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Abstract: This study explored the synergistic effect of anti-PD-L1 antibody cationic microbubbles (MBs) for delivery 
of the miR-34a gene combined with ultrasound in inhibiting the cervical cancer. H&E stain, TUNEL, immunohisto-
chemistry and RT-PCR were used to detect the change of apoptosis regulatory factors, and immunofluorescence, 
Flow cytometry and LDH assays were applied to evaluate the changing of immunomodulatory. In this experiment 
the PD-L1 Ab/miR-34a-MBs were prepared successfully. The cell targeting assay showed that U14 cells were sur-
rounded by the PD-L1 Ab/miR-34a-MBs and microbubbles had well contrast imaging capability in vivo. With the 
irradiation power was 1 W/cm2 and the irradiation time was 25 s, the gene transfection efficiency was the highest 
using EGFP plasmid lorded microbubbles. In vivo anti-tumor assays, the PD-L1 Ab/miR-34a-MBs showed a great 
potential in inhibiting tumor growth with a TGI of >50%. PD-L1 Ab/miR-34a-MBs treatment enhanced the anti-tumor 
effect compared with that induced by PD-L1 Ab or miR-34a alone. Firstly, PD-L1 Ab/miR-34a-MBs could gather 
miR-34a with high-concentration aggregation and releasing around the cervical cancer, which takes a significant 
role in promoting apoptosis by downregulated Bcl-2 and upregulated Bax. Furthermore, combination therapy was 
found to augment the activation of T lymphocytes proliferation and increase CD8+ T cells infiltration, to enhance 
antitumor immune killing effect. The anti-PD-L1 antibody microbubbles for delivery miR-34a gene with ultrasound 
were considered to be a promising combination therapy regimen via initiating apoptotic mechanism of the tumor 
and anti-tumor immune regulation.
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Introduction

According to statistics, cervical cancer is con-
sidered to be the fourth most common and 
lethal gynecological malignant tumor in females 
[1], but traditional cancer treatment, such as 
surgery, chemotherapy and radiotherapy, is 
often ineffective because of genetic heteroge-
neity and multi factor characteristics of drug 
resistance. Recently, cancer immunotherapy 
has shifted the paradigm for the treatment of 
cancer [2]; the purpose of immunotherapy is to 
activate or enhance the activation of anti-tumor 
immune system, provide exogenous immuno-
genic stimulation, and antagonize the regulato-
ry pathway of inducing immune tolerance [3]. 

Immunotherapy is considered to be a more 
effective option to cancer therapy [4].

At the same time, gene therapy which works by 
transfecting exogenous genes to promote apop-
tosis of tumor cells is also considered to be a 
promising treatment for cancer. The key of gene 
therapy is to deliver specific gene to the target 
area effectively with appropriate carriers [5]. 
Among investigated agents, ultrasound target-
ed microbubble destruction (UTMD) can be an 
efficiently and specifically to deliver targeted 
microbubbles (MBs) to tumor tissue combined 
with ultrasound [6]. This delivery system not 
only increases the permeability of endothelial 
cells and tissues, but also allows microbubbles 
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to specific sites, and promotes the entry of 
genes or drugs into cells, thus significantly 
improving the therapeutic effect [7].

Purpose of present research is to explore syn-
ergistic inhibitory effect of ultrasound-mediat-
ed anti PD-L1 antibody and miR-34a MBs, and 
try to provide a new treatment for cervical 
cancer.

Materials and methods 

Preparation of targeted microbubbles

The preparation of cationic microbubbles used 
the method of thin-film hydration. Microbubble 
shell was consisted of 1,2-distearoyl-sn-glyce-
ro-3-phosphatidylcholine (DSPC, Avanti Polar 
Lipids, INC, USA), 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[methoxy (polyethyl-
ene glycol)-2000] (DSPE-PEG-2000, Avanti Po- 
lar Lipids, INC, USA). Branched-chain poly-
etherimide-600 (PEI-600, Avanti Polar Lipids, 
INC, USA). PEI can provide a positively charged 
surface for the microbubbles, which prepared 
for conjugating gene. These materials were  
dissolved in a chloroform with a molar ratio of 
9:5:5. The thin lipid film was formed with water 
bath at 55°C and inflated with a steady stream 
of nitrogen, meanwhile, the residual chloroform 
was removed by vacuuming for 3 hours. Then 
the lipid film was dissolved by Tris buffer which 
compose of 10:10:80 (v/v/v) 0.1 M Tris-buf- 
fered saline: glycerol solution: propylene glycol 
(pH 7.4). Then put bottle in a 60-70 degree 
ultrasonic cleaner to make sure the film was 
fully dissolved, finally it was sub-packaged, 
sealed, vacuumed and filled with Octafluoro- 
propane (C3F8, Wuhan Newradar Special Gas 
Co., Ltd., Wuhan, China) gas replacement. 

