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Introduction

Skin cancer is one of the most common malignancies worldwide 
and melanoma, as a type of the most pernicious ones, originates 
from the melanocytes [1]. The development of novel and efficient 

therapeutic methods using various sources of energy that preferably 
extenuate detrimental effects is a substantial plan in melanoma cancer 
treatment.

Light-triggered therapy, known as Photodynamic Therapy (PDT), 
utilizes chemical compounds called photosensitizers for non-invasive 
therapeutic applications, particularly in the field of oncology [2]. How-
ever, two significant limitations of PDT are the inadequate penetration 
of light into deep tumor tissues, which hinders effective activation of 
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ABSTRACT
Background: Sonodynamic Therapy (SDT), a safe and non-invasive strategy in 
tumor therapy, is in development using novel sono-sensitizers, activated by low-inten-
sity ultrasound radiation. SDT mainly progresses through Reactive Oxygen Species 
(ROS) generation followed by cell annihilation. 
Objective: The current study aimed to investigate the effect of ultrasound therapy 
with titania/gold nanoparticles (NPs) on melanoma cancer.
Material and Methods: In this experimental study, Titania/gold NPs (TGNPs) 
were synthesized, and their activity was investigated in sonodynamic therapy of a 
melanoma cancer cell line (C540). SDT was performed at 1.0 W cm-2 and 1.0 MHz for 
one minute. 
Results: The synthesized NPs that comprised gold NPs of <10 nm into titania NPs 
of <20 nm showed great stability and cytocompatibility. While TGNPs were biocom-
patible, a remarkable rate of cell ablation was observed upon ultrasound irradiation 
due to ROS generation.  
Conclusion: The SDT using TGNPs can be introduced as an alternative and low-
cost treatment method for melanoma malignancy.
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the photosensitizer, and the prolonged skin 
sensitivity caused by the presence of the pho-
tosensitizer in cutaneous tissues [2]. Recently, 
Sonodynamic Therapy (SDT), as a promising 
and repeatable treatment modality using low-
intensity Ultrasound Waves (UW) together 
with sound-sensitive compounds (sono-sen-
sitizer), has been introduced to overcome the 
PDT shortcomings [3]. SDT, as a minimally 
invasive treatment method, works with the ef-
fect of UW stimulation on sono-sensitizers [4].

Depending on the frequency, intensity, and 
exposure time, UW produces both thermal and 
non-thermal bio-effects. In the thermal mode 
of SDT, a high-intensity continuous or pulsed 
UW prompts the thermal effects in the biologi-
cal tissues [4], while non-thermal interactions 
of UW radiation with liquid bulks in the tis-
sue prompt the formation of bubbles, named 
acoustic cavitation. Acoustic cavitation fol-
lows with nucleation, growth of bubbles, and 
near-adiabatic collapsing process. The micro-
bubbles represent stable and inertial cavitation 
based on the UW intensity. In stable cavita-
tion, at lower intensities, the vapor bubbles 
oscillate around in an equilibrium radius that 
causes dynamic streaming by the movement 
of the medium in the environment. Instead, in-
ertial cavitation refers to the expansion of the 
bubbles to a critical size, leading to a violent 
collapse at higher intensities [5]. Consequent-
ly, the energy diffusion of UW is transformed 
into enormous amounts of pressure and heat 
increment in the collapsing bubbles that pro-
duce some chemical and physical events, con-
taining micro-jetting, acoustic signals, water 
pyrolysis, acoustic ablation, and emission of 
light in a phenomenon called sonolumines-
cence [6]. Also, the sonoluminescence event 
is the central trigger of Reactive Oxygen spe-
cies (ROS) generation, leading to tumor cell 
ablation [4, 6]. It is assumed that these pro-
cesses can cause cytoskeleton and cell mem-
brane damage which also enhances the perme-
ability of sono-sensitizers to the target cells 
[7]. Excessive generation of ROS within cells 

can disrupt the balance of redox homeostasis, 
resulting in cell necrosis or apoptosis. In this 
line, three mechanisms are dominated for SDT-
triggered apoptosis: 1) alteration in expression 
levels of Bcl-2 family proteins and ROS gen-
eration to decrease mitochondrial membrane 
potential, 2) overloading of calcium ion in the 
mitochondrial membrane, and 3) up-regulat-
ing of intracellular FS7-associated cell surface 
antigen and its ligand (FAS/FASL) expression 
[8].

