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Objective(s): Sonodynamic therapy (SDT) is a promising non-invasive adjuvant approach for 
treating accessible tumors, requiring ultrasound (US) waves, sonosensitizing molecules, and oxygen. 
However, sonosensitizers such as protoporphyrin IX (PpIX) face limitations, including poor water 
solubility, phototoxicity, and lack of targeting. To address these issues, we encapsulated PpIX in 
biocompatible nanomicelles to enhance solubility, reduce side effects, and improve tumor targeting.
Materials and Methods: After synthesizing, characterizing, and assessing the cytotoxicity of PpIX-
loaded nanomicelles, the optimal concentration was selected. The 4T1 cell line was used to create 
a breast tumor model in BALB/c mice. To investigate the effect of SDT mediated by PpIX-loaded 
nanomicelles, tumors were exposed to US at 800 and 2400 kHz simultaneously, 10 min after 
intratumoral injection of the drug. The tumors were measured with a digital calliper, and tumor 
volume was calculated at specific time intervals and compared. The tumor tissue necrosis percentage 
was determined by pathological examination, and the volume loss in different groups was quantified.
Results: SDT with PpIX nanomicelles significantly reduced tumor volume within 7 days compared 
with controls (P<0.05), with the greatest volume loss observed in this group. Pathological analysis 
confirmed extensive tumor necrosis.
Conclusion: PpIX-loaded nanomicelles enhance SDT efficacy in breast tumors, demonstrating 
potential as a targeted delivery system. Repeated treatments may further inhibit tumor growth.
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Cancer is one of the serious public health problems 
worldwide. According to global demographic indicators, 
the incidence of cancer is predicted to increase in the next 
few decades (annually, more than 20 million new cases of 
cancer by 2025). Common methods of cancer treatment 
include surgery, chemotherapy, and radiotherapy. Some of 
the serious problems with these methods include systemic 
toxicity and side effects (1-3). Among these, breast cancer 
constitutes approximately one-third of all malignancies in 
women, and its mortality rate is about 15% of all diagnosed 
cases (4). Therefore, there is a need for a completely selective 
and non-invasive treatment. Given this issue, SDT is a 
candidate that can be considered alone or in combination 
with other treatments (3-6). Among its advantages are a 
greater penetration depth than photodynamic therapy 

(PDT), its non-ionizing nature, reduced side effects compared 
to radiation therapy, and its non-invasiveness (7, 8).

The most important tumor destruction mechanisms in 
SDT include cavitation, production of free radicals, and 
mechanical and thermal injuries (9). Cavitation caused by 
ultrasound waves leads to the formation of microbubbles in 
tissue fluids in a short period of time. Cavitation is classified 
into two categories: inertial and non-inertial. Inertial 
cavitation occurs in the presence of low-intensity acoustic 
waves. In fact, the intensity of these waves is not sufficient 
for the collapse of bubbles, and microbubbles oscillate 
continuously around an equilibrium radius in the presence 
of a sound field. At low frequencies and high intensities, 
transient cavitation occurs, with microbubbles oscillating, 
expanding, and collapsing, generating shock and shear 
waves that exert destructive effects on the tumor. When 
the intensity of ultrasound waves is sufficient to collapse 
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microbubbles, sonoluminescence may occur, leading 
to sono-toxic effects on cancer cells. Additionally, heat 
generated by cavitation can lead to the formation of free 
radicals, which play a fundamental role in cellular damage 
(10). In vitro and in vivo studies suggest that dual-frequency 
ultrasound increases cavitation efficiency by creating a more 
irregular environment than single-frequency ultrasound 
(11, 12). Furthermore, studies indicate that nanoparticles or 
nanomicelles, acting as nucleation sites for cavitation, lower 
the cavitation threshold, enabling effective outcomes at low 
intensities while preserving healthy tissue. We can mention 
that the selection of 800 and 2400 kHz ultrasound frequencies 
was both experimentally motivated and clinically feasible. 
They fall within the range used by standard physiotherapy 
ultrasound machines, thus susceptible to possible clinical 
application. In addition, previous studies have shown 
that simultaneous exposure to a low (800 kHz) and high 
(2400 kHz) frequency enhances cavitation performance 
through acoustic interference, with improved microbubble 
instability, ROS production, and tumor cell killing compared 
to single-frequency exposure. Therefore, in this study, using 
twin frequencies was intended to optimize the therapeutic 
efficacy of sonodynamic therapy (SDT) without exceeding 
clinically applicable levels (13). In SDT, the presence of 
three elements, including ultrasound waves, sonosensitizer, 
and oxygen, is essential (10). Most sonosensitizers respond to 
ultrasound frequencies between 0.2 and 3 MHz (14). Many 
photosensitizers can also be used as sonosensitizers. Acoustic 
sensitizers have disadvantages, including low water solubility, 
phototoxicity, limited targeting ability, and short circulation 
times in physiological environments, which have limited their 
clinical applications (12, 15). Given these limitations, there is 
a need for a drug carrier system with high biocompatibility 
and tumor-specificity, which can be used in clinical work to 
target cancer cells and address these limitations.

