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Abstract
Chemotherapy plays an important role in the treatment of patients with gynecologi-
cal cancers. Delivering anticancer drugs effectively to tumor cells with just few side 
effects is key in cancer treatment. Lipid bubbles (LB) are compounds that increase the 
vascular permeability of the tumor under diagnostic ultrasound (US) exposure and 
enable the effective transport of drugs to tumor cells. The aim of our study was to 
establish a novel drug delivery technique for chemotherapy and to identify the most 
effective anticancer drugs for the bubble US-mediated drug delivery system (BUS-
DDS) in gynecological cancer treatments. We constructed xenograft models using 
cervical cancer (HeLa) and uterine endometrial cancer (HEC1B) cell lines. Lipid bub-
bles were injected i.v., combined with either cisplatin (CDDP), pegylated liposomal 
doxorubicin (PLD), or bevacizumab, and US was applied to the tumor. We compared 
the enhanced chemotherapeutic effects of these drugs and determined the optimal 
drugs for BUS-DDS. Tumor volume reduction of HeLa and HEC1B xenografts follow-
ing cisplatin treatment was significantly enhanced by BUS-DDS. Both CDDP and PLD 
significantly enhanced the antitumor effects of BUS-DDS in HeLa tumors; however, 
volume reduction by BUS-DDS was insignificant when combined with bevacizumab, 
a humanized anti-vascular endothelial growth factor mAb. The BUS-DDS did not 
cause any severe adverse events and significantly enhanced the antitumor effects 
of cytotoxic drugs. The effects of bevacizumab, which were not as dose-dependent 
as those of the two drugs used prior, were minimal. Our data suggest that BUS-DDS 
technology might help achieve “reinforced targeting” in the treatment of gynecologi-
cal cancers.
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1  | INTRODUC TION

Cervical and endometrial cancers are major causes of mortality 
among women, and common treatments for both include surgery, 
radiation therapy, and chemotherapy,1-3 and among these, che-
motherapy plays an important role. However, anticancer drugs 
have various side effects, such as bone marrow suppression and 
body weight loss. Moreover, anticancer drugs often exert less pro-
nounced effects on cancer cells due to the development of inter-
stitial tissues in solid tumors and increase in tumor interstitial fluid 
pressure.4,5

The combination of US and US contrast agents is considered a 
novel cancer therapy. Moreover, the US contrast agents generally 
used for the diagnosis of liver tumors are also known to serve as 
therapeutic agents.6,7 These agents have played important roles in 
diagnosis, with several studies reporting findings on contrast agents, 
such as nanobubbles or MB. Nanobubbles also function as therapeu-
tic agents.8-10 Although MB are a type of contrast agent, they also 
function as therapeutic agents when used in the form of drug-loaded 
MB.11-14

In clinical settings, various types of US contrast agents are used; 
however, they are usually removed from the bloodstream due to 
their instability and blood clearance after administration.15 To over-
come this, a novel contrast agent (lipid-based MB) composed of 
DSPC, DSPG, and DSPE-PEG2000 has been developed.16 The gas 
loaded in the LB is called perfluoropropane (C3F8), and MB loaded 
with perfluoropropane are more stable than other contrast agents 
under US application. Moreover, US contrast agents have been used 
as diagnostic agents in clinical settings. Under US application, the 
contrast agents oscillate and/or cavitate.

The combination of MB and US is believed to enhance the 
permeability of the BBB,17,18 which prevents drugs in the blood-
stream from reaching the brain parenchyma. Several types of MB 
under the application of US were evaluated in terms of their ef-
ficiency and safety for crossing the BBB.19-21 Microbubbles en-
hanced the transportation of molecules between the brain and 
can be applied for thrombolysis.22,23 Similar to thrombolysis or 
transportation across the BBB, this mechanism can potentially 
be applied to cancer tissues, and was recently applied as a novel 
drug delivery system for cancer therapy24,25 that could allow an-
ticancer drugs to reach the target tissue effectively and reduce 
the systemic dose.26

The application of US for local cancer lesions and the continu-
ous administration of MB and anticancer drugs enables the drugs 
to reach the target lesion. Some reports suggest that the combina-
tion of MB and US therapy has a tumor-suppressive effect in clinical 
settings.27,28

Ultrasound is commonly divided into two types: diagnostic US, 
which is generally used in clinical settings and also enables accurate 

diagnosis in gynecology, and therapeutic US, which has low fre-
quency and high intensity. High-intensity focused US was developed 
for the treatment of prostate cancer, uterine fibroids, and several 
cancer types.29,30