In order to preparation the biotinylated micro-
bubbles, 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[biotinyl (polyrthylene glycol)- 
2000] (DSPE-PEG-2000-Biotin, Avanti Polar 
Lipids, INC, USA) can replace the DSPE-PEG- 
2000. When the biotinylated microbubbles 
were prepared, 3 µl streptavidin (Beijing Bioss 
Biotechnology Co., Ltd.) was added to 100 µl 
microbubbles for 30 min at room temperature. 
And biotinylated monoclonal PD-L1 antibody 
was mixed with the streptavidin/biotinylated 
microbubbles in a 4:100 volume ratio for 4 h at 
4°C. PD-L1 Ab-MBs was washed by phosphate-
buffered saline (PBS) to remove the unbound 

antibody. When targeted PD-L1 Ab-MBs were 
prepared, then contact miR-34a (1000 µg/mL) 
by electrostatic adsorption in a 2:100 volume 
ratio, for 30 min at room temperature, so the 
PD-L1 Ab/miR-34a MBs were equipped.

To confirm PD-L1 antibody was conjugated to 
the biotinylated microbubbles, 10 µl P-phy- 
coerythrin-labeled streptavidin (streptavidin/
PE, Beijing Bioss Biotechnology Co., Ltd.) was 
added to 200 µl biotinylated microbubbles and 
mixed at room temperature for 30 min, then 
cleared the free PE-conjugated streptavidin by 
low speed centrifugation and the upper liquor 
was washed by PBS. Excess biotinylated PD- 
L1 antibody (Anti-Mouse B7-H1-biotin, eBiosci-
ence, San Diego, California, USA) were added  
to adhered to biotinylated lipid microbubbles.  
1 µl fluorescein isothiocyanate-labeled (FITC) 
secondary antibody (Santa Cruz Biotechnology 
Co., Ltd., USA) was added to 50 µl microbub-
bles and mixed for at least eight hours (or over-
night). The free FITC-labeled secondary anti-
body were removed by low speed centrifugation 
and PBS washed. By detecting the bright  
red and green fluorescence on the surface of 
microbubbles to conform the conjugation of 
anti-PD-L1 antibody.

To analyze the characteristics of the anti-PD-L1 
antibody conjugated microbubbles, non-bioti-
nylated lipid microbubbles as a control. The  
biotinylated microbubbles was observed by 
Optical microscope, the anti-PD-L1 antibody 
conjugated microbubbles were examined using 
Confocal microscope and the zeta and size 
were measured by Zeta Sizer analyzer instru-
ment (Zeta Sizer, Sichuan, China).

Cell culture

U14 cervical cancer cell lines were obtained 
and stored st the Three Gorges University 
Tumor microenvironment and Immune Therapy 
Laboratory, and the U14 cell were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) 
in humidified environment of 5% CO2, 37°C.

Targeting assay

This experiment aims to detect the capacity of 
anti-PD-L1 antibody microbubbles targeted to 
U14 cells. U14 cells were planted in 6/12/24-
well plate in a humidified atmosphere for 24 
hours to allow cell adhesion. After that, the 
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anti-PD-L1 antibody conjugated microbubbles 
(1×105/ml) and the non-conjugated microbub-
bles (1×105/ml) were added to the petri plate 
respectively. After a 30 minute mixed, remove 
the unbound microbubbles through washed the 
cells by PBS for three time. 

Contrast-enhanced ultrasound imaging (CEUS)

The planted tumor was established in the right 
anterior axillary region of mouse, and when the 
mean diameter of tumors up to 5 mm allowed 
to CEUS. Mice were narcotized in inhaling 2% 
isoflurane at the rate of 1.2 L/min, and using 
electric blanket to keep them warm during  
the whole operation. Contrast-enhanced ultra-
sound imaging were operated by Mindray RE-7 
(Mindray Medical International Co., Ltd. China), 
which equipped with 18 MHz central frequency 
linear probe. Then, 200 µl of MBs, PD-L1 Ab- 
MBs or PD-L1 Ab/miR-34a-MBs were injected 
intravenously via the tail vein (per injection of 
1×108 MBs in 200 μl) (n = 3) to evaluate the 
capability of contrast imaging in vivo. And quan-
titative analyses by Sonamath software 
(AmbitionT. C., China).

Transfected gene expression 

1 ml U14 cells suspension that set 4 duplicate 
holes were added into 24-well plates and add- 
ed 50 μl cationic microbubbles which loading 
pEGFP plasmid. The ultrasound was setting at 
different irradiation power and irradiation 
times. After 24 hours of irradiation, the expres-
sion of pEGFP plasmid was detected by fluores-
cence microscope.

Animal experiment

Fifty specific pathogen free (SPF)-level female 
BALB/c mice, about 5-6-week-old, weighing- 
25 g, were provided and maintained by the 
Animal Experimental Center of the Three 
Gorges University. Subcutaneous mouse cervi-
cal cancer xenograft tumors were established 
in the right front armpit region by subcutaneous 
injected U14 cells with a density of 106/200 μL 
cells. The planted tumor was allowed to experi-
ment when the mean diameter of tumors up to 
5 mm (range, 3-8 mm).

