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Introduction: The utilization of combination therapy has gained attention in the medical field as it can enhance
treatment efficacy while minimizing side effects. Gold nanoparticles (AuNPs) have been identified as a promising
candidate for enhancing the bioeffects of ultrasound (US) waves.

Objectives: The primary objective of this study was to examine the impact of US irradiation when combined with
spiky and spherical AuNPs on CT26 cells.

Materials and Methods: Following a tailored composition, we devised and produced AuNPs with spiky and
spherical morphologies. The properties of these nanoparticles were assessed using dynamic light scattering (DLS),
voltammetry, and transmission electron microscopy (TEM). The CT26 cells were treated with the two types of
nanoparticles and subsequently exposed to US radiation (1 W/cm?, 1 MHz, and 10 minutes). The cytotoxic effects
of various therapeutic interventions were assessed using MTT and flow cytometry assays.

Results: This study’s findings indicate that nanoparticles’” morphology played a significant role in influencing the
antitumor effects of US. Specifically, it was observed that the presence of spiky nanoparticles, when subjected to
US, resulted in a significantly higher rate of cell death compared to spherical nanoparticles (P<0.001). Additionally,
it was observed that the temperature changes induced by the spiky nanoparticles were comparatively lower. This
observation implies that nanoparticles with spiky morphology enhance the non-thermal effects of US waves.
Conclusion: The outcomes demonstrate a noteworthy augmentation in the biological impacts, specifically the
non-thermal effects of US waves when employed in conjunction with spiky nanoparticles.

Introduction
Despite the considerable endeavors and swift
progressions in medical technology, cancer

Key point

Integrating nanoparticles with US irradiation has been
the subject of ongoing research and development. It
was observed that the presence of spiky nanoparticles
enhances the non-thermal effects of US waves and
results in a significant rate of cell death.

remains the second most prevalent cause of
mortality worldwide (1). The effectiveness
of conventional treatment modalities is
constrained due to various factors. However,
advancements in biomedicine have led to the
emergence of novel therapeutic approaches

to facilitate the desired outcomes (2). In
contemporary medical practice, ultrasound
(US) radiation has gained significant
prominence due to its notable attributes,
including its non-invasive and non-ionizing
nature. This has led to its extensive application
in both therapeutic and diagnostic contexts,
encompassing a range of frequencies and
intensities (3). The impacts of US irradiation
can be broadly categorized into thermal and
non-thermal effects, resulting in alterations to
the functionality and structure of biosystems

(4,5). The thermal effects of US pertain to
an increase in temperature, while the non-
thermal effects of US are ascribed to acoustic
streaming and acoustic radiation force. These
non-thermal effects encompass diverse
mechanisms that give rise to the generation
of shock waves and microjets, leading to
mechanical harm to the surrounding tissue
(6). In general, it is widely believed that the
mechanical impacts of US can be attributed
to acoustic cavitation, a phenomenon that is
recognized as a threshold occurrence (7). Gas
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bubbles that are generated within an ultrasonic field have
the ability to undergo growth, oscillation, and subsequent
collapse. The collapse of the medium leads to a significant
increase in temperature and pressure, resulting in the
generation of highly intense shear stresses and shock waves.
Following this, the collapse of bubbles has a detrimental
impact on neighboring cells, potentially leading to fatality
in certain cases (8). In recent years, the application
of nanotechnology has significantly transformed the
conceptual framework of conventional therapy. This
transformationhasbeen achieved through the development
of safer and more efficient nanomedicines, which involve
the cultivation of innovative nanosized materials. A
novel approach involving the utilization of nanoparticles
to enhance the efficacy of US waves has emerged. Based
on multiple investigations, it has been observed that
nanoparticles have the ability to effectively modulate the
process of cavitation by reducing the threshold necessary
for the initiation of cavitation nucleation (9,10). Numerous
scholars have conducted extensive investigations on
diverse nanomaterials. Among these, gold nanoparticles
(AuNPs) have garnered considerable interest and have
emerged as a prominent focus in cancer research. This
is primarily attributed to their appealing characteristics,
including elevated biocompatibility, efficient uptake,
minimal toxicity, and straightforward synthesis (11,12).
Furthermore, it is widely believed that AuNPs have
the ability to simultaneously amplify the thermal and
mechanical impacts of US waves. Previous researches have
demonstrated that the application of low-intensity US
can result in cell death, even in the absence of significant
temperature elevation, both with and without the presence
of nanoparticles (3,13).

