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Abstract 

The metastasis of breast cancer is believed to have a negative effect on its prognosis. Benefiting from the remarkable 
deep-penetrating and noninvasive characteristics, sonodynamic therapy (SDT) demonstrates a whole series of poten-
tial leading to cancer treatment. To relieve the limitation of monotherapy, a multifunctional nanoplatform has been 
explored to realize the synergistic treatment efficiency. Herein, we establish a novel multifunctional nano-system 
which encapsulates chlorin e6 (Ce6, for SDT), perfluoropentane (PFP, for ultrasound imaging), and docetaxel (DTX, for 
chemotherapy) in a well-designed PLGA core–shell structure. The synergistic Ce6/PFP/DTX/PLGA nanoparticles (CPDP 
NPs) featured with excellent biocompatibility and stability primarily enable its further application. Upon low-intensity 
focused ultrasound (LIFU) irradiation, the enhanced ultrasound imaging could be revealed both in vitro and in vivo. 
More importantly, combined with LIFU, the nanoparticles exhibit intriguing antitumor capability through Ce6-
induced cytotoxic reactive oxygen species as well as DTX releasing to generate a concerted therapeutic efficiency. 
Furthermore, this treating strategy actives a strong anti-metastasis capability by which lung metastatic nodules have 
been significantly reduced. The results indicate that the SDT-oriented nanoplatform combined with chemotherapy 
could be provided as a promising approach in elevating effective synergistic therapy and suppressing lung metastasis 
of breast cancer.
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Introduction
Breast cancer has haunted women for years as one of 
the most threatening malignant tumors. Due to the high 
heterogeneity and high metastatic ability, it is reported 
that the distant metastasis of breast cancer accounted for 

more than 90% of its mortality, whereas the 5-year sur-
vival rate of advanced or metastasized patients is only 
26%, resulting in a poor clinical outcome [1–3]. The neg-
ative characterization of breast cancer has made it hard 
to be completely cured, promoting the treating strategy 
to be more challenging in eliminating the primary tumor 
as well as the distant metastasis.

Traditional therapeutic approaches such as surgery and 
chemotherapy are still considered to be effective in treat-
ing breast cancer [4]. Among all the chemotherapeutic 
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drugs, docetaxel (DTX) is playing a significant role in 
treating metastatic breast cancer (MBC) and advanced 
breast cancer (ABC) [5]. As the first-line antitumor 
drug synthesized by the chemical substances in the yew 
tree, the anti-tumor effect of DTX is mainly achieved by 
destroying mitosis and cell proliferation [6]. Owning to 
its extensive antitumor efficiency, DTX is becoming one 
of the most effective chemotherapeutic agents in treating 
breast cancer [7]. However, chemotherapy agent usually 
induces undesirable effects as well as whole-body toxicity, 
which have restricted the therapeutic efficiency greatly 
[8]. Besides, different clinical stages and various personal 
conditions reveal that a single therapeutic approach may 
not be efficient enough to meet all the expectations in 
breast cancer treatment. Hence, there is an urgent need 
to curb the toxic side effect and enhance treating effec-
tiveness of DTX in the future application requirements.

Ultrasound was first explored in clinical diagnosis due 
to its extraordinary advantages such as radiation-free, 
noninvasiveness, and cost-effectiveness [9, 10]. Despite 
the unique features mentioned above, it has also gained 
a lot of attention in the therapeutic prospects based on 
nanostructured materials [11]. Sonodynamic therapy 
was initially realized by the cavitation and ‘sonopora-
tion effect’ triggered by ultrasound. The generation of 
ROS during this process induces cytotoxicity toward 
cancer cells effectively, leading to rapid DNA damage 
and apoptosis of tumor cells [9]. Unlike the superfi-
cial employment of photodynamic therapy (PDT), SDT 
receives a more pleasant therapeutic outcome in treat-
ing deep-seated tumors by low-intensity focused ultra-
sound (LIFU), which owns merits to prevent undesirable 
thermal injury during treatment [12, 13]. As one of the 
essentials in SDT, sonosensitizers have been explored 
in various tumor therapies [14]. Chlorine e6 (Ce6) was 
originally employed as a common photosensitizer, but its 
desirable therapeutic capability and excellent affinition to 
tumor tissue have made it capable of applying as a sono-
sensitizer as well [15]. Played as a second generation of 
chlorine family, Ce6 has aroused an extensive attention 
in tumor treatment for its desirable ROS generation [16]. 
However, the single application of Ce6 has constantly 
aroused instability as well as undesirable skin toxicity, 
which have all limited the extensive SDT exploration.

