emission of oxidized
DCF. As shown in Figure 2c, both AgB and
FAgB NCs induced ROS production in extra-
cellular media, but FAgB NCs showed sig-
nificantly higher levels, especially under US
exposure. Similarly, intracellular ROS assays
(Figure 2d) revealed that U* treatment alone
modestly increased oxidative stress, while
FAgB/U+ led to the highest ROS levels. These
findings demonstrate the synergistic effect of
folic acid conjugation and U exposure, which
enhances ROS generation through suppressed
electron-hole recombination and improved
cellular uptake [48,49].

Oxygen Species (ROS)

Apoptosis Induction

Flow cytometric analysis using Annexin V-
FITC/PI staining was employed to quantify
apoptosis (Figure 3b). The FAgB/U+ group
showed the highest apoptosis rates (95.4%),
followed by FAgB/U- (95.46%), AgB/U+
(26.1%), and AgB/U- (22.4%). The substan-
tial apoptotic response in FAgB/U+ suggests
enhanced mitochondrial dysfunction and ROS-
mediated DNA damage.

The quadrants in the dot plots represent in
Figure 3a:

* Q1: necrotic (PI*/FITC")

* Q2: late apoptotic (PI*/FITCY)

* Q3: early apoptotic (PI/FITC")

* Q4: viable cells (PI/FITC")

These results align with earlier cytotoxicity
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and ROS data, confirming that the synergistic
application of FAgB NCs and US significantly
promotes apoptosis in melanoma cells.

Cell migration

The scratch assay was conducted to assess cell
motility after treatment with AgB and FAgB
NCs (Figure 4). After 24 h, untreated control
cells showed substantial wound closure, while
cells exposed to NCs and U (especially FAgB/
U+) demonstrated markedly reduced migra-
tion. The combined effect of U and NCs sig-
nificantly inhibited cell mobility. Folic acid en-
hanced this inhibitory effect, possibly due to its
role in modulating redox balance and cellular
adhesion processes. These findings highlight
the capacity of FAgB NCs to hinder metastatic
activity in melanoma cells.

Spheroid formation

Three-dimensional (3D) spheroid cultures
better mimic thin vivo tumor microenvi-
ronment. After 3 days of incubation, treat-
ment with NCs led to significant decreases in
spheroid viability. Viability reductions were
33.31% (AgB/U), 39.59% (FAgB/U),
42.58% (AgB/U+), and 47.01% (FAgB/
U+) (Figure 5). U exposure further ampli-
fied the therapeutic effect, likely via increased
cavitation and localized ROS production.

Control/U-

Control/U+ AgB/U-

o

24h

Folic acid functionalization also contributed to
deeper nanoparticle penetration and enhanced
apoptosis. These results validate the abil-
ity of FAgB NCs to suppress tumor growth in
complex 3D models.

Discussion

The size, shape, and surface characteristics of
nanosystems designed for cancer therapy play
a crucial role in how they behave inside the
body and ultimately determine their effective-
ness against tumors. In our study, the folic ac-
id-functionalized AgB nanocomposites (FAgB
NCs) had an average diameter of around 30-40
nm. The alteration shape of FAgB compared to
Ag-Bi and also FTIR, UV-vis absorption and
PXRD confirmed the successful incorpora-
tion of folic acid onto the nanoparticle surface.
Since normal blood vessels have pores smaller
than 12 nm, previous research has shown that
nanoparticles above this size tend to accumu-
late preferentially in tumor tissues, thanks to the
Enhanced Permeability and Retention (EPR)
effect [50]. Therefore, keeping nanoparticles
within the roughly 12-60 nm size range seems
ideal for effective tumor penetration and cel-
lular uptake. UV-vis analysis showed that both
AgB and FAgB NCs have significantly nar-
rower band gaps compared to a-Bi2Os nanoro-
ds (which have 3.55 eV) [51]. This narrower

AgB/U+

FAgB/U-  FAgBU+

Figure 4: Cellular Migration-Scratch assay of silver-bismuth oxide nanocomposites (AgB NCs)
and folic acid-functionalized counterparts (FAgB NCs) using C540 cells at different treatment

groups.
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Figure 5: Spheroid viability percent’s of
C540 cells treated in silver-bismuth oxide
nanocomposites (AgB NCs) and folic acid-
functionalized counterparts (FAgB NCs). ***
And **** indicate very significant difference
(P-value<0.0001).