Although the diagnostic US has a lower intensity compared to 
therapeutic US, using the diagnostic US, clinicians can visually iden-
tify the tumor with reduced effects on normal tissue around the 
tumor. As a US parameter, the MI is known as an indicator of the 
cavitation bio-effect. The MI of US is defined as the peak negative 
pressure divided by the square root of the center frequency.31 The 
MI is generally limited to below 1.9 to avoid excessive effects on the 
tissue during therapy.32 A high MI leads to higher cavitation activity. 
When MI is set as high as possible, it maximizes the effect of US 
exposure on the MB. Generally, at higher acoustic power (MI > 0.5), 
a series of rapid and strong oscillations of MB occurs, followed by 
disruption.33

Even under low MI, MB oscillate and produce microstreaming, 
which induces physical effects and opens intercellular junctions. 
Moreover, under the higher pressure of US, MB produce a push-pull 
effect and form transient pores.34 In a clinical study, it was reported 
that the administration of MB might enhance the chemotherapeutic 
effect under the exposure of diagnostic US.27

In this study, we assessed whether the anticancer effects of 
chemotherapy on gynecological cancers could be enhanced by the 
combination of diagnostic US and MB (BUS-DDS). Chemotherapy 
often induces various side effects, such as neutropenia, febrile neu-
tropenia, cardiotoxicity, and renal toxicity. These myelosuppressive 
chemotherapy side effects often lead to reduced dosage or treat-
ment delays in subsequent cycles, adversely affecting treatment 
outcomes.35 We hypothesized that BUS-DDS would maintain anti-
cancer effects even when the dose is reduced.

We assessed the effect of BUS-DDS by administering various 
types of anticancer drugs used in gynecological cancer treatment. 
We employed three types of anticancer drugs commonly used in gy-
necological cancer treatment: CDDP, PLD, and bevacizumab, for our 
experiment. Cisplatin is a key drug for adjuvant chemotherapy in both 
endometrial and cervical cancers.2,3,36-38 Pegylated liposomal doxo-
rubicin is a macromolecular drug (80-90 nm) and has unique charac-
teristics of extended circulation and stable retention.39 Although in 
the gynecological clinical setting, PLD is generally known as a rec-
ommended therapy for recurrent tumors, it is considered to have 
a high efficiency in cervical cancer treatment.40 Bevacizumab is an 
anti-VEGF mAb that efficiently treats cervical cancer.41,42

The antitumor activity of BUS-DDS in gynecological cancers and 
under exposure to diagnostic US is not known. Moreover, determi-
nation of the efficiency of BUS-DDS depending on the use of various 
anticancer drugs will improve the understanding of their pharma-
cokinetics and serve as a novel strategy for gynecological cancer 
treatment.
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2  | MATERIAL S AND METHODS

2.1 | Materials

We purchased DSPC, DSPG, and DSPE-PEG2000 from NOF 
Corporation. Perfluoropropane (C3F8) was obtained from Takachiho 
Chemical Industrial Co. Ltd.

The cervical cancer HeLa cell line and endometrial cancer HEC1B 
cell line were purchased from ATCC. Cisplatin was purchased from Nichi-
Iko Pharmaceutical Company. Pegylated liposomal doxorubicin was 
purchased from Mochida Pharmaceutical Co., Ltd. Bevacizumab was 
obtained from Chugai Pharmaceutical Co., Ltd. Both DMEM and EMEM 
were purchased from Fujifilm Wako Pure Chemical Corporation. Fetal 
bovine serum was purchased from Thermo Fisher Scientific. Hematoxylin 
(Mayer’s hematoxylin; Wako) and 0.5% eosin Y ethanol solution were 
purchased from FUJIFILM Wako Pure Chemical Corporation. WST-8 was 
purchased from Dojindo. Anti-mouse CD31 Ab and anti-mouse CD31 
(PECAM-1) were purchased from Dianova. Takara DAB substrate was 
purchased from Takara Bio Inc. BALB/c nude female mice and C57BL/6 
mice were purchased from CLEA Japan, Inc. SP-10 tubes were purchased 
from Natsume Seisakusho Co., LTD. Acuson Sequoia 512 (diagnostic US) 
was purchased from Siemens. An in situ apoptosis detection kit was 
purchased from Takara Bio Inc. All animal experiments were carried out 
in accordance with the Guidelines for the Care and Use of Laboratory 
Animals, as stated by The University of Tokyo.