Among drug delivery systems based on nanotechnology, 
such as liposomes, nanotubes, and nanomicelles, 
nanomicelles offer distinct advantages for cancer treatment, 
including high drug loading capacity and a small size that 
allows deeper penetration into tumor tissues and increases 
bioavailability. Micelles are used to encapsulate poorly 
soluble drugs. In addition to increasing drug solubility 
through their outer hydrophilic layer, they prevent 
detection and capture by the reticuloendothelial system 
(RES), thereby increasing the drug’s circulation time in the 
biological environment.

Studies utilizing micelles loaded with sonosensitizers 
in SDT have demonstrated increased stability, uniform 
distribution of the sonosensitizer, and significant reduction 
in cell viability (16, 17). So, the sonosensitizer can be 
enclosed inside a micellar system so that, in addition to 
greater solubility in water, reduction of unwanted side 
effects, increase in biocompatibility, and their accumulation 
in the tumor, they have a better distribution (18).

In the present study, protoporphyrin IX (PpIX) was 
selected as a sonosensitizer, and to increase its water 
solubility, it was encapsulated in nanomicelles. And then the 
effect of SDT using PpIX-containing nanomicelles under 
simultaneous ultrasound irradiation at 800 kHz and 2400 
kHz (frequencies available in physiotherapy devices) on a 
breast tumor model in BALB/c mice was investigated.

Materials and Methods
Materials

PpIX disodium salt (molecular weight [MW] 606.62 

g⋅mol-1), Roswell Park Memorial Institute (RPMI) medium 
1640, Thiazolyl blue (MTT), trypsin-EDTA, trypan blue, 
penicillin/streptomycin, Phosphate-buffered saline (PBS), 
dimethyl sulfoxide (DMSO), Span 80 (MW 428.6 g⋅mol-1) 
and Tween 80 (MW 1310 g⋅mol-1) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was 
procured from Gibco (Invitrogen Corporation, Carlsbad, 
CA, USA). All other chemicals were of analytical grade.

Synthesis and characterization of PpIX-loaded 
nanomicelles 

Due to the high tendency of porphyrin dyes to form 
aggregates and dimers in aqueous solutions (19), they 
require a suitable encapsulation system to increase the 
quantum yield of the excited state and, as a result, singlet 
oxygen generation efficiency. At this stage, PpIX-loaded 
nanomicelles were prepared using a thin-film hydration 
method followed by sonication, as previously reported 
with minor modifications (20). Briefly, 20 mg of surfactant 
mixture (proportion 2:1 w/w, which corresponded to 6.66 
mg of Tween 80 and 13.34 mg of Span 80) was dissolved 
in 3 mL of ethanol in a round-bottom flask. PpIX (5 mg, 
25 % w/w of total surfactants) was dissolved in 1 mL of 
ethanol and added to the surfactant solution. The ethanol 
was evaporated via rotary evaporation for approximately 30 
min to form a thin film, which was then dried overnight 
under vacuum. The film was subsequently hydrated with 
2 mL of deionized water, sonicated for 5 min in an ice 
bath, and filtered through 0.22 µm RC membrane filters to 
remove unloaded PpIX or potentially large aggregates. The 
photosensitizer concentration in the resulting nanomicelles 
was determined via UV-vis spectroscopy after 20-fold 
dilution with deionized water. After formulation preparation, 
the UV–Vis absorption spectra and size distribution of 
the synthesized nanomicelles were characterized using a 
spectrophotometer (UNICO 2100-UV, China) and an SZ-
100 instrument (HORIBA, Japan), respectively.