Objectives

The presence of nanoparticles can augment the rate
of cell death induced by US through the thermal and
mechanical interaction of US waves. It is highly probable
that the implementation of spiky nanoparticles can yield
even greater effects. This phenomenon occurs due to the
elevated surface roughness of spiky nanoparticles, which
effectively enhances the formation of voids, facilitating
the initiation of cavitation. Consequently, the mechanical
integrity of the cell membrane is compromised, leading to
eventual cell lysis.

Materials and Methods

Synthesis of gold nanoparticles

The materials and procedures utilized in the synthesis
of AuNPs were obtained from Sigma-Aldrich. The
materials included ascorbic acid, silver nitrate, chloroauric
acid trihydrate, trisodium citrate dehydrate (sodium
citrate), hydrogen peroxide (30%), sulfuric acid (98%),
hydrochloric acid (37%), and nitric acid (70%). To prepare
the stock solution of AuNPs, a mixture of 50 mg of

HACI4.3H20 and 25 mL of distilled water was employed,
resulting in the formation of a gold (III) ion stock solution
with a concentration of 5.0 mM. A 1.5 M trisodium
citrate solution was prepared by dissolving 22 g of sodium
citrate in 50 mL of distilled water. It is recommended to
prepare fresh solutions of sodium citrate prior to each
synthesis due to inadequate maintenance of the solution
in the laboratory. Following the cleaning of the glassware
using Piranha solution and subsequent rinsing with
water, a volume of 5 mL of HAuCl4 was introduced into
a 10 mL Erlenmeyer flask under continuous stirring on a
heated plate. Subsequently, the solution was subjected to
heat until it reached its boiling point, while concurrently
incorporating a magnetic stirring bar. Subsequently, a
volume of 50 pL of trisodium citrate dehydrate solution
(1.5 M) was introduced into the vigorously agitated gold
solution that was undergoing boiling. The AuNPs were
synthesized through the reduction of gold (III) by citrate.
Following the change in color of the solution to red, the
process of heating was terminated. The synthesis of a stock
solution of spiky AuNPs was conducted by dissolving 11.8
mg of HAuCl4.3H20 in 1.5 mL of distilled water, resulting
in a hydrogen tetrachloroaute-based stock solution with
a concentration of 19.97 mM of gold (III) ions. Through
the amalgamation of 1 mg of silver nitrate (AgNO,) with
2 mL of distilled water, a solution of silver nitrate with a
concentration of 2.9 mM was successfully generated. A
solution of ascorbic acid with a concentration of 39.75 mM
was prepared by dissolving 10.5 mg of ascorbic acid in 1.5
mL of distilled water. To complete the mixture, a solution
of polyvinylpyrrolidone (PVP) with a concentration of
1.5% was prepared by dissolving 150 mg of PVP in 1 mL
of distilled water. A 250 mL Erlenmeyer flask was initially
filled with 150 mL of distilled water, followed by the
addition of 5 mL of AuNPs as a seed. Subsequently, the
mixture was administered 1.5 mL of a gold ion solution
with a concentration of 19.97 mM, along with 150 uL of
a hydrochloric acid solution with a concentration of 1 M.
Subsequently, an aliquot of 1685 pL from a silver nitrate
solution with a concentration of 2.9 mM was introduced.
After 60 seconds, the resulting solution was combined
with 1500 uL of ascorbic acid with a concentration of 39.75
mM, leading to the manifestation of a blue discoloration.
Following a 10-second interval, a 1 mL volume of a 1.5%
PVP solution was introduced into the mixture, which
was concurrently subjected to stirring for a duration of 2
hours. Finally, the solution underwent centrifugation for a
duration of 60 minutes at a force of 6000 g (14).

Gold nanoparticles characterization

The morphological characteristics of the nanoparticles
were examined through the utilization of a transmission
electron microscope (TEM, Zeiss LEO906, Germany). The
effective diameter of nanoparticles was measured using
dynamic light scattering (DLS) with the Malvern Zetasizer
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Nano ZS-90 instrument. Measurements were conducted to
determine the zeta potentials associated with the surface
charge of nanoparticles.