Fifty mice were successfully modeled randomly 
to divide into control group, empty microbub-
bles and ultrasound group (MBs + US), target-

ing PD-L1 Ab microbubbles + ultrasound group 
(PD-L1 Ab-MBs + US), miR-34a lorded micro-
bubbles (miR-34a-MBs + US), targeting PD-L1 
Ab combined with miR-34a microbubbles + 
ultrasound group (PD-L1 Ab/miR-34a-MBs + 
US), ten mice in each group. All the microbub-
bles were injected intravenously via the tail  
vein (per injection of 1×108 MBs in 200 μL)  
n = 10. Along with each injection, the planted 
tumor should be irradiate immediately by ultra-
sound. Ultrasound parameters were set at  
1 W/cm2 for 90 s, with duty circle of 50%. The 
above treatment once every two days, and  
the size of the implanted tumor was measured 
at 1, 3, 5, 7, 9 days with a ruler. Tumor volume 
was calculated by Volume = length (width)2/2. 
Tumor growth inhibition (TGI) was calculated by 
TGI (%) = (1-Tumor weight or volume of treated 
group/Tumor weight or volume of control group) 
×100%. After 5 times of the ultrasound-target-
ed microbubble destruction treatment, de- 
prived the planted tumor and spleen from mice. 

Hematoxylin eosin stain

Hematoxylin eosin staining (H&E) was used to 
evaluate the degeneration, necrosis, and 
inflammation. After fixation with formalin, par-
affin embedding was performed, and serial 
sections were prepared for H&E staining. The 
slide was observed by microscope. 

Tunel assay

The paraffin section was carried out by the 
instructions of TUNEL apoptosis detection kit. 
The appearance of red fluorescently labeled 
apoptotic bodies in the nucleus of tumor cells 
were regarded as positive reaction. The apop-
totic staining was observed by laser confocal 
microscopy. Apoptosis index (AI) = apoptotic 
cells/total cells ×100%.

Immunohistochemistry

The tumor tissue was fixed with 4% paraformal-
dehyde, dehydrated, embedded in paraffin,  
and with a graded alcohol sliced. After stan-
dard dewaxing, rehydration and antigen repair, 
endogenous peroxidase was blocked by 3% 
H2O2. Primary antibodies against Bcl-2 (1:200) 
and Bax (1:200) was added to sections and 
incubated at 4°C for overnight. After rewarm-
ing, the slides were added into goat anti-mouse 
secondary antibody and incubated for an hour 
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at room temperature. DAB reagent (Boster 
Biological Technology co. ltd in Wuhan, China) 
dripped on the sections for 30 minutes, then, 
washed and naturally dried. The cut surface 
was covered with neutral resin, finally the sec-
tions were observed by microscope. 

RT-PCR

Trizol reagent (TaKaRa) was used to extract the 
total RNA of tumor tissue, and using the 
PrimeScriptTM RT Kit (TaKaRa) to reverse RNA 
transcripte into cDNA, then each cDNA sample 
was analyzed by Applied Biosystems. The Real-
Time PCR System was operated by manufac-
turer’s protocol of SYBR Premix Ex Taq II 
(TaKaRa). The relative mRNA expression of Bcl-
2, Bax, TNF-α, and INF-γ was calculated by 
cycle threshold (Ct) method.

Immunofluorescence

The section for immunofluorescent was pre-
pared. Immunofluorescent was performed on 
4-µm-thick tumor slices. The following primary 
antibodies were used: PE-conjugated anti-PD-
L1 Ab (1:1000) and isothiocyanate (FITC)-
conjugated anti-CD8 (1:100) monoclonal anti-
body. Cell nuclei were counterstained with 
DAPI. Confocal microscope was used to detect 
the immune response region at 600× magnifi-
cation fields. 

Flow cytometry

The spleen of the mice was cut into pieces and 
dissociated into RPMI 1640 medium. Splenic 
cells were suspended in 2 ml 0.1% PBS and  
1.2 μl Carboxyfluorescein Diacetate Succi- 
nimidyl Ester (CFDA-SE). Then, the cell concen-
tration was adjusted to 106/ml. Splenic cells 
were inoculated into 24-well plate. The group 
was different from the culture medium with 
tumor antigen or without tumor antigen. The 
plate was incubated at 5% CO2, 37°C for 48 h. 
Then, IL-2 were added to 24-well plate at the 
same condition for 48 h. After 96 h, spleen 
cells were collected by centrifugation at speed 
of 1500 rpm/min for 3 min and washed by PBS 
three times, then lymphocyte proliferation was 
analyzed by flow cytometer.

Lactate dehydrogenase leakage assays

The spleen cells were co-cultured with U14 
cells for 3 h, and the lactate dehydrogenase 

detection solution was prepared according to 
the instructions of the lactate dehydrogenase 
kit. 60 μl lactate dehydrogenase detection 
solution was added to each sample, and incu-
bated for 20 min at room temperature. Then 
detected the absorbance (OD) at 490 nm with 
the enzyme micrometer. Finally, calculated the 
cell killing rate following the formula: KR (killing 
rate) = (ODk-ODb) (ODm-ODb)

-1 ×100% (ODk: OD 
value of killing effect group, ODb: OD value of 
blank group, ODm: OD value of maximum 
release group).

Statistical analysis 

One-way ANOVA followed by the student 
Newman-Keuls post hoc test (t-test) and Least 
significant difference (LSD) were used to test 
the differences of expression among the five 
groups. Chi-square test was applied to esti-
mate the differences on qualitative data. 
Quantitative date are presented as mean ±  
SD. A p-value <0.05, p-value <0.01 indicated 
statistically or extremely significant. Qualitative 
data are shown as number (%). Statistics were 
analyzed by SPSS 18.0 (SPSS Inc., Chicago, 
USA).