Cell line and in vitro cytotoxicity assessment of PpIX
The 4T1 murine mammary carcinoma cell line was 

obtained from the Pasteur Institute of Iran (Tehran) 
cell bank, certified for authenticity and contamination-
free status. The 4T1 model was selected due to its 
clinicopathological resemblance to human triple-negative 
breast cancer, including rapid primary tumor growth and 
similar metastatic patterns. The cell line was kept in RPMI-
1640 culture medium and 10% FBS at 37 °C and 5% CO2. 
The culture medium was changed every 48 hr. RPMI-1640 
and FBS were purchased from Gibco, and trypsin-EDTA, 
MTT, and trypan blue were provided by Sigma-Aldrich.

The toxicity of the nanostructure was determined using 
the MTT assay in the 4T1 cell line. For this purpose, after 
incubating PpIX (both free and loaded in nanomicelles) 
for 3 hr at six concentrations (0, 5, 10, 15, 20, and 30 μM), 
the percentage of cell viability was determined. The optimal 
concentration that resulted in more than 80% viability was 
selected for in vivo experiments.

Animals
Male BALB/c mice were purchased from the Pasteur 

Institute, Karaj Branch, Iran, and used at 6–8 weeks of age 
(n=30, mean weight 22 g). The animals were maintained 
under specific pathogen-free conditions at 22–25 °C with a 
12 hr light/dark cycle. All animal procedures complied with 
the Animal Care and Use Committee-approved protocols of 
Mashhad University of Medical Sciences.
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In vivo study of the effects of SDT
After culturing and proliferating 4T1 cells in RPMI-

1640 medium supplemented with 10% FBS, the cells were 
harvested for injection into 8-week-old male inbred BALB/c 
mice. Before injection, the left flank hair of the animals was 
shaved, and 500,000 cells were subcutaneously injected to 
induce breast tumor models. The mice were then randomly 
divided into six groups (n=5 per group). For ultrasound 
(US) exposure, the Soleo Sono device (Zimmer Company) 
was used as the US source. Before treatment, the mice were 
anesthetized via intraperitoneal injection of 2% xylazine (6 
mg/kg) and ketamine (60 mg/kg). Therapy was initiated 
when tumors reached a volume of 100 mm³. The device 
generates frequencies of 800 kHz and 2400 kHz in both 
continuous and pulsed modes. The output intensity ranges 
from 0.1 to 1 W/cm² (small probe) and 0.1 to 3 W/cm² (large 
probe). In US-treated groups, 10 min after intratumoral drug 
injection (15 µM), tumors were exposed to dual-frequency 
US (800 + 2400 kHz) at 1 W/cm² intensity for 10 min.

Evaluating treatment efficacy
Evaluating the effect of treatment was done by 

measuring tumors’ dimensions in all groups using a 
calliper. Measurements were continued up to 20 days after 
treatment. Then the mice were sacrificed, and the tumors 
were removed for pathological study and to determine 
the percentage of tumor necrosis in different groups. To 
calculate the lost volume, first, the volume lost through 
necrosis (v1) was obtained as the product of the percentage 
of necrosis in the remaining tumor volume on the last 
day. Also, the treatment-induced inhibition volume was 
calculated as the difference between the tumor volume on 
the day of treatment and the last day (v2). Finally, the total 
lost volume was estimated from the sum of v1 and v2.