In recent years, the development of nanotechnology 
has played a very important role in many fields, including 
biosensing, environmental pollution, and contaminant 
degradation [17–23]. Nanotechnology-based nanopar-
ticles have many advantages, such as smaller diameter, 
larger external surface area, and lower internal diffu-
sion resistance [24]. Previously, nanoparticles have been 
involved in the application of various materials such as 
MOF [25], titanium dioxide [26], and graphene [21]. The 

rapidly growing trend of nanotechnology combined with 
cancer treatment has also been explored broadly, pav-
ing a feasible way in promoting a combined therapeu-
tic strategy [27]. To realize effective tumor therapeutic 
applications, the delicately designed nanoparticles are set 
primarily to improve the toxic chemotherapy agent trans-
portation efficiency via the enhanced permeability and 
retention (EPR) effect, enabling an increased accumula-
tion in the tumor site [28, 29]. Additionally, the unwanted 
side effect could also be decreased through encapsulation 
of chemotherapy. It has been reported that perfluoropen-
tane (PFP) owns an outstanding capacity of transforming 
from liquid phase to gas phase under irradiation, which 
could be applied as a novel ultrasound molecular probe, 
especially in ultrasonic imaging and treatment [30]. More 
importantly, the initial liquid phase enables PFP to be 
readily encapsulated in various materials [31]. Besides, 
the encapsulation of PFP can greatly improve ultrasound 
imaging capability at tumor site according to the EPR 
effect mentioned above and avoid size limitation aroused 
by larger micrometer-sized microbubbles. Except for 
tumor imaging, the combination of multiple therapeutic 
approaches is of enormous value in nanosystem-oriented 
cancer treatment. Specifically, practices including the 
integration of sonodynamic therapy and chemotherapy 
have put emphasis to revolutionize the traditional thera-
peutic efficiencies. Xu et  al. [32] demonstrated that due 
to SDT, an enhanced therapeutic result could be revealed 
with chemotherapy drugs and thus led to the activation 
of mitochondria-targeted tumor cell apoptosis. This pat-
tern unveils the synergistic treatment, which is highly 
concerned in future utilization.

Herein, with the inspirations mentioned above, we 
intent to exert the all-in-one nanoparticles (CPDP NPs) 
to establish a diagnostic and therapeutic system, which 
is realized by the SDT-oriented synergistic therapy com-
bined with chemotherapy, as well as the enhanced ultra-
sound imaging. Owning to the excellent safety and ideal 
metabolic stability as a desirable nanocarrier, PLGA has 
made it favorable in exploring various antitumor capa-
bilities [33, 34]. Hence in this strategy, using PLGA as the 
outside layer material, PFP could significantly enhance 
ultrasound imaging through its phase-shift capability 
triggered by LIFU, while Ce6, a desirable second-gen-
eration sonosensitizer, could also be exposed to LIFU 
to induce ROS generation. Additionally, accompanied 
by DTX releasing, both chemotherapy and SDT will 
be realized to achieve a synergistic therapy ultimately. 
Importantly, the core–shell structure of CPDP NPs can 
be administrated steadily without hurting normal tissues 
or cells and also enables nanoparticles to have a relatively 
higher encapsulation efficiency [35]. Moreover, con-
tents could be well protected in this core–shell structure 
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[36–38], especially for PFP, which can be effectively trans-
formed from liquid to gas due to the structure existence. 
Using this core–shell structure, the synergistic strategy 
could be simultaneously demonstrated in a more stable 
way. Firstly, the synergistic strategy helps to significantly 
reduce the side effect of DTX by effective encapsula-
tion, which is of great importance to relieve the suffering 
in treating malignant and aggressive tumors; secondly, 
compared with single chemotherapy, the combination of 
SDT and chemotherapy has been verified to be a promis-
ing strategy to strengthen therapeutic efficiency. Thirdly, 
the enhanced ultrasound imaging realized by PFP has 
optimized the diagnostic strategy and also helped to 
verify the antitumor effectiveness. Last but not the least, 
the whole system is safe and stable with excellent bio-
compatibility. It is highlighted that in this strategy, lung 
metastasis as well as tumor growth have been remark-
ably inhibited both in vitro and in vivo. In conclusion, the 
synergistic strategy demonstrated a productive treatment 
efficacy against breast malignant tumor and its distant 
metastasis, and combined with its ultrasound imaging 
capability, it might become the promising treating strat-
egy in further clinical application.

Materials and Methods
Materials
PLGA-COOH (Mw 12,000  Da) was purchased from 
Jinan Daigang Biomaterial Co., Ltd (Jinan, China). Per-
fluoropentane (PFP) and agarose were obtained from 
Sigma-Aldrich Co., Ltd. (St. Louis, MO). Chlorin e6 
(Ce6) was purchased from Melone Pharmaceutical Co., 
Ltd. (Dalian, China). Cell Counting Kit-8 (CCK-8) cyto-
toxicity assay kit was obtained from Dojindo Molecular 
Technologies (Tokyo, Japan). 2′,7′-Dichlorodihydrofluo-
rescein diacetate (H2DCFDA) was purchased from Med-
ChemExpress Co., Ltd. (NJ, USA). Propidium iodide (PI) 
was obtained from Solarbio Science and Technology Co. 
Ltd. (Beijing, China). Annexin V-FITC/PI was obtained 
from BD Biosciences (USA). Docetaxel (DTX) was pur-
chased from MedChemExpress Co., Ltd. (NJ, USA). All 
other reagents were analytical pure products without fur-
ther purifications. Roswell Park Memorial Institute 1640 
medium (DMEM), fetal bovine serum, and tyrisin were 
purchased from Gibco (ThermoFisher Scientific, USA) 
and UV spectrophotometer (UV–Vis, Hitachi, Japan).