Result

Preparation and characterization of PD-L1 Ab/
miR-34a-MBs 

The cationic microbubbles were observed by 
optical microscope, the microbubbles were 
round with regular characters and uniform par-
ticle size distribution, no agglomeration, which 
conformed to the experimental requirements 
(Figure 1A). The cationic microbubbles had a 
size distribution of 938.9±80.0 nm and the 
apparent zeta potential was 17.7±3.8 mV 
(Figure 1B, 1C). The microbubbles’ mean con-
centration was 4.6×107 MBs/mL which mea-
sured by blood cell count plate. 

Biotinylated microbubbles were prepared by 
first complexing the avidin to cationic microbub-
bles, then attached to the biotinylated PD-L1 
antibody (Figure 1D). To demonstrate effective 
loading, we performed confocal microscopy on 
microbubbles that were combined with FITC 
conjugated anti-mouse IgG to bind to PD-L1 
antibody loaded on microbubbles (excited at 
488 nm, emitted at 530 nm). The combination 
of biotinylated microbubbles with PE-avidin was 
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verified by detected the red fluorescent around 
the microbubbles surface. While, the combina-
tion of the secondary antibody with avidin-bioti-
nylated microbubbles was verified by detected 
the green fluorescent around the microbubbles 

surface. Confocal images showed colocaliza-
tion of PD-L1 antibody with the biotinylated 
microbubbles by means of biotin-strepavdin 
conjugation. The images were all acquired at 
600× magnification, avdin was visualized with 

Figure 1. Identification of the prepared targeted microbubbles. A. Characterization of cationic microbubbles were 
observed by optical microscope (×400); B. The apparent zeta potential of cationic microbubbles was 17.7±3.8 mV. 
C. The cationic microbubbles had a size distribution of 938.9±80 nm; D. PD-L1 Ab/miR-34a MBs structure diagram; 
E. Observed PD-L1-Ab conjugation to biotinylated microbubbles and non-biotinylated microbubbles by laser confocal 
microscopy (PE: streptavidin-PE; FITC: rabbit anti-mouse IgG-Fc/FITC) (×400), scale bar = 50 μm. Red fluorescence 
indicates that streptavidin-PE binds to the biotin of the microbubble, and green fluorescence indicates that the FITC-
labeled secondary antibody binds to the mouse anti-PD-L1 antibody and then links with the microbubbles.
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580 nm (red), secondary antibody was visual-
ized with 488 nm (green) (Figure 1E). 

Examined the targeting and contrast-en-
hanced efficiency of targeted-MBs

The expression of PD-L1 on U14 cytomem-
brane was detected by laser confocal micros-
copy. High expression of red fluorescence was 
observed by laser confocal microscopy indicat-
ed that PE labeled PD-L1 antibody conjugated 
to the U14 cytomembrane (Figure 2A). The 
experiment examined the targeting efficiency of 
non-targeted MBs and targeted MBs to U14 
cells. For non-targeted MBs, only a slight non-
specific binding to U14s was observed; howev-
er, more targeted MBs bound to U14 were 
observed. As observed under the light micro-
scope (Figure 2B), the results were presented 
that, the combination rate in non-targeted MBs 
and targeted MBs were significant different, 
which indicated that targeted MBs has a higher 
targeting ability to U14 cells.

All of the MBs, PD-L1 Ab-MBs and PD-L1 Ab/
miR-34a-MBs had well contrast imaging capa-
bilities in vivo (Figure 2C). The peak intensity 
and the time to peak showed no significant dif-
ference among the groups (Figure 2D, 2E).

Quantitative assessment of ultrasound-target-
ed microbubble destruction (UTMD)-mediated 
gene transfection in U14 cell 

Firstly, we conformed that 25 μl MBs has the 
capacity of loading 1 μg plasmids (Figure 3A). 
To detect the ultrasound-mediated destruction 
increasing EGFP gene expression in U14 cell, 
semi-quantitiative PCR analyses the delivery of 
EGFP plasmid to U14 cells 48 hours following 
UTMD-mediated gene transfection. The results 
indicated that under the power was 1 W/cm2 
and the time was 25 second, the expression of 
EGFP mRNA was significantly increased (Figure 
3B).

UTMD mediated delivery of EGFP gene was 
tested in the U14 cells. The EGFP plasmid was 
used for fluorescence imaging of gene transfec-
tion efficiency. The fluorescence microscopic 
images showed that EGFP-MBs + US group 
exhibited the highest fluorescence emission, 
the results indicated that UTMD-mediated 
could improve the gene transfection efficiency 
(Figure 3C).