With the emergence of SDT, various sono-
sensitizers, such as hematoporphyrin [9] and 
photofrin [10] have been developed, which 
have bioavailability limitations due to their 
hydrophobicity trait and prolonged removal 
[6]. On the contrary, sensitizers can reduce the 
level of Glutathione (GSH), which is present 
at high concentrations within tumor tissue, 
thereby depleting the protective mechanism 
against the generated ROS during SDT [11]. 
Subsequently, modern nanotechnological ap-
proaches have been in progress to fabricate 
novel sono-sensitizers [6]. Hitherto, some dif-
ferent nanostructures such as gold [12, 13], 
silicon [14], titanium dioxide [13, 15], and 
oxygen-deficient manganese oxide have been 
reported as proper sono-sensitizers [16].

Titania (titanium dioxide) is a white, odor-
less, and non-combustible powder with intrin-
sic sensitizer properties, chemical inertness 
for biological tissues, easy fabrication, and 
low cost [15, 17]. Titania, as a photocatalyst, 
generates radicals, including superoxide ions 
(O2•

-), singlet oxygen (1O2), and hydroxyl 
radicals (•OH) by reacting with water during 
Ultra-violet (UV) exposure and can damage 
the nearby cells [18]. However, UW is clini-
cally more effective than UV irradiation due to 
deeper penetration into tumor cells by stimu-
lating sono-sensitizer particles [19]. Despite 
the fact that the micro-sized particle of titania 
is considered harmless to animals and people, 
nanoparticles (NPs) of this material are con-
sidered noxious [20]. Up to now, titania NPs 
have been investigated as an enhancement 
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agent for radiation therapy, Computed Tomog-
raphy Imaging (CT) [21], PDT [22], and SDT 
[19]. Notwithstanding successful application, 
as a sono-sensitizer, pure titania has some lim-
itations, such as a low quantum yield of ROS 
due to the fast recombination of electrons and 
holes (50±30 ns) [23]. Therefore, some noble 
metals, such as gold, platinum, and silver were 
presented to combine with titania NPs to in-
crease ROS generation [24].

Among different types of metallic NPs, Au 
nanomaterials have supernatural importance 
in nano-biomedical research due to their bio-
compatibility and stability [13, 25-30]. As a 
capable sono-sensitizer, Au NPs have been 
proven to act as nucleation sites for ultrasonic 
cavitation and decrease the cavitation thresh-
old [31] Furthermore, the combination of gold 
with titania preserves electron-hole recombi-
nation by trapping the excited electron [24]. 
Also, AuNPs have been used in diverse inves-
tigations, consisting of chemotherapy [13], 
DNA biosensors [29], Photothermal Therapy 
(PTT) [32], and imaging [33].

In the present study, titania/gold NPs 
(TGNPs) were synthesized, and the thera-
peutic effect of UW combined with TGNPs 
toward melanoma C540 cells in vitro was in-
vestigated.

Material and Methods

Materials
In this experimental study, all the chemical 

substances and reagents used in this study were 
obtained- from Scharlau Chemie Co. (Spain), 
Sigma Chemicals Co. (USA), or Merck Co. 
(Germany). The compounds were employed 
needless any further purification. Deionized 
(DI) water was applied all over this study.

Synthesis of TGNPs
A total of 6 mL of Titanium Tetrachloride 

(TiCl4) was slowly added into 80 mL of DI 
water in an ultrasound cleaner bath for 10 min. 
The obtained mixture that contained a white 

powder (hydrated titania NPs) was separat-
ed by centrifugation at about 4000 rpm and 
washed several times with DI water. The pow-
der was then dried at about 70 °C followed by 
calcination for one hour at 450 °C to obtain 
titania NPs. In the next step, 100 mg of tita-
nia NPs was completely dispersed in 10 mL 
of ethanol:water (1:1 V:V) mixture using a 
probe sonicator followed by addition of 2 mL 
of 10 mmol L-1 HAuCl4 solution dissolved in 
the ethanol:water mixture. The resultant dis-
persion was then stirred for 2 h at 25 °C (room 
temperature). Then, 9 mL of a cooled and 10 
mmol L-1 NaBH4 solution was dropwise add-
ed into the cooled titania/HAuCl4 mixture for 
about 10 min in an ice bath. The resulting mix-
ture exhibited a dark purple color, and it was 
stirred for 2 hours. Afterward, the mixture was 
subjected to centrifugation at approximately 
4000 rpm, and the resulting dark purple pre-
cipitate, known as TGNPs, was obtained. The 
TGNPs were then washed multiple times with 
DI water to remove any impurities.