2.2 | Preparation of LB

Lipid bubbles were prepared as described previously.43,44 Briefly, 
liposomes composed of DSPC, DSPG, and DSPE–PEG(2k)–OMe 
(30/60/10 [mol/mol/mol]) were prepared using the lipid film hy-
dration method. The liposomes (lipid concentration, 4  mmol/L) 
were vigorously mixed with perfluoropropane using a homogenizer 
(Labolution Mark II 2.5; Primix Corporation). The LB suspension was 
mixed with a sucrose solution (1/1 [v/v]), and the mixture was placed 
in a 5-mL vial. The mixtures were freeze-dried, and the perfluoro-
propane was injected into the freeze-drying chamber. After recov-
ering pressure, the vials were sealed, and the freeze-dried LB were 
reconstituted with ultrapure water (MilliQ) before each experiment.

2.3 | Cell culture

HeLa cell lines were cultured in DMEM supplemented with 10% FBS in 
humidified air with 5% CO2 at 37°C. HEC1B cells were cultured in EMEM 
supplemented with 10% FBS in humidified air with 5% CO2 at 37°C.

2.4 | In vitro cytotoxicity assay

HeLa or HEC1B cells were seeded into 96-well plates (5 × 104 cells/
mL) and incubated for 24  hours in 0.5  mL DMEM or EMEM 

supplemented with 10% FBS/penicillin/streptomycin at 37°C with 
5% CO2. Cisplatin (0.1, 1.2, 2.5, or 5.0 µmol/L), PLD (0.01, 0.1, 0.5 or 
1.0 µmol/L), or bevacizumab (0.001, 0.01, 0.1 or 1.0 µmol/L), and LB 
(0.5%) were added to the cell suspension, followed by exposure to 
diagnostic US. For US, the MI was 1.6 and the frequency level was 
6 MHz in B-mode. Thereafter, the cell viability in each cell line was 
quantitatively evaluated using the MTT assay 72 hours post admin-
istration and exposure to US.

The MTT assay was carried out using CCK-8 with tetrazolium salt 
WST-8 (Dojindo, Tokyo, Japan). Proliferation was quantified by mon-
itoring the changes in absorbance using a microplate reader (BioTek 
Instruments Inc.).45,46

2.5 | In vivo antitumor activity assay

Subcutaneous xenograft models were established by transplant-
ing HeLa and HEC1B cells into BALB/c nude mice to evaluate the in 
vivo antitumor activity of BUS-DDS. Donor tumors were prepared 
by s.c. injecting cells (HeLa, 2.0 × 106 cells; HEC1B, 2.0 × 106 cells) 
into 6-week-old female mice and allowing maturation for 2-3 weeks. 
When the donor tumors grew up to 7 mm in diameter, they were 
excised and cut into 2  ×  2-mm pieces. Tumor fragments were s.c. 
inoculated into the bilateral flank of 6-8-week-old female mice. At 
7-21 days after implantation, the mice were treated with anticancer 
drugs and LB with or without exposure to US.

Mice were anesthetized with isoflurane, and an i.v. catheter was 
placed in the tail vein using a 30-gauge needle and Sp-10 tube. The 
US probe was positioned on the tumor for 30 minutes. The trans-
ducer was 7v3c (Figure  1A). Pulse intensity of US in B-mode was 
estimated at 249 W/cm2. Cisplatin (0.05 or 0.5 mg/kg) was i.v. in-
jected into the mice bearing HEC1B or HeLa tumors, and 40 µL LB 
was repeatedly injected i.v. every 3 minutes, 10 times. The total dose 
of LB was 400 µL (Figure 1B).

Pegylated liposomal doxorubicin (0.2 or 2.0 mg/kg) and bevaci-
zumab (2.0 or 20 mg/kg) were given to mice bearing HeLa tumors. All 
treatment procedures were undertaken on a thermal table at 37°C. 
Intravenous injection and US application were carried out once on 
day 0, and tumor sizes were measured two to three times per week. 
Tumor volume was calculated as 1/2a × b2, where a represents the 
major axis, and b represents the minor axis.