Tumor growth inhibition 

Schematic illustration showing the treatment 
process just like the Figure 4A. The implanted 
tumor was measured every two days at 1, 3, 5, 
7 and 9 days and the tumor volume was calcu-
lated (Figure 4B). The gross tumor volume was 
increased in all groups, especially in control 
group and MB + US group, tumor tissue was 
removed after the treatment and the tumor 
inhibition rate was calculated (Figure 4C). The 
results showed that the volume inhibition rates 
of PD-L1 Ab-MBs + US, miR-34a-MBs + US  
and PD-L1 Ab/miR-34a-MBs + US were 
35.38%, 40.50% and 54.32%, and the mass 
inhibition rates were 35.80%, 42.43% and 
60.14% (Table 1). Compared to control group, 
the weight and volume of tumor became less  
in all the three treatment groups (P<0.05). 
Among them, the inhibitory effect of PD-L1 Ab/
miR-34a-MBs + US group was more obvious 
(P<0.01). The tumor volume and weight inhibi-
tion rate in different groups were shown in 
Table 1. The data showed that PD-L1 Ab/miR-
34a-MBs + US delivery system showed a poten-
tial inhibitory effect, PD-L1 antibody combine 
miR-34a could synergistic inhibit cervical can-
cer cells synergistic.  

Tumor tissue damage revealed in histological 
observation 

H&E staining was used to reveal the anti-tumor 
effects of targeted MBs treatment. The results 
showed that the arrangement of tumor cells 
was disordered, meanwhile, tumor cells were 
active in growth and nucleic division was obvi-
ous, and tumor cells with large nuclear-cyto-
plasmic ratios and significant profile in the con-
trol group and MBs + US group. By contrast, 
there are extensive necrosis of tumor tissue in 
targeted-MBs group, but little in the control 
group and MBs + US group, the most obvious 
necrosis was observed in the PD-L1 Ab/miR-
34a-MBs + US group (Figure 5A).

Mechanism of targeted microbubbles inducing 
apoptosis 

Effects of targeted microbubbles treatment on 
the apoptotic induction of tumor cells: TUNEL 
was widely used to quantitative evaluation of 
apoptosis. The cells with bright red-stained 
nuclei were apoptotic cells, AI can be calculat-
ed. Positive apoptotic cells in PD-L1 Ab-MBs + 
US group and miR-34a-MBs + US group were 
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Figure 2. Examined the targeting and contrast-enhanced efficiency of targeted-MBs in intro and vivo. (A) PD-L1 ex-
pression on U14 membranes was confirmed by laser confocal microscopy. High expression of red fluorescence was 
observed on the U14 membranes (×200), scale bar = 100 μm; (B) Non-targeted microbubbles (NMBs) and targeted 
microbubbles (TMBs) were observed bind to U14 cells by light microscope (×400), with NMBs, only a slight non-
specificity binding to U14s was observed; comparatively, it can be observed that the U14 cells were surrounded by 
TMBs; (C) The results of Contrast-enhanced Ultrasound Imaging showed that all of the MBs, PD-L1 Ab-MBs and PD-
L1 Ab/miR-34a-MBs had well contrast imaging capabilities in vivo. The peak intensity (D) and the time to peak (E) 
of Contrast-enhanced Ultrasound Imaging in vivo have no significant difference among the groups (P>0.05). Date in 
figure D&E are presented as mean ± SD, n = 3.
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Figure 3. The UTMD promoted gene transfection into U14 cells through the DNA loaded targeted microbubbles. A. 
Analysis of DNA loading capacity of the MBs. The result of agarose gel electrophoresis (AGE) showed that the 25 μl 
MBs has the capacity of loading 1 μg plasmids. B, C. Quantitative assessment of UTMD-mediated gene transfection 
in U14 cell with different irradiation power and time; D. The fluorescence microscopic images showed that, control 
group and EGFP pasmid + US group exhibit negligible fluorescence emission, while, EGFP plasmid-MBs + US group 
exhibited the higher fluorescence emission (×200), scale bar = 100 μm.

Figure 4. The in vivo therapeutic effects of the targeted microbubbles in the U14 cervical carcinoma bearing mice. 
A. Schematic illustration of the therapeutic formulations. Mice were injected with different types of microbubbles, 
while in control group were injected with equal dosage of PBS, and each group was irradiated by ultrasound with 
specific parameters every two days (n = 10). B. Representative tumor tissues excised from the mice at the end of 
the treatment; C. Tumor volume growth curve. The tumor volume of the control group and MBs + US group showed 
an exponential growth pattern, and the tumor growth of the other groups was slowed down.
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increased significant (P<0.05). Meanwhile, the 
positive staining had a remarkable increasing 
in PD-L1 Ab/miR-34a + US group compared to 
control group (P<0.01) (Figure 5B). The cells 
with red-stained nuclei was showed in all the 
groups (Figure 5C). The result revealed that 
PD-L1 antibody and miR-34a could promote 
tumor cell apoptosis, what’s more, immuno-
therapy with PD-L1 Ab in combination with miR-
34a is able to synergistically improve the effi-
cacy to promote tumor cell apoptosis.

Effects of targeted microbubbles treatment on 
the induction of apoptotic related gene 

Expression: Bcl-2 and Bax are an important 
related genes of apoptosis. The expression 
products of Bcl-2 and Bax exist inside the  
same cell in the form of homodimers or het-
erodimers. When there is over-expression of 
Bax and forms homodimers Bax/Bax it pro-
motes apoptosis and when there is over ex- 
pression of Bcl-2 to form heterodimers Bcl-2/
Bax it promotes cell cycle and cell proliferation 
and inhibition of apoptosis [8]. We not only 
detected the expression of Bcl-2 and Bax pro-
tein in tumor tissue by immunohistochemical 
staining (Figure 6A, 6B), but also examined  
the levels of Bcl-2 and Bax mRNA by RT-PCR 
(Figure 6C). These findings demonstrate that 
the level of Bcl-2 downregulated while the level 
of Bax upregulated with the treatment of target-
ed-MBs. The changes of Bcl-2 and Bax mRNA 
expression in treatment groups showed the 
same trends. 