Cell culture

The murine cell line CT26, which is commonly employed
for colon cancer modeling, was cultivated in RPMI 1640
medium. The medium was supplemented with fetal bovine
serum (10%), penicillin (100 u/mL), and streptomycin (100
mg/mL). The cell culture was maintained in a humidified
incubator set at 37 °C with 5% CO2. The cells were
subjected to trypsinization using a solution containing 1
mM EDTA in 0.25% trypsin (w/v) in phosphate-buffered
saline (PBS), followed by collection.

Calibration of ultrasound generator

The calibration and measurement of the power output
of the US generator (Phyaction 190i, Germany) were
conducted using the radiation force method. The
generator was equipped with a circular probe, which had
an area of 1 cm? and operated at an intensity of 1 W/cm?
in continuous wave mode at a frequency of 1 MHz. The
following equation was then used to calculate the linear
relationship between nominal intensity (I,) and intensity
(L,):

I,=0.9531 +0.135, R* = 0.974

The dye paper method was utilized to compute the
ratio of peak intensity to average intensity (Ip/Ia). The
approximate value of Koss off was approximately 5.

In vitro experiments

In vitro cytotoxicity assay of nanoparticles

The cytotoxicity of nanoparticles was assessed using
an in vitro experiment, specifically the MTT assay.
Moreover, CT26 cells were cultured in 96-well plates
and incubated for a duration of 24 hours. Subsequently,
the culture medium was substituted with an alternative
medium containing gold nanoparticle of both spherical
and spiky morphology, with concentrations ranging from
0.15 to 10 pg/mL, each in separate flasks. The flasks were
then incubated for a duration of 24 hours. Following the
removal of the medium, the wells were rinsed with PBS
and subsequently incubated at a temperature of 37 °C for
a period of 4 hours with 20 pL of MTT (5 mg/mL). The
insoluble formazan crystals were dissolved by the addition
of 100 L of dimethyl sulfoxide (DMSO) to the wells.
Subsequently, the absorbance of each well was assessed
using a microplate reader (BioTek, USA) configured
to measure at a wavelength of 570 nm. The IC50 values
for AuNPs with spherical and spiky morphologies were
determined through calculation.

Ultrasound treatment of the cells
The CT26 cells (10x10* cells) were seeded in a petri

Spherical gold nanoparticles

dish with a diameter of 3 cm and placed at the last axial
maximum of the transducer via a custom-made adaptor.
The cell petri dish was positioned onto the adaptor, which
had been pre-filled with distilled water in preparation
for sonication. Care was taken to ensure the presence of
air trapped between the petri dish and the adaptor. The
temperature variations at various levels of intensity and
durations of sonication were observed using a digital
thermometer (Hanyoung, Korea, NX4) with a sensitivity
of + 0.1 °C. This thermometer was connected to a
thermocouple measuring 125 um in diameter, which was
attached to the lower surface of the petri dish. To mitigate
the occurrence of standing waves, the experimental
setup involved the introduction of cultured medium and
acoustic gel into the petri dish. Additionally, a rubber cover
with a thickness of 5 mm was employed to seal the petri
dish. The experimental procedure involved subjecting
all cellular samples, comprising both gold nanoparticle-
infused cells of varying shapes and cells without AuNPs,
to a continuous wave-mode US at an intensity of 1 W/
cm? for a duration of 10 minutes. In order to assess the
viability of the cells, the sonicated cells were subjected to
a 24-hour incubation period to facilitate attachment to
the petri dish. Following a 24-hour incubation period,
distinct types of AuNPs, namely spherical and spiky, were
individually introduced to the cellular environment at
a concentration equivalent to the IC50 value. Following
a 24-hour incubation period, the cells were rinsed with
PBS and subsequently supplemented with a fresh culture
medium. The therapeutic effects were assessed through
the utilization of viability assays, specifically the MTT test
and Annexin V-FITC/PI fluorescent staining analysis.

In vitro anti-tumor efficacy

Viability assay by MTT test

CT26 cells were cultured in petri dishes with a diameter
of 3 cm, at a density of 10x10* cells. Following the
introduction of nanoparticles and subsequent exposure
to US irradiation, cellular specimens were collected and
subsequently transferred to a 96-well plate. Following the
cellular washing procedure, a concentration of 5 mg/mL
of MTT was introduced into the wells, and the cells were
subsequently incubated for a duration of 4 hours under
dark conditions at a temperature of 37 °C. Subsequently,
the MTT solution was removed and replaced with 100 uL
of DMSO to facilitate the dissolution of formazan crystals.
Following a 15-minute incubation period, the absorbance
was quantified using spectrophotometry at a wavelength
of 570 nm. In order to construct cell viability curves, we
employed a normalization technique by comparing our
measurements to those obtained from control cells.