Synthesis of CPDP NPs
Ce6-PFP-DTX/PLGA nanoparticles (CPDP NPs) were 
prepared by a W/O/W double emulsion method accord-
ing to the previous report [39, 40]. Briefly, 2  mg Ce6 
was firstly dissolved in 500 μL methanol. Next, 50 mg of 
PLGA-COOH and docetaxel (2  mg)  were dissolved in 
4  mL dichloromethane, and then, the previous solution 

was simultaneously added into it. Then, 200 μL PFP  was 
added to the above solution. In consequence, the mixture 
was triggered by an ultrasonic probe (Sonics & Mate-
rials Inc., USA) to gain a first emulsion (5  s on and 5  s 
off, 3  min). To acquire the second emulsion, 8  mL of a 
poly(vinyl alcohol) (PVA) solution (w/v = 4%) was added 
into the above emulsion, using the same ultrasonic probe 
for 2 min. After adding 10 mL 2% isopropyl alcohol into 
the final emulsion, the solution was mixed under room 
temperature mechanically for at least 4 h to make dichlo-
romethane volatilized totally. Finally, CPDP NPs were 
centrifugated for three times (12,000  rpm, 5  min) and 
then collected and stored at 4 °C for further use. The PDP 
NPs were prepared in the same way except for Ce6. All 
experimental processes were operated above ice and con-
ducted strictly in the dark.

Characterization of CPDP NPs
The particle size and zeta potential of CPDP NPs and 
PDP NPs were realized by Malvern Zetasizer Nano 
instrument (Malvern, UK). The morphology was charac-
terized by transmission electron microscopy (TEM) and 
optical microscopy. To evaluate the stability, CPDP NPs 
were dissolved in phosphate-buffered solution (PBS) and 
measured the sizes of 7  days, respectively. Each sample 
was in triplicate measured. The encapsulation efficiency 
of CPDP NPs was calculated through the following 
formula:

Encapsulation efficiency (%) = (Weight of loading DTX 
or Ce6/Weight of total DTX or Ce6) × 100%. To verify the 
encapsulation of the various materials, UV–Vis spectra 
of various samples were investigated (UH5300, Hitachi). 
The effective encapsulation was also analyzed by TEM.

Drug‑Releasing Rate of CPDP NPs
To evaluate the drug-releasing ability of Ce6 and DTX 
in CPDP NPs, two solutions with different pHs (phos-
phate buffer solution, PBS: 7.4, acetate buffer solution, 
ABS: 5.6) were utilized to test the cumulative releasing 
efficiency. Briefly, CPDP NPs were firstly dispersed with 
1 mL PBS or ABS after the mixture was sealed into a dial-
ysis bag (Mw: 10,000); the whole solution was then trans-
ferred into a glass bottle (total volume: 150 mL) in which 
149 mL PBS or ABS was added to keep the total solution 
volume at 150 mL. The glass bottle was then placed into 
a 37  °C  constant temperature shaker, and at different 
periods (0.5, 1, 2, 4, 8, 12, 24, 48, 72 h), the solution was 
collected and immediately supplemented with the same 
volume of medium. Each group was repeated three times. 
Finally, the concentrations of Ce6 and DTX were meas-
ured by Synergy Hybrid Multi-Mode Read (BioTek, USA) 
at 403 and 229  nm, respectively, and the drug-releasing 
rate at each time point was calculated.
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In Vitro Ultrasound Imaging
To investigate the ultrasonic capability of CPDP NPs, 
the emulsion (1  mg/mL) was firstly triggered by a 
low-intensity focused ultrasound (LIFU) transducer 
equipment (Ronghai Ultrasonic Medical Engineer-
ing Research Center, Chongqing, China), and the con-
ducting pattern was set as 50% duty cycle, 1  s pulse 
duration under different intensities (1–2  W/cm2) for 
different duration times. For ultrasound imaging, irra-
diated CPDP NPs were added into the previous pre-
pared agarose model, respectively, using Philips EPIQ5 
ultrasound diagnostic instrument (probe frequency: 
12 MHz, MI: 0.06) to observe both 2D and CEUS imag-
ing of CPDP NPs. Meanwhile, ImageJ software was 
applied to analyze the grayscale value of each group.

Cellular Uptake and In Vitro ROS Generation of CPDP NPs 
by LIFU Irradiation
The murine breast cancer cell line 4T1 was obtained 
from Shanghai cell bank of the Chinese Academy of Sci-
ences (Shanghai, China) and incubated in RPMI 1640 
medium mixed with 10% FBS and 1% streptomycin/
penicillin at 37 °C in a 5%  CO2 humidified incubator.

4T1 cells were first incubated as previous condition 
at a density of 1 ×  104 cells per dish to test the cellu-
lar uptake using CLSM in different time intervals (1 h, 
2 h, 4 h, 8 h). To verify the ROS generation, cells were 
separated into the following 5 groups: control, CPDP 
NPs, LIFU, Ce6 + LIFU, CPDP NPs + LIFU. After 
24-h conventional culture, the medium was replaced 
by CPDP NPs (200  μL, 0.8  mg/mL) or Ce6 solution 
(200 μL), respectively, and the cells were co-incubated 
for another 3  h. Then, LIFU irradiation (2  W/cm2, 
120 s) was conducted, respectively, according to differ-
ent groups. After co-incubation and LIFU treatment, 
100 μL diluted DCFH-DA solution was added, and 
each group was cultured in the previous incubator for 
15 min. A confocal laser scanning microscope (CLSM) 
was used to confirm the result of reactive oxygen spe-
cies production, and the corresponding fluorescence 
intensities were measured by ImageJ software.