Statistical analysis
Statistical analysis of the data was performed using 

SPSS version 26. The Kolmogorov-Smirnov test, one-way 
ANOVA, and the Mann-Whitney test were utilized to assess 
normality and compare data at a 95% confidence level.

Results
Characterization of PpIX-loaded nanomicelles

Spectrophotometric analysis: The absorbance spectra of 
free PpIX (dissolved in water) and micelles containing PpIX 
(with a dye concentration of 0.01 mM in both samples) 
are shown in Figure 1. In the PpIX-loaded nanomicelles, 
an absorbance peak is observed at approximately 410 nm, 
which is absent in free PpIX.

DLS analysis revealed that the PpIX-loaded nanomicelles 
exhibited a mean hydrodynamic diameter of 106 nm (Figure 
2a) with a polydispersity index (PDI) of 0.61 (Table 1). The 
zeta potential measurement indicated a near-neutral surface 
charge of −8 mV (Figure 2 b).

In vitro cytotoxicity assessment of PpIX
The percentage of cell viability at various concentrations 

of PpIX and PpIX-loaded nanomicelles (5, 10, 15, 20, and 
30 µM) is presented in Figure 3. Free PpIX did not cause a 

Figure 2. Dynamic light scattering measurements (DLS) of PpIX-loaded nanomicelles (peak: 88.8 nm) and Zeta potential measurements (peak: -8 mV). PpIX 
concentration: 0.01 mM; surfactant to water ratio: 2.5 mM. PpIX: Protoporphyrin IX

Figure 1. UV-Visible spectra of free PpIX and PpIX-loaded nanomicelles 
(with a dye concentration of 0.01 mM in both). PpIX: Protoporphyrin IX

 

  

  

  

  

 

Table 1. Characterization data of protoporphyrin IX (PpIX)-loaded nanomicelles

Figure 3. In vitro cytotoxicity of PpIX (0–30 μM) after 3 hr incubation in 
4T1 murine mammary carcinoma cells, assessed by MTT assay
Data represent mean ± SD (n = 3). PpIX: Protoporphyrin IX
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significant reduction in cell viability at any concentration. 
However, PpIX-loaded nanomicelles significantly reduced 
cell viability at concentrations of 5, 20, and 30 µM compared 
to the control group (no drug). Based on these results, a 
concentration of 15 µM was selected for further studies.

In vivo effect of SDT
Relative tumor volume variations up to 11 days post-

treatment in different groups are presented in Figure 4. The 
Kolmogorov-Smirnov test indicated that the data on relative 
tumor volumes at different days post-treatment did not 
follow a normal distribution. Additionally, a preliminary 
analysis confirmed that there were no significant differences 
in tumor dimensions on the treatment day (100 cm3). 
Due to mortality beyond day 11, the mean relative tumor 
volume for each group was calculated for the first 11 days 
post-treatment and compared using the Mann-Whitney 
U test at a 95% confidence level. As shown in Figure 4, a 
significant difference was observed between the SDT group, 
mediated by PpIX-loaded nanomicelles, and the control 
group, the free PpIX group, and the ultrasound-alone group 
(P<0.05). Additionally, the SDT group using free PpIX 
showed a significant difference compared to the control 
group (P<0.05).

Percentage of tissue volume lost
The average volume of tissue loss across groups is 

shown in Figure 5. Negative values in the graph indicate an 
increase in relative tumor volume. As observed, the control 
group and the groups receiving free PpIX or PpIX-loaded 
nanomicelles show no increase in volume and no decrease 
in tissue volume. The greatest increase in tumor volume 
was observed in the control group, whereas the greatest 
reduction in tumor volume was observed in the SDT group 
treated with PpIX-loaded nanomicelles.

Discussion
SDT is an adjuvant cancer treatment method with a 

controllable depth of penetration and minimal side effects 
(21). In SDT, the cytotoxic effects of drugs (sonosensitizers) 
on tumor cells are enhanced by ultrasound exposure. 