MiR-34a down-regulation had closely related to 
differentiation and metastasis in cervical can-
cer [9], the research indicated that the expres-
sion of miR-34a in PD-L1 Ab-MBs + US group 
and PD-L1 Ab/miR-34a-MBs + US group were 

sion of PD-L1 protein in tumor cell in PD-L1 Ab 
+ US group and PD-L1 Ab/miR-34a + US group 
were downregulated remarkably as compared 
with control group using PE-conjugated anti-
PD-L1 monoclonal antibody staining, indicating 
that PD-L1 antibody-MB could block the PD-L1 
molecule on the high expression of cervical 
cancer cells, and relieve local inhibitory tumor 
immuno-microenvironment (Figure 7A). 

CD8+ T cells played a key role in immune sys-
tem. The expression of CD8+ T cells were 
observed using isothiocyanate (FITC)-con- 
jugated anti-CD8 antibody staining, and upreg-
ulated in PD-L1 Ab + US group, miR-34a + US 
group and PD-L1 Ab/miR-34a + US group as 
compared with control group (Figure 7B). The 
result indicated that PD-L1 antibody and miR-
34a can promote cytotoxic T-cells proliferation, 
enhancing the killing effect of T-cells. 

Effects of targeted microbubble treatment on 
the expression of cytokine: To assess the 
expression of cytokines associated with antitu-
mor immunity induced by anti-PD-L1 antibody 
alone or in combination with miR-34a gene, we 
examined the level of TNF-α and INF-γ mRNA in 
tumor tissue by RT-PCR. The results revealed 
that with the treatment of PD-L1 Ab-MBs or 
miR-34a MBs caused a significant increasing in 
the level of TNF-α and INF-γ compared to con-
trol group (P<0.05). Moreover, the expression 
of TNF-α and INF-γ were markedly upregulated 
in combination therapy group (PD-L1 Ab/miR-
34a-MBs + US) (P<0.01; Figure 7C, 7D).

Enhanced spleen lymphocyte proliferative 
responses following targeted microbubbles 
treatment: CFSE labelling has been widely us- 
ed to reveal and track cell proliferation. Flow 
cytometry detected the proliferation of Spleen 

Table 1. Comparison tumor growth inhibition in different groups

Group tumor volume 
(mm3)

Volume inhibition 
rate (%)

tumor 
weight (g)

Weight inhibition 
rate (%)

A 1933.83±694.16 0 2.71±1.55 0
B 1829.31±436.29 5.38 2.63±0.68 2.95
C 1249.24±448.84 35.38* 1.74±0.91 35.80*

D 1150.11±406.12 40.50* 1.56±0.57 42.43*

E 883.11±447.73 54.32**,# 1.08±0.28 60.14**,#

A: Control group; B: microbubbles + ultrasound group (MBs + US); C: anti-PD-L1 
antibody MBs + ultrasound group (PD-L1 Ab-MBs + US); D: plasmid pcDNA3.1 
(+)-miR-34a MBs + ultrasound group (miR-34a-MBs + US); E: PD-L1 Ab/miR-34a 
MBs + ultrasound group (PD-L1 Ab/miR-34a-MBs + US). Chi-square test was used to 
estimate the differences on this qualitative data. Compared with the control group, 
*P<0.05, **P<0.01; Compared with other groups #P<0.05. n = 10.

up-regulated, compared to 
control group (P<0.05), the 
up-regulated was more sig-
nificant in PD-L1 Ab/miR-
34a-MBs + US group (P< 
0.01) (Figure 6D). 

Mechanism of targeted 
microbubbles inducing anti-
tumor immunoresponse

Effects of targeted micro-
bubble treatment on the 
expression of PD-L1 and 
CD8+: Immunofluorescence 
results revealed the expres-
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lymphocyte labeling with CFSE, proliferation 
index (evaluated lymphocyte proliferative 
responses) represent for activity of lymphocyte 
proliferation. After 96 h with or without tumor 
antigen stimulation in vitro, spleen lymphocyte 
were detected by flow cytometry. The result dis-
played that, with or without tumor antigen stim-
ulation, there is no obvious effect on lympho-
cytes proliferation in control group and MBs + 
US group, expecting for a small amount of self-

proliferation (Figure 8A). Whereas, with tumor 
antigen stimulation, significant difference were 
observed in PD-L1 Ab-MBs + US group, miR-
34a-MBs + US group and PD-L1 Ab/miR-34a-
MBs + US group, proliferation index increased 
significant compared to control group (P<0.05) 
(Figure 8B). Without stimulation, there is no sig-
nificant difference between all the groups 
(Figure 8C). The result indicated that lympho-
cyte proliferative responses were active and 