In Vitro Cytotoxicity and Concerted Treatment Capability 
of CPDP NPs
A CCK-8 assay was applied to assess the cytotoxicity of 
CPDP NPs. Briefly, 4T1 murine breast cancer cells were 
incubated in a 96-well plate, with a density of 1 ×  104 
per well for 24  h. Then, CPDP NPs were diluted with 
serum-free RPMI 1640 medium at various concentra-
tions (0,0.2,0.4,0.6,0.8  mg/mL, n = 3), with or without 
LIFU irradiation (2  W/cm2, 120  s). After another 24  h 

of cocultured process, the cell viability of 4T1 cells was 
performed.

To evaluate cell apoptosis efficiency of concerted treat-
ment, 4T1 cells were cocultured as previous for 24  h 
and then separated into five following groups: (1) con-
trol (without any treatments), (2) LIFU (only with LIFU 
exposure at 2  W/cm2), (3) CPDP NPs (only with CPDP 
NPs solution at 0.8 mg/mL), (4) PDP NPs + LIFU and (5) 
CPDP NPs + LIFU. After various nanoparticles coincuba-
tion (200 μL) and LIFU exposure, each group was treated 
with annexin V (5 μL) and propidium iodide (5 μL) dou-
ble staining for 20  min and analyzed through a flow 
cytometry protocol.

In Vitro Inhibition of Cell Metastasis
To investigate the inhibition of cell metastatic ability, 
wound healing assay and transwell assay were designed. 
For wound healing assay, 4T1 cells were convention-
ally cultured as previous in the 6-well plate. After cell 
growth to an 80% confluency, a pipette tip (10  μL) was 
applied to conduct a manmade scratch along the center 
of the 6-well plate. Then, cells were treated in the same 
groups mentioned above. After a continuously coincuba-
tion for 24 h, the cells were washed with PBS 3 times and 
observed under optical microscopy (Olympus, Japan).

For transwell assay, the top compartment of the tran-
swell chamber (Corning, San Diego, USA) was primarily 
applied to imitate the extracellular matrix in  vivo. 4T1 
cells at a density of 1 ×  105 cells per well were seeded into 
the upper chamber in a serum-free RPMI 1640 medium, 
while the bottom compartment was filled with a com-
plete culture medium mixed with 10% FBS. Then, cells 
were separated as the same as above groups and treated 
for 24  h, respectively. After that, cells in the bottom 
surface were fixed with paraformaldehyde and stained 
with crystal violet. The results were observed with light 
microscopy (Olympus, Japan).

In Vivo Ultrasound Imaging
Healthy female BALB/c mice (4  weeks) and Kunming 
mice (4  weeks) were obtained from Ningxia Medical 
University Laboratory Animal Center. All animal experi-
ments were conducted under the guideline approved by 
the Animal Welfare Ethics Review Committee of Ningxia 
Medical University. To establish the mice tumor-bearing 
model, BALB/c mice were inoculated with 4T1 breast 
cancer cells (1 ×  107/mL) at the right flank. After tumor 
size grew to 60–80  mm3, BALB/c mice were injected with 
CPDP NPs (200 μL, 1 mg/mL) through the tail vein intra-
venously. 24  h later, tumor sites of the mice were con-
ducted with LIFU (2 W/cm2, 120 s), and then, the 2D and 
CEUS imaging were acquired through the Philips EPIQ5 
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ultrasound diagnostic instrument mentioned previously. 
The grayscale analysis was measured by ImageJ software.

In Vivo Synergistic Therapeutic Efficiency of CPDP NPs
After  4T1 cancer cells inoculation,  the size of the 
tumor was recorded every two days, and the volume 
of the tumor was calculated by the formula as: Vol-
ume = 1/2 × Length ×  Width2. Tumor size and mice 
body weight were recorded every 2 days, while the pic-
tures of tumor growth were recorded every 3 days. 
When tumor volume reached 60–80  mm3, mice with 
similar tumor size were randomly divided into the same 
five groups: control, LIFU, CPDP NPs, PDP + LIFU, and 
CPDP NPs + LIFU (n = 3). Each group was intravenously 
injected with various NPs (200 μL) via tail vein except for 
control group (200  μL PBS instead). Twenty-four hours 
later, the tumor site was exposed with LIFU irradiation 
(2 W/cm2) for 120 s. The whole SDT administration was 
repeated every 3 days and lasted for 18 days. The body 
weight and tumor volume of the mice were measured 
and calculated. After the treatment, mice were killed and 
tumor tissues were sent to H&E, TUNEL, and PCNA for 
furtherhistological analysis.

Biosafety of CPDP NPs In Vivo
To investigate the biosafety of CPDP nanoparticles 
in  vivo, healthy female Kunming mice (n = 3) were sep-
arated into the following 4 groups: control, 5  mg/mL, 
10 mg/mL, and 20 mg/mL. The CPDP NPs (200 μL) were 
injected through the mice tail vein; then, the mice were 
free access to food and water without any further admin-
istration. The bodyweight of mice was measured every 
2  days. After 30  days, mice were killed and the blood 
samples were collected for blood cell and biochemistry 
analysis. The major organs (heart, liver, spleen, lung, and 
kidney) were collected and investigated for H&E staining, 
respectively.