2.6 | In vivo histological damage assay

Application of the BUS-DDS technology to uterine cancers might 
affect normal ovary and uterus and neighboring organs, such as 
the bladder and colon. Therefore, a histological assay was under-
taken to evaluate the presence of organ damage. Six-week-old 
C57BL/6 female mice were treated using the method described 
for the in vivo antitumor activity assay, with 0.5  mg/kg CDDP, 
2.0 mg/kg PLD, and 20 mg/kg bevacizumab. The methods of an-
esthetization and administration of anticancer drugs and LB, as 
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well as the settings for US exposure, were the same as those used 
in the in vivo antitumor activity assay. The US probe was placed 
in the lower abdomen of the mice to include the uterus, ovaries, 
bladder and sigmoid colon. The uterus, ovaries, bladder, and sig-
moid colon were excised on day 7 and embedded in paraffin, to 
evaluate the damage to normal tissue after treatment. Thereafter, 
sections were deparaffinized, treated with hematoxylin, washed 
with PBS, and treated with 0.5% eosin Y ethanol solution for 
5 minutes at room temperature.47

2.7 | In vivo bone marrow suppression assay

Additionally, we analyzed the blood data of mice treated with 
BUS-DDS to observe bone marrow suppression. Ten-week-old 
C57BL/6 female mice were treated using the same method as that 
described for the in vivo antitumor activity assay with 0.5 mg/kg 
CDDP, 2.0  mg/kg PLD, and 20  mg/kg bevacizumab. The meth-
ods used, including those for anesthetization, administration 
of anticancer drugs and LB, and the US settings, were identical. 
Blood sampling was carried out on day 7 from the heart after 
anesthetization.

2.8 | Apoptosis assay

Tumor tissue apoptosis was evaluated using TUNEL staining to 
assess the antitumor effect of BUS-DDS. We examined whether 

the enhanced antitumor effect was associated with the rate of 
apoptotic tumor cells. Six-week-old BALB/c nude female mice 
were inoculated s.c. with HeLa tumors on the bilateral flank. After 
3 weeks, LB and 0.5 mg/kg CDDP or 2.0 mg/kg PLD were given, 
and mice were exposed to US. The anesthesia method, adminis-
tration of CDDP, PLD, and LB, and the US settings were the same 
as those used in the in vivo antitumor activity assay. On day 5, 
the mice were killed, the tumors were excised, and paraffin em-
bedding was carried out on the excised tumor. Tumor apoptosis 
was evaluated using TUNEL staining and the In Situ Apoptosis 
Detection Kit​ (Takara Bio Inc., Shiga, Japan) was used for coloring 
apoptotic cells. Paraffin-embedded tumor sections were depar-
affinized, treated with proteinase K for 15 minutes, and washed 
with PBS. After an endogenous peroxidase block in H2O2 metha-
nol, the sections were treated with TdT enzyme and labeling safe 
buffer for 60 minutes at 37°C, followed by the administration of 
anti-FITC HRP conjugate for 30 minutes at 37°C. Finally, tumors 
were stained with 3,3-diaminobenzidine and hematoxylin.45 The 
number of stained cells was counted at 400× in three random 
fields for each tumor.

2.9 | Drug biodistribution assay

Platinum concentration was measured to assess CDDP distribu-
tion in the tumor. Cisplatin accumulates and can be detected al-
most 8 hours after administration.48,49 Six-week-old BALB/c nude 
female mice were inoculated s.c. on the bilateral flank with HeLa 

F I G U R E  1   In vivo application of the bubble ultrasound (US)-mediated drug delivery system in mouse xenograft tumors. (A) Drug injection 
under diagnostic US application. The mice were anesthetized, and the catheter was placed in the tail vein (top photograph). The US probe 
was placed on the tumor, which was observed on the US display (dotted circle, bottom photograph). (B) Treatment protocol indicating that 
anticancer drugs were injected with 40 µL lipid bubbles (LB) from the tail vein. The US probe was placed on the tumor and US exposure was 
simultaneously initiated. LB (40 µL) were repeatedly injected every 3 min (total dose: 400 µL). The duration of US exposure was 30 min. 
CDDP, cisplatin; PLD, pegylated liposomal doxorubicin
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tumors and treated for 3 weeks. The method of anesthetization, 
administration of CDDP and LB, and US settings were the same as 
those used in the in vivo antitumor activity assay, with 0.5 mg/kg 
CDDP. Mice were killed 4 hours after systemic administration and 
exposure to US. Thereafter, the tumors before and after treatment 
were excised. The platinum concentration in the tumor was meas-
ured by inductively coupled plasma mass spectrometry (Japan 
Testing Laboratories Inc).