Flowcytometry analysis of cell apoptosis
The rate of apoptotic and necrotic cell death was evaluated
in response to various treatments using the conventional
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flow cytometry assay, employing Annexin V-FITC/PL
Following cell counting and PBS washing, the cells were
suspended in ice-cold 1 x binding buffer. Subsequently,
a 15-minute incubation in the dark at room temperature
was carried out, during which 5 pL of annexin V-FITC
was added. Following an additional cycle of washing
and resuspension in a 1 x binding buffer, the cells were
subjected to staining using 5 pL of propidium iodide (PI).
The resulting fluorescence was then measured using a BD
FACSCalibur™ flow cytometer (BD, San Jose, CA, USA).
Cells that exhibited positive staining for annexin V-FITC
but negative staining for PI were classified as being in
the early apoptotic stage. Nevertheless, the presence
of dual-positive staining was regarded as an indicative
characteristic of apoptosis in its advanced stages.
Additionally, the cells undergoing necrosis were identified
and labeled as positive for PL

Statistical analysis

The statistical analysis involved conducting all experiments
in triplicate and presenting the resulting data as mean +
SD (standard deviation) using GraphPad Prism software.
A P value of <0.05 was considered statistically significant.

Results

Characterization of the nanoparticles

The results provide information regarding the particle
size and zeta potential of two types of AuNPs: spiky
and spherical. The average particle size for spherical
nanoparticles was determined to be 75.78 + 5.6 nm, while
for spiky nanoparticles it was found to be 84.98+6.4
nm. Furthermore, it was observed that both spiky (-9.58
mV) and spherical (-6.20 mV) nanoparticles exhibited
negative zeta potentials. Figure 1 displays transmission
electron microscopy (TEM) images of nanoparticles.
The TEM images provided conclusive evidence that both
nanoparticles exhibited excellent dispersion and exhibited
consistent shapes. The uniformity of spiky shapes was
of utmost importance in this study, and its achievement
posed several challenges during the synthesis process. In
a comparative manner, the aforementioned sizes exhibited
a greater magnitude in relation to the size ascertained
through TEM images. The observed variations may have
arisen due to the uptake of liquid by the nanoparticles
during the DLS analysis (Figure 1).

200nm
S

Figure 1. TEM images of nanoparticles. (A) Spiky AuNPs, (B) spherical AuNPs.

In vitro cytotoxicity assay of nanoparticles

The cytotoxicity of spiky and spherical AuNPs on CT26
cells was assessed using the MTT assay in an in vitro
setting. In pursuit of this objective, diverse concentrations
of both spiky and spherical AuNPs were employed for the
purpose of treating the subject matter. Figure 2 illustrates
the impact of nanoparticle concentrations on the rate of
cell viability following 24-hour treatments. As illustrated
in Figure 2, the cytotoxicity of both spherical and spiky
nanoparticles was found to be dependent on their
concentration. The IC50 values of AuNPs with spiky and
spherical morphologies were determined by analyzing
the cytotoxicity data, and were subsequently utilized
in the development of therapeutic strategies. The study
revealed that the cytotoxicity of spherical nanoparticles,
across all concentrations employed, surpasses that of spiky
nanoparticles. The findings presented in Figure 2 indicate
that the IC50 value for spherical nanoparticles is 1 + 0.12
ug/mL, whereas the IC50 value for spiky nanoparticles is
3.2 £ 0.10 pg/mL. This suggests that a threefold greater
quantity of spiky nanoparticles is necessary (P<0.05)
compared to spherical nanoparticles in order to achieve
equivalent cytotoxicity on CT26 cells.