In Vivo Inhibition of Lung Metastasis
To evaluate the lung metastasis inhibition of each group, 
the whole process was conducted by observing the num-
ber of metastatic nodules in the lung as well as an H&E 
staining histology assessment. After all the mice were 
euthanized, the lung tissues were removed and fixed; 
then, photographs of cancer nodules were taken and lung 
tissues were further analyzed with H&E staining.

Statistical Analysis
Measurement data were all performed 3 times and 
expressed as mean ± standard deviation (SD) and ana-
lyzed by one-way ANOVA or a standard Student’s t 

test through the SPSS software (version:19.0), while p 
value < 0.05 was considered to be statistically significant.

Results
Characterization of CPDP NPs and Drug‑Releasing 
Efficiency
A double emulsion method was applied in fabricating 
CPDP NPs, which encapsulated both phase-shift mate-
rial PFP, sonosensitizer Ce6, and chemo-drug DTX 
simultaneously. When dispersed into PBS or deion-
ized water, the solution presented a light gray appear-
ance. CPDP NPs exhibited a homogeneous spherical 
shape and a clear core–shell structure, whether being 
observed via optical microscopy or transmission elec-
tron microscopy (Fig.  1a, b). The mean diameters of 
CPDP NPs and PDP NPs were 249.5 ± 77.46  nm and 
246.6 ± 81.01  nm, and the average surface zeta poten-
tials were −  18.47 ± 0.55  mV and −  3.987 ± 0.66  mV, 
respectively (Fig.  1c, d). The size of CPDP NPs guar-
anteed that it could be accumulated into the tumor 
site passively through the EPR effect [40]. The differ-
ent charge between CPDP NPs and PDP NPs is mainly 
due to the negatively charged Ce6 [41]. In addition, the 
negative zeta potential of CPDP NPs indicated a lower 
plasma protein adsorption, verifying the relative stabil-
ity of nanoparticles. The particle size distributions were 
maintained between a range of 249.5 and 385.1  nm in 
7 days (Fig. 1e), demonstrating the relative steadiness of 
CPDP NPs. According to the standard curve, the encap-
sulation efficiency of DTX and Ce6 was 83.84 ± 1.39% 
and 60.54 ± 3.79%, respectively.

As the  drug-releasing efficiency of Ce6 and DTX 
from CPDP NPs  indicated in Fig.  1f,  g, a nearly two-
fold increase of DTX-releasing index was recorded at 
pH 5.5 compared with nanoparticles dissolved in pH 
7.4, which indicated the reasonable drug-releasing rate 
of DTX could be achieved effectively in an acid tumor 
microenvironment. The above results in all exhibited 
the delicate designed CPDP NPs can exert a steady and 
timely chemotherapeutic drug release in the acid tumor 
environment, and also fundamentally desirable to be 
prepared for SDT.

As the UV–Vis exhibited, DTX and Ce6 revealed 
unique absorption peaks in 229  nm and 403  nm, 
respectively, and on the contrary, PFP/PLGA showed 
none of the peaks. It should be noted that the spectrum 
of CPDP NPs exhibited the similar peaks both near the 
above two wavelengths, while the rest showed the same 
tendency of PFP/PLGA spectrum, indicating the suc-
cessful encapsulation of the various materials (Fig. 1h). 
To further verify the effective encapsulation, Fig.  1i 
indicated PFP/PLGA nanoparticle owns a much thinner 
shell and the round core, while the CPDP nanoparticle 
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reveals a relatively thicker shell and the oval-shaped 
core due to the encapsulation of both DTX and Ce6.

In Vitro Ultrasound Imaging
It is highlighted that PFP owns excellent phase-shift 
ability. The liquid-to-gas transformation not only helps 
nanoparticles aggregate within the tumor site but also 
entitles its capability to enhance the efficiency of ultra-
sound imaging [42]. To demonstrate that, LIFU irra-
diation was applied as a trigger to induce the phase 
transformation of PFP, namely the acoustic droplet 
vaporization (ADV) effect [43]. The results showed that 
the grayscale intensities were kept at a relatively low 
level before LIFU irradiation, while after the intensity 

and irradiating time of LIFU increased, the tendency of 
enhanced ultrasound imaging was revealed both in 2D 
and in CEUS (Fig. 2a). The acoustic analysis of ImageJ 
further convinced the result by elevated grayscale value 
(Fig. 2b, c), which was consistent with the imaging find-
ings. It should be noted that the most significant result 
of 2D and CEUS gained when LIFU intensity achieved 
2 W/cm2 and lasted for 120 s. The results above dem-
onstrated that PFP was successfully encapsulated in 
CPDP NPs, and ultrasound imaging capability had been 
significantly promoted under higher intensity as well as 
longer time of LIFU administration.