2.10 | Immunohistochemistry of CD31

CD31 PECAM-1 is an adhesion molecule that is highly expressed in en-
dothelial cells. Anti-VEGF drugs, such as bevacizumab, inhibit angiogene-
sis and suppress the expression of CD31.50 We undertook a quantitative 
analysis of CD31 to assess the antitumor effect and angiogenesis of 
bevacizumab under BUS-DDS. BALB/c nude mice were s.c. injected on 
the bilateral flank with HeLa tumor cells. The method of anesthetization, 
systemic administration, and US settings were the same as those used 
in the in vivo antitumor activity assay. Bevacizumab was given at a dose 
of 20 mg/kg. Seven days after systemic administration and exposure to 
US, the mice were killed and tumors were excised. Immunohistochemical 
localization of CD31 was assessed. Excised tumors were paraffin-
embedded. Thereafter, tumor sections were deparaffinized and antigen 
retrieval was achieved using citric acid buffer (pH 6) at pressure within a 
microwave oven. Hydrated paraffin sections were incubated in blocking 
solution for 30 minutes at room temperature and then at 4°C overnight 
with CD31 (1:20) and observed using 3,3-diaminobenzidine as the chro-
mogen. The tumors were counterstained with hematoxylin. Three fields 
per tumor were observed at 200× magnification for each tumor. Fields 
were selected from among highly vascularized tumor areas.51

2.11 | Statistical analysis

Data are presented as mean ± SD. Significance was determined by 
Student’s t test using a two-tailed distribution and two-sample un-
equal variance using the t test function on Microsoft Excel for the 
positive proportion of TUNEL staining, cisplatin concentration, and 
immunohistochemistry. Statistically significant changes in tumor vol-
ume were determined by repeated measure ANOVA using GraphPad 
Prism version 5 (GraphPad Software). P < .05 was considered statis-
tically significant.

3  | RESULTS

3.1 | In vitro anticancer effect of chemotherapy by 
BUS-DDS

In the in vitro study, HEC1B and HeLa cell lines were treated with 
diagnostic US. The cell viability of the “cell only” group was used as 

the 100% viability standard and described as control. The combi-
nation of LB, anticancer drugs (CDDP, PLD, or bevacizumab), and 
diagnostic US did not affect the viability of HEC1B or HeLa cells at 
any concentration of the anticancer drugs used (Figure  2). These 
data indicated that our BUS-DDS using diagnostic US did not af-
fect toxicity against nearby cells. In order to use diagnostic US for 
BUS-DDS, generally in the gynecological clinical setting, it is impor-
tant for this technology to exert minimal damage to the surrounding 
cells in the bloodstream.

3.2 | In vivo tumor-suppressive effect of the 
combination of LB, US, and anticancer drugs (BUS-
DDS)

Considering the characteristics and strategy, BUS-DDS technology 
could potentially be effective for cancer cells when they are in tumor 
form with microvessels. In order to prove that BUS-DDS is effective 
in treating gynecological cancers, especially cervical and endome-
trial cancers, which are both easily detected by diagnostic US, we 
applied and validated the enhanced anticancer activity of BUS-DDS 
in these cancers.

Mice inoculated with HEC1B tumors were treated with LB 
and 0.05  mg/kg CDDP with (BUS-DDS) or without US. The 
tumor volumes were significantly smaller in the BUS-DDS group 
(P  =  .013). The enhanced antitumor effect of BUS-DDS was 
also shown under treatment with 0.5 mg/kg CDDP with (BUS-
DDS) or without US (P =  .0151). The efficacy of BUS-DDS was 
comparable to treatment with a 10-fold higher CDDP dosage 
(Figure  3A). In the same way, in vivo analysis of HeLa tumors 
treated with 0.05 mg/kg or 0.5 mg/kg CDDP showed that BUS-
DDS significantly enhanced antitumor effects (P  =  .0013 and 
P = .0139, respectively; Figure 3B). Therefore, it was shown that 
BUS-DDS significantly suppressed the tumor growth of two 
different gynecological cancer cell lines, regardless of CDDP 
concentration.