Characterization of TGNPs
Morphology, size, and composition of 

TGNPs were investigated using Field Emis-
sion Scanning Electron Microscopy (FESEM) 
with the capability of energy dispersive spec-
troscopy by a TESCAN Mira 3-XMU (Czech 
Republic), and Transmission Electron Micros-
copy (TEM) by a Zeiss-EM10C microscope 
(Germany) operating at 100 kV. TGNPs pow-
der was placed on a piece of silver adhesive 
tape followed by gold vapor sputtering to 
prepare the sample for FESEM. For the TEM 
sample preparation, a drop of TGNPs suspen-
sion in water/acetone (1:1) was placed on a 
carbon-covered copper grid (400 mesh), and 
the solvent was evaporated.

Hydrodynamic size, zeta potential, and size 
distribution of TGNPs were obtained by a SZ-
100 - HORIBA instrument (Japan).

Cell culture
C540 (B16/F10) cells of malignant  
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melanoma were obtained from Pasteur Insti-
tute of Iran and cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented 
with 10% Fetal Bovine Serum (FBS) and 1% 
penicillin-streptomycin (10,000 U mL-1). Cell 
incubation was performed in an atmosphere 
containing 5% CO2 with 100% humidity at in-
cubation conditions (37 °C).

Ultrasound exposure setup
The cells were exposed to UW with a Novin 

ultrasonic apparatus (Iran) with an unfocused 
planar UW transducer. The center of the UW 
transducer was placed under the center of each 
well in contact with the culture plate through 
a gel. UW had a frequency of 1.0 MHz, an 
output power of 1.0 W cm-2, the duty cycle of 
100%, and an exposure time of one minute.

Evaluation of toxicity of melanoma 
cells

To evaluate the toxicity of C540 (B16/F10) 
cells, 1.0×104 cells per well were seeded in 100 
µL supplemented DMEM media in each well 
of microplates for 24 h. Then, the cells were 
incubated in the presence of different TGNPs 
concentrations of 0, 5, 25, 50, 100, and 2500 
µg mL-1, and cell incubation was continued 
overnight at incubation conditions. Cells not 
treated with TGNPs were selected as a control 
group. The toxicity of the cells was estimat-
ed by the MTT proliferation assay. After cell 
treatment, the cell culture media was replaced 
with MTT (0.5 mg mL-1, 100 μL in phosphate-
buffered saline) followed by incubation for 4 h 
in the dark at incubation conditions. Then, the 
MTT solution was entirely discarded followed 
by adding 100 μL DMSO and incubated for 
30 min. After that, the plates were centrifuged 
at 1800 rpm for 10 min, and the Optical Den-
sity (OD) amounts of the supernatants were 
recorded at 570 nm with a BioTek plate reader 
(USA). Cell viability was reported as the ratio 
of OD of each treated group to that of the con-
trol one with 100% viability. Measurements 
were executed in triplicate.

Evaluation of SDT effect of TGNPs 
on C540 (B16/F10) cells

After 24 h of incubation, the cells were firstly 
treated with selected TGNPs concentrations of 
0, 50, and 250 µg mL-1 and then incubated for 
4 h at incubation conditions; they were then 
treated with (or without) UW exposure and fi-
nally incubated overnight at incubation condi-
tions. The toxicity of the cells was estimated 
by the MTT assay. The cells were divided into 
two groups UW- (without UW exposure) and 
UW+ (with UW exposure).

Evaluation of SDT effect of TGNPs 
on intracellular ROS generation

To evaluate the impact of ROS generation 
upon SDT cytotoxicity, the emission intensity 
(FI) of Dichlorofluorescein (DCF) was evalu-
ated. After 24 h of incubation, the cells were 
firstly treated with selected TGNPs concen-
trations of 0, 50, and 250 µg mL-1, incubated 
for one hour at incubation conditions, treated 
with 100 µL of 50 µmol L-1 fresh DCHF-DA 
solution, and then incubated for 30 min at in-
cubation conditions and finally with (or with-
out) UW exposure. The cells were similarly 
divided into two groups UW- and UW+. After 
those steps, the cells were washed three times 
with phosphate-buffered saline to eliminate 
the excess DCF. Then, 100 µL of a cell lysis 
buffer (including NaCl, Triton X-100, and 
Tris-HCl, at pH=8.0) was added to the wells, 
and after 30 min, emission intensity at 520 nm 
was evaluated after excitation at 485 nm us-
ing black plates and a plate reader of Biotek 
(USA).