This approach leverages both physical effects (such as 
mechanical stress and cavitation) and biochemical effects 
(such as reactive oxygen species, ROS) to induce cellular 
damage and apoptosis, and inhibit tumor growth. However, 
most sonosensitizers are hydrophobic, leading to their 
aggregation in biological environments, reduced water 
solubility, and diminished ROS production. Additionally, 
many sonosensitizers exhibit poor pharmacokinetic 
properties and are rapidly cleared from the vascular 
system, which limits their presence at pathological sites. 
Furthermore, their non-specific biological distribution and 
poor selectivity result in only a small fraction reaching the 
target sites. This insufficient intracellular concentration of 
sonosensitizers may fail to induce a therapeutic effect (21). 
On the other hand, nanomicelles, due to their small size, 
good biocompatibility, and ability to encapsulate lipophilic 
drugs in their core, have demonstrated their effectiveness 
as nanocarriers in drug delivery (22). It should be noted 
that the relatively neutral charge of the nanomicelles can be 
attributed to the nonionic nature of the surfactants used in 
the formulation.

In the present study, nanomicelles containing the 
sonosensitizer PpIX were prepared, and the sonodynamic 
effects mediated by these nanostructures were investigated 
in a 4T1 breast tumor model in BALB/c mice. The 
synthesized nanomicelles enhanced the PpIX absorbance 
peak at 410 nm. Given that the sonoluminescence 
spectrum, light emission from collapsing bubbles in a liquid 
induced by ultrasound, exhibits maximum intensity in the 
violet and blue region, its intensity decreases exponentially 
with increasing wavelength (23). It appears that the 
synthesized nanomicelles can increase sonoluminescence 
efficiency, thereby improving the therapeutic effects of SDT. 
Additionally, by enhancing the drug absorbance peak at a 
wavelength corresponding to the sonoluminescence peak, 
these nanostructures may also enable cells to benefit from 
PDT. Liu et al. used micelles loaded with the sonosensitizer 
hypocrellin and observed uniform distribution of 
hypocrellin in the tumor after ultrasound irradiation. 
They also reported a significant increase in ROS levels and 
subsequent cell death (17).

Figure 4. Mean of relative tumor volume until 11 days post-treatment in different mouse groups
Control, treated with 100 µl physiological serum; free PpIX, treated with 100 µl PpIX at concentration 15 µM; PpIX-loaded nanomicelles, treated with 100 µl PpIX at concentration 
15 µM; US, tumors irradiated with ultrasound wave alone; free PpIX+US, tumors irradiated with ultrasound wave 10 min after injection of 100 µl PpIX at concentration 15 µM; 
PpIX-loaded nanomicelles+US, tumors irradiated with ultrasound 10 min after injection of 200 µl PpIX at concentration 15 µM. Data represent mean ± SEM (n = 5).
PpIX: Protoporphyrin IX
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In this study, all groups achieved a relative reduction in 
tumor volume compared to the control group within the 
first seven days. However, this reduction was significant 
only in the groups treated with SDT mediated by PpIX-
loaded nanomicelles or with free PpIX. These results may 
indicate the sonosensitizing effect of PpIX. Sazgarnia et al. 
also investigated the sonodynamic effect of PpIX conjugated 
with gold nanoparticles (GNP). Their results showed that the 
sonosensitizing effect depended on the concentration of the 
conjugate, with higher drug concentrations or irradiation 
intensities enhancing it (24). Similarly, Liu et al. compared 
the sonosensitizing effects of PpIX and hematoporphyrin 
(HP) and found that PpIX exhibited greater cytotoxic effects 
than HP (25).