Next, we analyzed whether BUS-DDS was similarly effective 
with different types of antitumor drugs using HeLa tumors. Lipid 
bubbles and PLD were i.v. injected into HeLa tumor-bearing mice si-
multaneously under the same procedure with 0.2 mg/kg or 2.0 mg/
kg PLD. HeLa tumors treated with LB, PLD, and US (BUS-DDS) were 
significantly suppressed compared with those treated without US 
(P = .0031 and P = .0365, respectively; Figure 3C). From this result, 
BUS-DDS was effective not only with micromolecular drugs, such as 
CDDP, but also with macromolecular drugs designed using a DDS, 
such as PLD.39

Furthermore, we examined BUS-DDS combined with 
2.0  mg/kg and 20  mg/kg bevacizumab, a molecular targeting 
cytostatic drug that affects the microenvironment by trapping 
VEGF-A,52,53 using the same procedure. Unlike the results of 
CDDP and PLD, BUS-DDS did not show significant tumor sup-
pression (Figure 3D).
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3.3 | In vivo assessment of local accumulation of 
anticancer drugs (CDDP concentration, TUNEL 
staining, immunohistochemistry)

Apoptosis in the HeLa tumor tissue was observed by TUNEL 
staining in mice 5 days after treatment with a combination of LB, 
0.5 mg/kg CDDP or 2.0 mg/kg PLD, and US. In this experiment, 
the positive rate of apoptotic tumor cells in mice treated with a 
combination of LB, 0.5 mg/kg CDDP, and US (BUS-DDS) was sig-
nificantly higher than that in mice treated with LB and 0.5 mg/kg 
CDDP alone (non-US) (P = .0026; Figure 4A). Platinum distribution 
originating from CDDP was analyzed using the biodistribution 
assay. The average concentration level of platinum in the BUS-
DDS group was higher than that in the non-US group (P  =  .34; 
Figure 4B). Regarding PLD administration, we found that the posi-
tive rate of apoptotic tumor cells in mice treated with a combina-
tion of LB, 2.0  mg/kg PLD, and US (BUS-DDS) was significantly 
higher than that in mice treated with LB and 2.0 mg/kg PLD alone 
(non-US) (P =  .0019; Figure 4C). In bevacizumab administration, 
we compared angiogenesis between BUS-DDS and non-US by im-
munohistostaining of CD31. The quantitative expression of CD31 
was comparable between the two groups (Figure 4D). It has been 
shown that a combination of LB, US, and bevacizumab did not 
suppress tumor growth compared with administration of LB and 
bevacizumab alone.

3.4 | Assessment of side effects on normal tissue (In 
vitro cytotoxicity assay of BUS-DDS with anticancer 
drugs)

It is already known that there were no fetal cases and no histological 
or biochemical abnormalities were observed when LB were used.44 
Furthermore, we assessed whether toxicity of anticancer drugs was 
enhanced by the use of LB and exposure to US by histologically as-
sessing the damage to the organ around the tumor and measuring 
the complete blood count of the mice 7  days post-therapy. There 
were no histological abnormalities, such as hemorrhage or necrosis 
(Figure 5A). Bone marrow suppression observed between the com-
bination of LB, anticancer drugs (including CDDP, PLD, and bevaci-
zumab), and US (BUS-DDS) and treatment with LB and anticancer 
drugs (non-US) was similar (Figure 5B).

4  | DISCUSSION

In this study, LB were prepared from H8 gas, PEG, and phospholipids, 
and were observed to enhance the anticancer effects of CDDP and 
PLD under US exposure.

The treatment with US, which has a low frequency level with 
high intensity and produces higher energy, is known to enhance the 
damage to cancer cells in vitro when applied with anticancer drugs. 

F I G U R E  2   In vitro effect of bubble ultrasound (US)-mediated drug delivery system. Cytotoxicity on (A) HEC1B cells after cisplatin 
(CDDP) treatment and on (B) HeLa cells after treatment with CDDP, (C) pegylated liposomal doxorubicin (PLD), or (D) bevacizumab. The 
viability of each type of cell was quantitatively evaluated by MTT assay 72 h after exposure to the treatments and application of US. The 
anticancer drugs, lipid bubbles (LB), and US did not enhance the anticancer effects in vitro
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Strong acoustic power from the US treatment induces LB collapse, 
known as cavitation, and also enables the gene or drugs to be trans-
ferred into the cells.25 This phenomenon indicated that treatment 
with US could damage blood cells in the bloodstream with LB or sur-
rounding normal tissues and organs. Under the low intensity of diag-
nostic US, LB were not expected to cavitate. Therefore, LB did not 
induce direct damage to cancer cells. However, the antitumor effect 
was enhanced in vivo. Even with the low intensity of diagnostic US, 
vibrations known as oscillation are induced in the LB. The physical 
force of the oscillation or stable cavitation would temporarily en-
hance the permeability of the blood vessel wall of the tumor and 
enable the anticancer drugs to reach the tumor cells.34 Both CDDP 
and PLD are dose-dependent and cytotoxic drugs. Moreover, PLD is 
a macromolecular drug that displays characteristic pharmacokinetics 
of increased circulation. Therefore, it is expected to accumulate in 
cancers.39 In this study, although tumor accumulation enhancement 
of PLD was not clear, an increase of apoptotic cells was observed. It 
is unknown whether the additional permeability potential of cyto-
toxic drugs is always proportional to the enhancement of antitumor 
effects. Therefore, in order to find the ideal combination of drugs for 
BUS-DDS, further studies will be needed. In contrast, bevacizumab 
is a cytostatic drug that affects the microenvironment. We assumed 