Time-temperature profile

The time-temperature profile depicts the variations in
temperature experienced by cells subjected to different
treatments, as illustrated in Figure 3. Based on the
temperature profile analysis of CT26 cells, it was observed
that the average temperature increase in the absence of
nanoparticles was 3.23 + 0.15 °C. The average temperature
increases observed for spherical and spikey AuNPs
introduced into cells 24 hours before subjecting them
to sonication were 3.63 + 0.25 °C and 2.16 £ 0.15 °C,
respectively. One notable observation was that the increase
in temperature of the cells containing spiky AuNPs was
comparatively lower when compared to cells containing
spherical AuNPs or cells without any nanoparticles. The
temperature increase for each treatment is recorded and
presented in Table 1.
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Figure 2. MTT assays of the CT26 cells treated with different concentrations
of spiky and spherical AuNPs. Statistical significance was showed with ****
P < 0.0001 respectively.
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In vitro anti-tumor efficacy

Viability assay by MTT test

The present study aimed to evaluate the anti-tumor
efficacy and viability of spiky and spherical AuNPs
through an in vitro assay using the MTT test. Specifically,
the cytotoxic effects of these nanoparticles were examined
in the presence of US irradiation. As previously stated, the
IC50 values of both spiky and spherical nanoparticles were
utilized in the treatments. The findings depicted in Figure
4 illustrate the impact of nanoparticles on the reduction of
cell viabilitywhen combined with US compared to the use of
US alone, with statistical significance (P<0.05). According
to the findings, the introduction of spiky nanoparticles
led to a notable decrease in cell viability. Specifically, the
viability of cells exposed to spiky nanoparticles combined
with ultrasonic treatment decreased to 55.73+6.03%. In
comparison, the viability of cells treated with spherical
nanoparticles and US was slightly higher at 71.2+5.85%.
Notably, the cell viability for US sonication without the
presence of any nanoparticles was measured at 83.2 +8.6%.
Based on the findings of this study, it was observed that the
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Figure 4. MTT assays of the CT26 cells by different treatments. Data were
presented as mean + SD of three experiments. Statistical significance was
showed with * P <0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001,
respectively.

Spherical gold nanoparticles

Table 1. Temperature raises in different treatments by 10 min sonication

Treatments Temperature rising
Spherical nanoparticles + ultrasound 3.63+0.25
Spiky nanoparticles + ultrasound 2.16+0.15
Ultrasound irradiation (without nanoparticles) 3.2320.15

utilization of spiky nanoparticles led to a notable decrease
in cell count upon exposure to US (P<0.001).

Flowcytometry analysis of cell apoptosis

The apoptosis and necrosis of CT26 cells following
various treatments were evaluated using an Annexin
V-FITC/PI-based flow cytometry assay. The process
of evaluating cell death, including early apoptosis, late
apoptosis, and necrosis, is depicted in Figures 5 and 6.
The experimental results demonstrate that the treatment
involving spiky nanoparticles combined with US resulted
in the highest percentage of cell death, with a value of
44.2+0.47%. In comparison, the treatment involving
spherical nanoparticles combined with US yielded a lower
cell death rate of 30.8+0.37%. Conversely, sonicated
cells without the addition of any particles, regardless
of their shape, exhibited a significantly lower cell death
rate of 12.77+0.9%. The findings of this study provide
confirmation of the involvement of AuNPs in augmenting
the effects of US. However, the utilization of Spiky
nanoparticles and US irradiation significantly intensified
the cytotoxicity of the cells.

Discussion

The purpose of this study was to assess the cytotoxicity
of spiky AuNPs when combined with low-intensity US
irradiation, as it is believed that combination therapy
can enhance treatment efficacy while minimizing side
effects. The investigation was conducted in an in-vitro
setting. The present study involved subjecting cells
containing AuNPs of varying shapes to continuous wave-
mode US at an intensity of 1 W/cm? for a duration of 10
minutes. Table 1 demonstrates the comparative thermal
enhancement function of spherical AuNPs in relation to
exposure to US alone. As depicted in Table 1, the observed
temperature elevation of spiky AuNPs exhibited a lesser
magnitude compared to both spherical AuNPs and pure
water. There exist multiple potential factors contributing
to the reduced temperature increase observed in spiky
nanoparticles. The influence of thermal conductivity can
be attributed to the shape of nanoparticles. Hamilton and
Crosser designed a steady-state apparatus to investigate
suspensions containing millimeter-sized spherical and
non-spherical particles. Their study revealed that the
thermal conductivity of the suspension may be influenced
by the shape of the dispersed particles (15). Additionally,
the observed negative trend in thermal conductivity
may be attributed to the inherent characteristics and
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Figure 5. Annexin V-FITC/PI staining assay for detection of apoptosis and necrosis of CT26 cells by different treatments. PI, propidium iodide.