Given that a reduction in tumor volume was observed on 
the fourth day post-treatment in the group treated with SDT 
mediated by PpIX-loaded nanomicelles, followed by tumor 
regrowth (Figure 4), it appears that repeating the treatment 
on the fourth day may inhibit tumor growth. Alamolhoda et 
al. investigated the effects of dose fractionation and repeated 
SDT with dual-frequency ultrasound on a mouse model of 
breast adenocarcinoma. They demonstrated that repeated 
ultrasound doses at two, three, and four sessions were more 
effective in delaying tumor growth compared to a single 
treatment. Additionally, dose fractionation significantly 
reduced tumor growth rate, even compared to four sessions 
of repeated ultrasound treatment (11). The greatest reduction 
in tumor volume was observed in the group treated with SDT 
mediated by PpIX-loaded nanomicelles (Figure 5). Martins 
et al. conducted a similar study investigating the effects of 
SDT on micelles loaded with zinc phthalocyanine (ZnPc@
Micelle). The measured cavitation and ROS levels in the 
ZnPc@Micelle group increased with prolonged irradiation 
time. The micelles also enhanced the stability of the 
sonosensitizer and increased drug release by up to 40-fold 
after ultrasound irradiation compared to the non-irradiated 
group (15). They concluded that the increased stability of 

ZnPc and its enhanced release upon ultrasound irradiation 
could be attributed to its encapsulation within nanomicelles 
(16). In the present study, intratumoral delivery was used to 
achieve localized delivery and directly assess the therapeutic 
efficacy of PpIX-loaded nanomicelles in a controlled tumor 
model. For clinical applicability, however, systemic delivery 
(e.g., intravenous injection) represents a more feasible and 
patient-compliant delivery route. Future research should 
therefore examine the pharmacokinetics, biodistribution, 
and tumor accumulation of PpIX nanomicelles following 
systemic delivery.

By virtue of their nanoscale size (~100 nm) and almost 
neutral surface charge (−8 mV), the nanomicelles will 
likely benefit from the EPR effect to accumulate passively in 
tumor tissue via leaky tumor vasculature and compromised 
lymphatic drainage. Physicochemical factors, such as 
particle size, surface charge, and hydrophilicity, can also be 
optimized to enhance EPR-based targeting efficiency.

Furthermore, active targeting strategies (e.g., conjugation 
with tumor-specific ligands or antibodies) can be explored 
to complement EPR-mediated accumulation and reduce 
off-target distribution. These studies will establish the 
feasibility of systemic administration and the translational 
potential of PpIX-loaded nanomicelles as clinically feasible 
sonosensitizer delivery systems for SDT (26, 27).

Conclusion
Based on this study’s results, PpIX appears to be a suitable 

sonosensitizer. Using nanomicelles as a drug delivery system 
for PpIX not only enhances its solubility and uniform 
distribution but also increases cavitation efficiency under 
ultrasound irradiation. Furthermore, this nanomicellar 
structure, by amplifying the optical absorption peak of 
PpIX in the region corresponding to the sonoluminescence 
spectrum, may enable simultaneous PDT during SDT, 
thereby improving treatment efficacy. Therefore, by 
employing dosimetry methods and identifying the types of 

Figure 5. Percentage of lost tissue volume in mouse treatment groups
Control, treated with 100 µl physiological serum; Control, treated with 100 µl physiological serum; free PpIX, treated with 100 µl PpIX at concentration 15 µM; PpIX-loaded 
nanomicelles, treated with 100 µl PpIX at concentration 15 µM; US, tumors irradiated with ultrasound wave alone; free PpIX+US, tumors irradiated with ultrasound wave 10 min 
after injection of 100 µl PpIX at concentration 15 µM; PpIX-loaded nanomicelles+US, tumors irradiated with ultrasound 10 min after injection of 100 µl PpIX at concentration 15 
µM. Data represent mean ± SEM (n = 5). PpIX: Protoporphyrin IX
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free radicals generated in the environment, the concurrent 
occurrence of PDT and SDT should be assessed.

It is evident that a single treatment session is insufficient 
to completely inhibit tumor growth, and repeated treatments 
are necessary. By repeating the treatment on the fourth day, 
it is expected that the tumor growth rate will be reduced.

In summary, this study provides preliminary evidence 
of the effectiveness of SDT mediated by dual-frequency US 
and PpIX-loaded nanomicelles in a breast tumor model in 
BALB/c mice.
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