Fig. 1 a TEM (scale bar: 500 nm) and b light microscope image of CPDP NPs (scale bar: 20 μm). c Size distribution and d zeta potential of PDP 
NPs and CPDP NPs. e The size distribution of CPDP NPs within 7 days. f The releasing rate of Ce6 and g the releasing rate of DTX under different 
conditions (pH 7.4 and pH 5.6, n = 3). h The UV–Vis spectrum of Ce6, DTX, PFP/PLGA and CPDP NPs, respectively. The arrows of CPDP NPs show the 
characteristic peaks of Ce6 and DTX, indicating the effective encapsulation of both materials. i The TEM result of two nanoparticles. The PFP/PLGA 
nanoparticle exhibits the thin shell and the round core (left). The CPDP nanoparticle encapsulated both Ce6 and DTX shows the much thicker shell 
and the oval-shaped core (right)
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Fig. 2 a Ultrasound images of both 2D and CEUS under different LIFU intensities and duration times. b The corresponding grayscale intensity at 
different intensities and time of 2D imaging and c CEUS imaging (**p < 0.01, n = 3)

Fig. 3 The 4T1 cellular uptake of CPDP NPs during different time intervals (Blue: DAPI stained 4T1 cells. Red: DiR-labeled CPDP NPs, the scale bar is 
50 μm)
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Cellular Uptake and In Vitro ROS Generation of CPDP NPs 
by LIFU Irradiation
As the CLSM result showed in Fig. 3, the cellular uptake 
of CPDP NPs exhibited an enhanced trend in different 
time intervals, reaching the most significant aggregation 
at the 8-h coincubation.

The main strategy of sonodynamic therapy (SDT) is the 
generation of ROS—a series of single-electron reduction 
products—to induce cancer cell apoptosis and inhibit cell 
proliferation [44]. It is highlighted that when exposed to 
ultrasound, the sonosensitizer is prone to trigger ROS 
production; meanwhile, a considerable amount of energy 
will be released during the whole process [45]. Given 
that both ultrasound and sonosensitizer are dispensable 
elements to promote SDT, hence, the intracellular ROS 
generation was designed and analyzed to investigate the 
differences between divided groups. According to Fig. 4a, 
the amount of ROS generated by the free Ce6 plus LIFU 
irradiation group was negligible, which may because the 
rapid metabolism of free Ce6 leads to an unsatisfactory 
ROS production. On the contrary, the strongest fluores-
cent intensity was revealed by CPDP NPs + LIFU group. 
It was assumed that the encapsulated Ce6 was well pro-
tected and thus had been kept away from being metabo-
lized. As a consequence, after LIFU stimulation, Ce6 was 
released to produce abundant ROS. Comparatively, there 
were no significant fluorescent signals found in other 
groups (Fig. 4b).

In Vitro Cytotoxicity and Concerted Treatment Capability 
of CPDP NPs
Cell Counting Kit-8 (CCK-8) assay was introduced to test 
the in vitro cytotoxicity of CPDP NPs. In this respect, dif-
ferent groups were designed with or without LIFU irra-
diation at different concentrations. The results indicated 

that after a 24-h co-incubation without LIFU expo-
sure, there was no obvious effect of the survival rate of 
CPDP NPs even at the highest concentration (0.8  mg/
mL), demonstrating the desirable biosafety of CPDP NPs 
(Fig. 5a). By contrast, it showed that there was a striking 
decrease of cell viability after LIFU irradiation, showing 
the combination of CPDP NPs and LIFU has remarkably 
triggered 4T1 cell death, which was consistent with the 
in vitro ROS generation.

To further evaluate SDT efficacy, a flow cytometry 
assay was introduced. As the results shown in Fig.  5b, 
c, the index of cell necrosis and apoptosis was highest 
observed in CPDP NPs + LIFU group, while other groups 
showed no obvious and necrosis and apoptosis. Notably, 
the necrosis and apoptosis rate of CPDP NPs + LIFU 
group was threefold higher than that of CPDP NPs only 
group, which ensured the significant tumor cell death 
efficiency of SDT from another respect. Intriguingly, 
compared with PDP NPs + LIFU group, cell necrosis and 
apoptosis rate in CPDP NPs + LIFU group was signifi-
cantly increased, exhibiting the synergistic therapy effi-
ciency of SDT and chemotherapy.

In Vitro Inhibition of Cell Metastasis
The invasive and migration capability of tumor cells are 
indispensable in tumor progression [46, 47]. As shown 
in Fig. 6a, the closure between the physical gap of CPDP 
NPs + LIFU group was significantly wider than other 
groups, indicating a relatively slower speed of migrat-
ing efficiency. According to the ImageJ software analy-
sis (Fig.  6c), the migration rate of CPDP NPs + LIFU 
group was also remarkably reduced compared with other 
groups.

Similarly in the transwell assay, compared with the 
swift migration speed of other groups, CPDP NPs + LIFU 

Fig. 4 a CLSM images of ROS generation with various treatments and b the corresponding FL intensity analysis (****p < 0.0001, n = 3). The scale 
bars are 50 μm
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group revealed a significant reduction of cell number 
(Fig. 6b), which demonstrated an excellent anti-migration 
capability of the synergistic therapy. Specifically, with the 
absence of SDT (CPDP NPs only and LIFU only group), 
the number of tumor cells was mildly decreased (Fig. 6d). 
On the whole, due to the combination of SDT as well as 
chemotherapy, metastasis of 4T1 cells has been remark-
ably inhibited in vitro.