band gap helps reduce the rapid recombination
of photoexcited electron-hole pairs, which in
turn boosts the generation of ROS. This ef-
fect was evident in our experiments, where
the sonosensitizing ability of AgB and espe-
cially FAgB NCs was significantly improved
when combined with U. We observed greater
cell killing and apoptosis in melanoma cells
treated with the nanocomposites plus U com-
pared to either treatment alone. The enhanced
efficacy of FAgB NCs can likely be attributed
to folate receptor-mediated endocytosis, which
promotes higher intracellular accumulation and
increased ROS production. Looking closer at
the mechanism, the reduced band gap in these
nanocomposites’ aids in efficient charge sepa-
ration. Incorporating silver into Bi2Os extends
the lifetime of electron-hole pairs, thereby im-
proving the sonocatalytic reaction. This leads
to abundant generation of ROS, including

singlet oxygen, superoxide radicals, and hy-
droxyl radicals, which cause oxidative dam-
age to critical cellular components. This oxi-
dative stress results in protein inactivation and
cross-linking, along with DNA strand breaks,
ultimately triggering cell death.

Inasmuch 3D cell spheroids maintain more
complex cell—cell and cell-matrix interactions
as well as oxygen and nutrient gradients, thus
they better replicate the tumor microenviron-
ment compared to traditional 2D cultures. The
hypoxic conditions often found in spheroids
can reduce ROS production and diminish the
effectiveness of SDT, which helps explain why
we observed somewhat lower cytotoxicity in
the 3D models [52]. However, our experiments
showed that under U, FAgB NCs enhanced
cavitation effects, which improved their pen-
etration and therapeutic impact even in these
more challenging 3D environments.

Finally, since cell migration is a critical fac-
tor in melanoma metastasis, we performed
scratch assays and found that treatment with
FAgB NCs significantly inhibited melanoma
cell migration. This points to a promising anti-
metastatic potential, which is especially impor-
tant given melanoma’s high tendency to spread
to secondary sites like the lungs.

Despite the promising results demonstrated
by FAgB NCs as effective sonosensitizers for
melanoma treatment, several limitations should
be acknowledged. First, while in vitro 2D and
3D cell culture models provide valuable in-
sights into therapeutic efficacy and tumor mi-
croenvironment interactions, they cannot fully
replicate the complexity of in vivo model, in-
cluding immune response, pharmacokinetics,
and biodistribution. Also, the long-term bio-
compatibility, systemic toxicity, and clearance
of these nanocomposites remain unsolved. Fu-
ture research should focus on in vivo valida-
tion of therapeutic efficacy and safety in mel-
anoma animal models. Integration with other
treatment modalities and evaluation against a
broader range of tumor types would also be
valuable for translating these nanomaterials
into clinical applications.
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Conclusion

In this study, we successfully developed and
characterized AgB NCs and their folic acid-
functionalized form (FAgB NCs) using Rheum
turkestanicum extract as a green, eco-friendly
reducing agent. Structural and morphological
analyses confirmed the integrity of the nano-
composites and the successful functionaliza-
tion with folic acid, which significantly modi-
fied their surface characteristics, reduced band
gap energy, and improved their optical and
catalytic properties, which facilitated ROS pro-
duction. Biological assays revealed that both
nanocomposites displayed potent, dose-depen-
dent cytotoxic effects against C540 melanoma
cells. Importantly, FAgB NCs showed signifi-
cantly greater efficacy, with lower I1Cso values,
likely due to folate receptor-mediated endocy-
tosis that promoted selective cellular uptake.

Upon U activation, both nanocomposites
functioned as effective sonosensitizers, am-
plifying intracellular and extracellular ROS
production, disrupting mitochondrial function,
and inducing apoptosis. FACS analysis con-
firmed that FAgB NCs under SDT induced a
dramatic increase in both early and late apop-
totic cell populations. Furthermore, FAgB NCs
significantly inhibited cell migration and sup-
pressed spheroid growth in 3D tumor models,
underscoring their potential for deep-tissue
tumor ablation.

These findings highlight the functionality
of FAgB NCs as U-activated sonosensitizer.
The integration of folic acid not only enhanc-
es tumor-specific targeting but also promotes
ROS-mediated cytotoxicity, positioning this
nanocomposite as a promising platform for
non-invasive cancer therapy.
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