Statistical analysis
For each quantity, more than three separate 

experiments were conducted, and non-para-
metric Kruskal-Wallis and t-tests were used 
to assess the statistical significance of the out-
comes using GraphPad (Prism 8). P-values 
less than 0.05 were accounted for as statisti-
cally significant.
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Results

Characterization of TGNPs
Figure 1 shows FESEM images recorded at 

two different magnifications (A, B), an energy 

dispersive spectrum (C), and a TEM image of 
the synthesized TGNPs (D). In the FESEM 
images, gold, and titania NPs individually 
appeared as lighter and darker and adhered 
to each other spots, respectively. TGNPs  

A

Figure 1: Field emission scanning electron microscopy (FESEM) images recorded at two differ-
ent magnifications (A, B), an energy dispersive spectrum (C), a transmission electron micros-
copy (TEM) image (D), and a hydrodynamic size distribution histogram (E) of the synthesized 
titania/gold nanoparticles.

D

E

C

B
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comprised adhered AU NPs of <10 nm into 
titania NPs of <20 nm. The spectrum also in-
dicated a TGNPs elemental composition of 
47, 35, and 18% by weight for titanium, oxy-
gen, and gold, respectively. This elemental 
composition denoted a ⁓4.3/1 (W/W) ratio 
of titania to gold in TGNPs. The TEM image 
also confirmed that TGNPs had uniformly dis-
tributed gold NPs within the titania ones with 
near sizes estimated from FESEM images. It 
should be noted that the TGNPs solution in 
DI water or PBS was stable without consider-
able sedimentation or aggregation for at least 
six months, and the agglomeration observed 
in the microscopic images was due to dry-
ing of the sample before imaging. In Figure 
1, a hydrodynamic size distribution histogram 
for TGNPs is also presented (E). The hydro-
dynamic size of TGNPs was obtained as 45.4 
nm with a polydispersity index of 0.33. These 
results confirmed the size obtained by electron 
microscopy and indicated that TGNPs had a 
narrow size distribution. Given that titania 
has easy access to the cytomembrane [8] and 
considering that the pore size of blood vessel 
endothelium walls typically ranges from ap-
proximately 10 nm for normal cells to 10-100 

nm for cancer cells, it is plausible that titania 
particles can penetrate these barriers and in-
teract with the intracellular environment [34]; 
on the other hand, TGNPs would effectively 
penetrate the tumor cells. The zeta potential 
of TGNPs was also measured to be -65.8 mV. 
The zeta potential absolute value guarantees 
the dispersion of TGNPs to be stable, and the 
zeta potential sign leads to limited adsorption 
of TGNPs by (serum) proteins [35].

Cytotoxicity of TGNPs
Finding a sono-sensitizer with minimum 

cytotoxicity alone, and maximum cytotoxic-
ity (high responsivity) under UW exposure is 
crucial for the treatment of malignant cells. 
Cytotoxicity of TGNPs was evaluated upon 
24 h incubation with the C540 cell line, which 
was treated with different concentrations, and 
the results of the percentage of the cancer cell 
viability are presented in Figure 2. Cytotoxic-
ity effects of TGNPs toward C540 cells show 
a decrement in the cell survival along with 
an increment in the TGNPs concentration. 
From these results, the viability of cancer cells 
treated with a TGNPs concentration as high as 
250 µg mL-1 was as high as 71%, confirming 

Figure 2: Cytotoxicity of titania/gold nanoparticles toward C540 cells upon 24 h incubation at 
different concentrations.
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biocompatibility of TGNPs. This finding sup-
ports previous research indicating that titania-
coated Au nanoplates exhibit low cytotoxicity 
against HeLa cells over a 24-hour period [36].

Cytotoxicity of UW exposure and 
SDT efficiency of TGNPs

To evaluate the capability of TGNPs for 
treatment of C540 cells upon UW exposure, 
the MTT assay was used to measure cellular 
cell viability after 24 h post-treatment. Sam-
ples in UW- and UW+ groups were treated 
with TGNPs of 50 and 250 µg mL-1, and the 
cell viability percentages are presented in  
Figure 3. UW exposure of the cells without us-
ing TGNPs resulted in a viability decrement 
to ~90%, confirming the biocompatibility of 
UW exposure and is in line with that reported 
previously for the C540 cells upon UW expo-
sure [37]. However, Hao et al. reported a vi-
ability value of 62% for C6 glioma cells upon 
UW exposure at 1.0 W cm-2 and 1.0 MHz for 
one minute [38]. Another study showed that 
the A375 cell-killing ability of UW depended 
on the time of exposure [39]. It can be decid-
ed that the biocompatibility of UW depends 
on the cell type, and exposure conditions of 
time, intensity, and frequency [40]. Later, the 
effective therapeutic frequency of UW was  

reported to be in a range of 0.8 to 3.0 MHz 
[41], and the frequency in a range of 0.5 to 
3.0 MHz can produce inertial cavitation inside 
the tumor [42]. These low frequencies of UW 
can reversibly open up the strong junction of 
blood vessel endothelium to break the blood-
tumor barrier and help anticancer drugs to 
transmit [43].