In Vivo Ultrasound Imaging
Since PFP was encapsulated in CPDP NPs, it is also nec-
essary to evaluate the characteristic ultrasound imaging 
capability in vivo. After the injection via the tail vein of 
CPDP NPs, LIFU was then applied to the tumor site to 
acquire both 2D and CEUS imaging (Fig.  7a). The clear 
graphic difference between the two groups indicated 
that after LIFU irradiation, the corresponding intensity 
of CPDP NPs was elevated obviously compared with the 
pre-irradiation group. Further data of the average echo 
intensity also confirmed this result, which was also con-
sistent with the in vitro imaging result previously (Fig. 7b, 
c).

In Vivo Synergistic Therapeutic Efficiency of CPDP NPs
Seeing from Fig.  8a, b, the tumor volume of CPDP 
NPs + LIFU group was significantly smaller after 18 
days of treatment than that of other groups, which may 
attribute to the effectiveness of ROS originated from 
SDT treatment as well as chemotherapy to exert a valid 
synergistic therapy efficiency. Similarly, photographs 
of mice-bearing tumors (Fig.  8a) also showed the same 
trend, verifying the cooperative treating efficacy of CPDP 
NPs triggered by LIFU exposure. Furthermore, there 
was no obvious weight reduction of mice between dif-
ferent groups (Fig. 8c). The results above all indicated a 
much higher inhibition rate of CPDP NPs + LIFU group, 
revealing that the synergistic therapy could significantly 
prevent tumor growth.

To further testify the therapeutic results of all groups, 
both H&E, PCNA, and TUNEL staining were uti-
lized (Fig.  8d). The proliferate rate of PCNA in CPDP 
NPs + LIFU group was only 20.50%, which was four-
fold lower than control group, threefold lower than 
LIFU and CPDP NPs only group and twofold lower 
than PDP + LIFU group, respectively, demonstrating 
a significant anti-tumor proliferation rate (Fig.  8e). As 
it is shown in Fig.  8d, f, the TUNEL results indicated 

Fig. 5 a Relative cell viability with or without LIFU irradiation under different CPDP NPs concentrations. b 4T1 tumor cell apoptosis and necrosis by 
flow cytometry assay and c the data of corresponding necrosis and apoptosis rate analysis (****p < 0.0001, ***p < 0.001, n = 3)
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Fig. 6 a The wound healing and b The transwell assay after various treatments. c The corresponding migration rate of wound-healing assay. d The 
corresponding migration number of tranwell assay (****p < 0.0001, n = 3)

Fig. 7 a 2D and CEUS images with and without LIFU irradiation. b, c The corresponding grayscale intensity analysis measured by ImageJ (**p < 0.01, 
*p < 0.05, n = 3)
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CPDP NPs + LIFU group exhibited an obvious apopto-
sis index of 72.86%, which was much higher than control 
(9.66%), LIFU (12.86%), CPDP NPs (19.59%), and PDP 
NPs + LIFU (37.06%) group. The results above all dem-
onstrated the effectiveness of synergistic therapy exerted 
in vivo, which was also proved consistent with the previ-
ous in vitro results.

Biosafety of CPDP NPs In Vivo
Despite the effective therapeutic outcome, it is of great 
importance to explore the biosafety of the novel estab-
lished nanoparticles as well. On behalf of the safe dis-
tribution of CPDP NPs in vivo, the metabolic safety was 
conducted. The results showed that instead of apparent 
body weight loss, the mice body weight elevated gradu-
ally in all the groups of mice (Fig.  9a), which indicated 
a negligible negative influence of CPDP NPs. In addi-
tion, as various organs and the blood samples exhib-
ited in Fig.  9b, no significant changes were observed in 
blood cell, biochemistry analysis index, and H&E staining 
(Fig.  9c) among different treating groups, indicating the 
excellent biosafety of CPDP NPs in vivo.

In vivo Inhibition of Lung Metastasis
It is well established that the lung is the main target 
organ for distant metastasis of breast cancer [48]. In 

order to evaluate the suppressing efficiency of metasta-
sis, lung tissues of mice were utilized for anti-metastatic 
investigation. As seen from Fig.  10a, b, compared with 
control, LIFU, CPDP NPs, and PDP + LIFU group, the 
CPDP NPs + LIFU group exhibited the most remark-
able decrease of lung nodules, which suggested its desir-
able lung metastatic inhibition efficiency. A similar trend 
of decreasing also further indicated by H&E staining 
(Fig.  10c), which in all demonstrated this synergistic 
therapy strategy could exert effective effort in eliminating 
lung metastasis in mice.