Figure 5. Analysis of the apoptosis of tumor tissues after the treatment. (A) Histopathology of tumor tissues in each 
group (H&E, ×400), scale bar = 200 μm. The histological sections were prepared from various tumor tissues in the 
mice. In the control group or MBs + US group the tumor histopathological sections showed that the arrangement 
of tumor cells was disordered, tumor cells active growth and evident nucleic division, and tumor cells with large 
nuclear-cytoplasmic ratios and significant profile; While in the targeted MBs the tumor histopathological sections 
revealed that the tumor cells extensive necrosis, especially in the PD-L1 Ab/miR-34a-MBs + US group; (B) The semi-
quantification analysis of apoptotic cells in tumor tissues of each group by the fluorescence intensity showed in (C) 
(Compared with the Control group, *P<0.05, **P<0.01). (C) TUNEL assay was used to analyse cell apoptosis. Red-
stained nuclei indicate cells in the apoptotic state (original magnification, ×200), scale bar = 100 μm.
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Figure 6. Expression of Bcl-2 and Bax in the tumor tissues. (A) Detection of Bax and Bcl-2 protein expression in tumor tissues by immunohistochemistry staining 
(×400), scale bar = 200 μm. (B) Data were processed using ImageJ software. The protein expression of Bax shown in (A) was significantly higher in the PD-L1 Ab-
MBs + US group, miR-34a-MBs + US group and PD-L1 Ab/miR-34a-MBs + US group, while the results of Bcl-2 expression were reversed. (C) The mRNA expression of 
Bax and Bcl-2. The expression of Bax gene in all the treatment groups was higher than that in the control groups, the PD-L1 Ab/miR-34a-MBs + US group was most 
obvious. While the results of Bcl-2 were reversed. (D) The mRNA expression of miR-34a. The expression of miR-34a gene were up-regulated in the treatment groups, 
especially in the miR-34a-MBs + US group and PD-L1 Ab/miR-34a-MBs + US group. (Compared with the control group, *P<0.05; **P<0.01, n = 10).
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immune activity were enhanced with the treat-
ment of targeted MBs.

Effects of targeted microbubbles treatment on 
the cytotoxicity of lymphocytes

Lactate dehydrogenase is an important enzy- 
me in the cytoplasm. When cells are attacked 
by factors, lactate dehydrogenase will be 
released. The cytotoxic killing effect can be 
reflected by LDH assays. The results showed 
that, the cytotoxic cell killing rate increased sig-
nificant in PD-L1 Ab-MBs + US group and miR-
34a-MBs + US group (P<0.05), among all the 
groups the increasing of cytotoxic cell killing 
rate was more significant in PD-L1 Ab/miR- 
34a-MBs + US group (P<0.01). It may indicate 
that both PD-L1 antibody and miR-34a had 
capacity to enhance the cytotoxic effects of 
lymphocytes to regulate the immune. PD-L1 
antibody and miR-34a may has the effect of 
coordination enhancement on anti-tumor ther-
apy (Figure 8D).

Discussion

Targeted cancer therapy was considered to be 
a promising treatment for its utilizing surface 
receptors that are highly expressed on tumor 
cells [10]. Ultrasound-mediated microbubble 
destruction (UMMD) has exerted enormous 
potential in targeted cancer therapy for the 
past few years, and it can induce the destruc-
tion of cytomembrane and enhance the perme-
ability of cytomembrane by acoustic cavitation 
and inducing the production of physical forces, 
such as shock wave, implosion, microflow and 
liquid jet [11]. Therefore, molecules such as 
antigens or genes encoding antigens loaded in 
the microbubbles can be delivered into the 
tumor tissue specifically and efficiently with 
combination of ultrasound [12], in addition, 
antibodies, genes, drugs, and cytokines can be 
delivered into the cytoplasm of immune cells 
directly [13]. Particularly, it has been proved 

that UMMD has better gene delivery efficiency 
than viral vectors [14]. Pysz developed an 
VEGFR-2-targeted microbubble destruction 
delivery system which had a good targeting 
property in the mouse pancreatic cancer model 
and had inhibitory effect on tumor cells [15], 
and the miR-34a gene carrying microbubbles 
can promote the apoptosis of multiple myelo-
ma cells [16]. Microbubbles served as a vehi-
cle, it can carry more than one drug or gene, 
and systemic co-administration was consid-
ered to be more effective. Recently, it has been 
proved that co-delivery of miR-34a and PTX, 
achieved a synergistic effects to enhance anti-
cancer capacity in cervical cancer [17]. In this 
study, we developed three kinds of targeted-
microbubbles: PD-L1 Ab-MBs, miR-34a-MBs, 
PD-L1 Ab/miR-34a MBs, and to verify which 
targeted microbubbles works best. From the 
results obtained in the study, PD-L1 Ab/miR-
34a-MBs were successfully constructed, it had 
good targeting and automatic target seeking 
ability. What’s more, the addition of PD-L1 anti-
body to MBs did not affect miR-34a loading 
capacity significantly. PD-L1 Ab/miR-34a-MBs 
showed an excellent capability to target U14 
cells in vitro and had well contrast imaging 
capabilities in vivo. The main mechanism for its 
targeting is the reaction between the antigen 
and antibody, so the targeting capacity makes 
no difference after loading miR-34a. The excel-
lent advantages associated with using anti-PD-
L1 antibody targeted MBs to enhance ultra-
sound-mediated miR-34a transfer in vivo and 
vitro and multiple targeted microbubbles 
strengthened the inhibition of tumor growth 
effect.