Cell viability of 33% and 69% between the 
two groups of UW- and UW+ in the presence 
of 50 and 250 µg mL-1 TGNPs, respectively, 
were observed (with statistically significant 
differences), and cell viability of <2% in the 
presence of TGNPs was obtained with a con-
centration of 250 µg mL-1 upon UW exposure. 
The findings indicated that UW exposure in 
combination with TGNPs resulted in a huge 
reduction in cell viability, compared to cells 
that were treated with UW irradiation or 
TGNPs alone.

Intracellular ROS generation eval-
uation

To assess the generation of ROS during SDT 
using TGNPs, we quantified the relative FI 
of treated cells using DCF after excitation at 
520 nm. The results of these measurements 
are presented in Figure 4. The control group, 
which did not receive TGNPs treatment or UW  

Figure 3: Cytotoxicity of two concentrations of titania/gold nanoparticles of 50 and 250 µg mL-1 

toward C540 cells upon 24 h incubation without (UW-) or with (UW+) ultrasound exposure.
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exposure, exhibited a low FI that served as the 
baseline signal for comparison. Cell treatment 
with TGNPs alone (without UW exposure) 
generated a negligible ROS that supported the 
low TGNPs cytotoxicity observed for UW- 
groups in Figure 3. However, FI and intra-
cellular ROS levels significantly increased in 
the UW+ groups. The observation of a higher 
level of ROS generation in the presence of 
TGNPs under UW radiation, compared to UW 
exposure alone, suggests that TGNPs func-
tion as a potent and effective sonosensitizer. 
Quantitatively, ROS levels under cell SDT us-
ing 250 µg mL-1 of TGNPs was ~310% greater 
than cell treatment with UW alone; also, it was 
~525% greater than cell treatment with 250 µg 
mL-1 of TGNPs alone. The high level of gener-
ated ROS in the UW+ groups induced damage 
to intracellular proteins and DNA [44] with a 
higher rate of mortality compared to malig-
nant cells.

Discussion
The use of UW in cancer treatment is in-

creasing worldwide [45]; nonetheless, cavita-
tion thresholds and small therapeutic areas are 
the main limitations of sonodynamic therapy. 

However, the presence of nanomaterials in the 
treatment medium constructs nucleation sites 
and dramatically reduces the onset threshold 
of cavitation [31]. In addition, titania-based 
nanomaterials have been introduced as effec-
tive cavitation promoters that enhance singlet 
oxygen production [46, 47], albeit with low 
yield due to fast electron-hole recombination 
in titania that limits its SDT efficacy [48]. 
On the other hand, gold, silver, and platinum 
can enhance the sono-sensitizing efficacy of 
titania-based nanomaterials [49, 50]. When 
TGNPs are activated by UW irradiation, it 
provides a charge transfer channel at the gold/
titania interface, and the valence band elec-
trons are excited into the conduction band of 
titania, leaving the electron holes. Then, due 
to the lower Fermi level of gold (compared to 
titania), gold acts as an electron-trap center, 
resulting in effective inhibition of electron-
electron hole recombination [34, 51]. Conse-
quently, the strong interaction between titania 
and gold NPs leads to the production of O2•

-, 
•OH, and 1O2. These generated ROS induce 
damage to tumor cells by reacting with endog-
enous or sonosensitizing molecules, resulting 
in fatal physiological damage through the cre-

Figure 4: Relative FI after excitation at 520 nm of treated C540 cells with dichlorofluorescein at 
two concentrations of titania/gold nanoparticles of 50 and 250 µg mL-1 without (UW-) or with 
(UW+) ultrasound exposure.
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ation of ROS [7]. Therefore, administration of 
TGNPs alone reduced the growth rate of C540 
cells, and its combination with UW exposure 
effectively led to melanoma cell ablation. 
These findings can be correlated to the abil-
ity of titania and gold to generate intracellular 
ROS.

Conclusion
TGNPs as a cancer therapeutic factor and 

potential sono-sensitizer along with SDT, were 
quite well investigated in vitro. Cytotoxicity 
in the presence of different concentrations of 
TGNPs demonstrated dose-manner cytotoxic-
ity against the C540 cell line. Also, the genera-
tion of ROS was demonstrated in the presence 
of ultrasound irradiation and TGNPs. Thus, 
SDT using TGNPs was notably efficient in the 
treatment of melanoma cancer.
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