Discussion
It has been greatly acknowledged that the metastasis of 
breast cancer will extensively influence its poor progno-
sis [3, 49]. As a desirable therapeutic approach, SDT may 
serve for its high efficiency and deep penetrating capabil-
ity has been extensively convinced [11, 50]. Admittedly, 
since certain limitations exist in the single application of 
sonosensitizers, using SDT alone may still be less suffi-
cient in further cancer exploration. The development of 
nanotechnology combined with clinical medicine has 
been promoted significantly in recent years, owning to 
the inspiring merits such as negligible toxicity, none 
invasiveness, and excellent biocompatibility. Using this 
novel approach, researchers have made many efforts 

Fig. 8 a Images of tumor-bearing mice under various treatments within the certain 18 days (n = 3). b Tumor volume analysis according to various 
treatments (**p < 0.01). c Weights of tumor-bearing mice under various treatments (ns no significance, n = 3). d H&E, PCNA and TUNEL results under 
various treatments (scale bar: 200 μm). e Analysis of PCNA proliferation index of tumors under various treatments. f Analysis of TUNEL apoptotic 
index of tumors under various treatments (****p < 0.0001, n = 3)
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Fig. 9 a The weights of healthy Kunming mice under various concentrations of CPDP NPs (n = 3). b The blood biochemistry and blood routine 
examination under various concentrations of CPDP NPs within a certain period of 30 days (n = 3). c H&E results of different organs (heart, liver, 
spleen, lung, and kidney) of mice under the same treatment (scale bar: 50 μm)

Fig. 10 a Images of the general appearances of lung tissues. b The analysis of the metastatic lung nodules between various treatments (**p < 0.01, 
n = 3). c Corresponding images of lung metastatic H&E staining results (scale bar: 50 μm)
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in exploring multifunctional therapeutic strategies to 
enhance antitumor efficiency.

The biosafety is the priority of nano-agents. As a 
widely accepted material approved by the Food and Drug 
Administration (FDA) certification, it is highlighted that 
PLGA could be performed as a desirable carrier in appli-
cation [51, 52]. Based on its advantages, we established 
a nano-system to realize multifunctional therapy effi-
ciency, exploiting PLGA as the outer structure to encap-
sulate sonosensitizer Ce6, phase-shift material PFP and 
chemotherapeutic agent DTX. The CPDP nanoparticles 
(CPDP NPs) were primarily observed by the core–shell 
structure and appropriate size so that a desirable aggre-
gation through the EPR effect could be achieved. The 
cell viability of CPDP NPs has been proved to be above 
80% after 24-h coincubation, indicating the well safety 
of this nanoplatform. Besides, the phase transformation 
of encapsulated PFP has also guaranteed CPDP NPs as 
a contrast-enhanced agent when activated by LIFU. The 
enhanced ultrasound imaging capability will not only 
ensure the ideal therapeutic window but also promote 
the promising future for CPDP NPs to realize an integra-
tion of accurate diagnosis and precise treatment.

The key strategy in SDT is the generation of ROS. Com-
pared with the single employment of Ce6, the encapsu-
lated Ce6 in PLGA exerted a desirable protection, which 
could be verified by the ROS result. In our study, there 
was only a negligible amount of ROS generated by sin-
gle use of Ce6, while nanoparticle-encapsulated Ce6 pro-
duced a considerable amount of ROS, which was further 
proved by SDT efficiency. The result indicated that ROS 
generation was preserved by the encapsulated Ce6 in 
CPDP NPs, which could lay a firm foundation for later 
tumor inhibition. Besides, the drug-releasing rate showed 
even at pH 5.5, little Ce6 was released from nanoparti-
cles, demonstrating a well protection of sonosensitizer 
by PLGA, which was further proved by the ROS produc-
tion and SDT outcome with high efficiency. Interestingly, 
the drug-releasing efficiency of DTX and Ce6 at pH 5.5 
was quite different according to the results (more than 
40% and around 20%, respectively), which may possibly 
cause by the diverse encapsulation efficiency of the two 
drugs. The minor releasing rate of Ce6 demonstrated that 
it could be effectively protected in PLGA so that substan-
tial ROS generation through LIFU stimulation could be 
reached to get a more convinced SDT efficiency. Another 
reason for this difference may be due to the different sol-
vents of the two drugs during the preparation process. 
Specifically, DTX and PLGA were directly dissolved 
in dichloromethane, while Ce6 needed to be first dis-
solved in methanol and then added dropwise to dichlo-
romethane, due to its poor solubility in the latter [53]. 
Since drug release in nanoparticles is directly related to 

the effectiveness of subsequent combination therapy, the 
assessment of drug-releasing rate as well as ROS gen-
eration result has mutually proved this point. Current 
researches have suggested that using chemotherapy alone 
may not significantly reverse tumor progression [41]. In 
this study, the nanoplatform we designed demonstrated 
strong evidence that compared with the single employ-
ment of chemotherapy, the synergistic treatment has 
remarkably elevated therapeutic efficiency both in  vitro 
and in vivo. Since LIFU stimulation optimized the ther-
apeutic strategy, an increased cell apoptosis rate was 
remarkably elevated. It is worth noting that due to this 
synergistic strategy, lung metastasis could be significantly 
inhibited both at tumor cell level and inoculated mice 
model, which is consistent with previous reports [16, 52].

Conclusion
In conclusion,  the safe and stable  CPDP NPs we 
designed and prepared  plus LIFU irradiation could 
remarkably eliminate breast tumor progression and its 
lung metastasis. With an enhanced imaging capability, 
this nanoplatform was also considered to be a promis-
ing contrast-enhanced agent in clinical. Hence, the novel 
synergistic strategy combined with LIFU might be con-
sidered as an effective treating application to reverse the 
poor outcome of metastatic breast cancer.
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