arrangement of nanoparticles. Specifically, the existence
of distinct energy levels in the electronic structure can
lead to this phenomenon. The arrangement of these
energy levels in proximity to the highest occupied level is
highly susceptible to variations in shape and size, which
in turn can be influenced by thermal, chemical, and
electrochemical properties (16). The cytotoxicity levels of
spherical and spiky nanoparticles were assessed using the
MTT test at the same concentration. Figure 2 illustrates
that these nanoparticles exhibited varying degrees of
cytotoxicity. Notably, spherical nanoparticles consistently
displayed higher levels of cytotoxicity compared to
spiky nanoparticles across all tested concentrations. The
IC50 values of spherical nanoparticles were determined
to be 1 £+ 0.12 pg/mL, whereas the IC50 values of spiky
nanoparticles were found to be 3.2 + 0.10 pg/mL (P <
0.01). The observed variations can be attributed to a range
of factors, as documented in prior research (17,18). The
dimensions, morphology, and surface characteristics
of nanoparticles play a crucial role in influencing their
toxicological properties, cellular internalization rate,
distribution within the body, and biological reactivity.
Regarding the size-dependent cytotoxicity, previous
research (19,20) conducted experiments using four distinct

%k %k %k %k

* k%

1 necrosis
B |ate apoptosis

early apoptosis

Cell death(%)

Figure 5. Annexin V-FITC/PI staining assay for detection of apoptosis and
necrosis of CT26 cells by different treatments.

cell lines, namely epithelial cells (HeLa), melanoma cells
(SK-Mel-28), macrophages (J774A1), and tissue fibroblasts
(L929), to investigate the impact of triphenylphosphine-
stabilized AuNPs on cellular response. The findings of
these studies suggest that the observed cytotoxicity is
influenced by the size of the AuNPs. Also, Dobrovolskaia et
al (12) reported that the toxicity of AuNP varies as a result
of particle shapes. The study conducted by Kosheleva et
al (21) investigated the impact of combining AuNPs with
low-intensity US on lung cancer cells. The objective was
to ascertain whether the introduction of nanoparticles
specifically augmented the cytotoxicity against cancer
cells. The findings of their study demonstrated that the
utilization of nanoparticles (at a concentration of 2.5 ug/
mL and a size of 10 nm) in conjunction with US radiation
(at a frequency of 4 MHz and power of 8 W) resulted in a
significant decrease in the occurrence of A549 lung cancer
cells, reducing the prevalence from 60.5% to 29.8%. The
findings of the study indicate that spiky nanoparticles
exhibit enhanced effectiveness in inducing cell death. It
was observed that the presence of spiky nanoparticles led
to an increased occurrence of cavitation, a phenomenon
characterized by the formation, growth, oscillation, and
subsequent collapse of bubbles. The process of collapsing
resulted in the generation of significant shear stresses and
shock waves, which in turn had the potential to cause
substantial damage to adjacent cells (22). The experimental
results demonstrate that the presence of spiky AuNPs at a
lower temperature leads to a decrease in cell viability. This
reduction is more pronounced compared to the increased
temperature observed with spherical nanoparticles and
even in the absence of nanoparticles. The higher efficacy of
treatment is evidenced by both the MTT assay and the flow
cytometry test. These findings highlight the significant
contribution of spiky nanoparticles in augmenting the
non-thermal effects of US. The non-thermal mechanisms
that have been identified are multifaceted and encompass
varjous sets of mechanisms, such as radiation forces,
stable and inertial cavitation, and microstreaming (23).
This implies that the presence of spiky nanoparticles in
conjunction with US has resulted in the augmentation of
one or more of these mechanisms.
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Conclusion

In conclusion, the utilization of nanoparticles in
conjunction with US irradiation represents a promising
field of investigation. Building upon previous research
that has demonstrated the potential of nanoparticles in
augmenting the effects of US, the present study aimed to
investigate the impact of spiky AuNPs on the therapeutic
efficacy of US. The findings demonstrated a notable
improvement in the therapeutic effectiveness of US in
enhancing the non-thermal effects of ultrasound.

Limitations of the study

The uniformity of spiky shapes was of utmost importance
in this study, and its achievement posed several challenges
during the synthesis process.
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