that, although larger amounts of bevacizumab were accumulated in 
tumor tissue, it did not directly correspond to an anticancer effect.

In conclusion, although we applied diagnostic US to the tumor, 
treatment with BUS-DDS resulted in significant growth inhibition 
of endometrial and cervical cancer tumors. Our data suggest that 
the combination of LB and US resulted in oscillation and enhanced 
permeability of the blood vessel wall of the tumor tissue, which led 
to increased uptake of anticancer drugs. The LB were optimized for 
treatment by improving their retention in blood flow; therefore, 
these might serve as a suitable treatment tools. Cisplatin or PLD 
inhibited tumor growth by BUS-DDS; in contrast, treatment with 
bevacizumab did not. The obtained results suggest that BUS-DDS 
therapy could be a promising strategy for endometrial or cervical 
cancer, especially for local lesions. The BUS-DDS therapy itself does 
not exert any adverse effects; therefore, it might serve as an appro-
priate therapy for patients with renal dysfunction or poor general 
condition. In clinical settings, as CCRT is known as one of the stan-
dard treatments for locally advanced cervical cancer, CDDP is given 
as a radiation sensitizer. But when BUS-DDS is applied with CCRT, 
cisplatin could also have antitumor effects or BUS-DDS could reduce 
the CDDP dosage (that results in reduction of adverse events).2 The 
combination of chemoradiotherapy and BUS-DDS might enhance 

F I G U R E  3   Effects of bubble ultrasound (US)-mediated drug delivery system (BUS-DDS) on in vivo antitumor activity of drugs applied to 
HeLa and HEC1B cells on day zero (white arrow). *P < .05. (A) BUS-DDS (CDDP), HEC1B. Growth of HEC1B cell xenografts. upon treatment 
with 0.05 mg/kg and 0.5 mg/kg CDDP under BUS-DDS (B) BUS-DDS (CDDP), HeLa. Growth of HeLa cells xenografts upon treatment with 
0.05 mg/kg and 0.5 mg/kg CDDP under BUS-DDS (C) BUS-DDS (PLD). Growth of HeLa cell xenografts upon treatment with 0.2 mg/kg and 2.0 
mg/kg of PLD under BUS-DDS. (D) BUS-DDS (bevacizumab). Growth of HeLa cell xenografts upon treatment with 2 mg/kg and 20 mg/kg of 
bevacizumab under BUS-DDS
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the therapeutic effects and improve outcomes in patients with cer-
vical cancer.
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F I G U R E  4   (A) Positive rate of TUNEL staining of HeLa tumor tissue. The rate of TUNEL-positive cells (%) treated with 0.5 mg/kg cisplatin 
(CDDP) was significantly increased under the bubble ultrasound (US)-mediated drug delivery system. (B) CDDP distribution in the tumor. 
CDDP accumulation was assessed by measuring the concentration of platinum in the tumor tissue (mg/kg). The tumors were excised 4 h 
after treatment with CDDP 0.5 mg/kg + lipid bubbles (LB) (±US). (C) Rate of TUNEL-positive staining. Rate of TUNEL-positive cells (%) 
treated with 2.0 mg/kg pegylated liposomal doxorubicin (PLD). (D) CD31 staining in the tumor. Immunohistochemical staining of CD31 to 
assess the density of vascular endothelial cells after treatment with 20 mg/kg bevacizumab + LB (±US). The distribution area of CD31 (%) 
was comparable between the two groups. *p = 0.86. N.S., not significant
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