Immunotherapy, which has a unique advantage 
of high specificity characteristically for the 
tumor cell without influencing normal cells, 
holds vast prospect for cancer treatment [18]. 
The combination of US and microbubbles play a 
key role in delivering immunostimulatory sub-
stances to response the antitumor immune 

Figure 7. The anti-tumor immunotherapy with the targeted microbubbles. A. Expression of PD-L1 in each group 
detected by immunofluorescence (original magnification, ×600), scale bar = 50 μm. The expression of PD-L1 was 
significantly downregulated in the PD-L1 Ab/miR-34a-MBs + US group compared to Control group. B. Expression 
of CD8-positive T cells in each group detected by immunofluorescence (original magnification, ×600), scale bar = 
50 μm. In addition to the Control group, the number of CD8 T cells in each group of tumor tissues increased, and 
green fluorescence was emitted significant in PD-L1 Ab/miR-34a-MBs + US group under laser confocal microscope. 
C, D. The mRNA expression of IFN-γ and TNF-α. The expression of IFN-γ and TNF-α gene in all the treatment groups 
was higher than that in the control groups, the increased in PD-L1 Ab/miR-34a-MBs + US group was most obvious. 
(Compared with the Control group, *P<0.05; **P<0.01, n = 10).
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effect [19]. US-triggered microbubbles destruc-
tion initiates a series of biochemical and physi-
cal reaction which augmented the permeability 
of physiological barriers, so that immunostimu-
latory factors can be allowed to pass across  
the barriers and exert their effects. Previous 
studies observed that low-frequency US com-
bined with microbubbles promotes maturation 
and differentiation of dendritic cells (DCs) 
simultaneously in the cancer microenviron- 
ment [20]. And this variation could promote T 
lymphocytes mediated antitumor immunity reg-
ulation [21]. Meanwhile, the key point of cancer 
immunotherapies is to stimulate T-cell respons-
es to tumor cell [22]. The most elucidated 
mechanism for tumor evasion of T cell-mediat-
ed immunity was the programmed cell death 
protein-1/programmed death-ligand 1 (PD-1/
PD-L1) signaling axis [23]. PD-1, as a protein 
receptor, expressed in multiple immune cells, 
such as B cells, T cells, dendritic cells, mono-
cytes and NK cells [24]. PD-L1, is the ligand to 
PD-1, which expressed on cancer cells, its  
overexpression has a great effect on suppress 
host immune response. When PD-L1 binds to 
PD-L1, it leads to a functional suppression of 
tumor infiltrating lymphocytes (TIL) and T cells. 
With using the antagonists of PD-1/PD-L1 sig-
naling, it can partially reverse the exhaustion of 
T cells, and also can improve the function of 
T-cell mediated tumor immune regulation. 
Therefore, the PD-1 pathway is an important 
immune checkpoint to active and regulate the 
function of T cells and TIL [25-27]. In order to 
activate the antitumor immune system by 
blocking PD-1/PD-L1 signaling pathways, we 
developed PD-L1 antibody loaded MBs. These 
targeted MBs had a higher targeting effici- 
ency bind to U14 cells. The experiment demon-
strated that ultrasound mediated PD-L1 
Ab-MBs, PD-L1 Ab/miR-34a-MBs could regu-
late immune function, ultrasound mediated tar-
geted MBs binding to tumor cell with PD-L1 
antibody, then through blocking PD-1/PD-L1 
signaling pathways, activate the body’s immune 
system, promote the effect of the activation of 

T lymphocytes proliferation, increased infiltra-
tion of CD8+ T cells in the tumor tissue, pro-
mote the activity of immune cell factors (TNF-α 
and INF-γ) secretion, enhance antitumor 
immune killing effect.

With improved understanding of molecular 
mechanism in tumor proliferation and progres-
sion, the gene-targeted therapy for cancers 
was considered as a promising treatment for 
cancer. MicroRNAs (miRs) is a kind of small 
non-coding RNA molecules, which has impor-
tant impact on cell proliferation, differentiation 
and apoptosis, and even can lead to tumor pro-
gression when the expression of miRs is abnor-
mal [28]. The dysregulation of miR-34 family 
member exists in various tumors including cer-
vical cancer. And miR-34 family has the func-
tion of anti-proliferative and pro-apoptotic, 
meanwhile, it can be regard a direct targets of 
p53. Specifically, miR-34a was considered to 
be the most characterized and special family 
member is located in the second exon of its 
main transcript [29, 30]. And it has been report-
ed that, the expression of miR-34 family is 
downregulated in HPV-positive cells, it may 
induce the unstable of p53 and lead to prolif-
eration of tumor cells [31]. The research of 
Wang and his colleages also proved this point, 
they found the expression of miR-34a was 
down-regulated significant compare to control 
group in cervical cancer patients’ serum and 
tumor tissues [32]. Conversely, overexpression 
of miR-34a may induce cell-cycle arrest, in- 
ducing cell proliferation, apoptosis and even 
immune regulation [9]. With a deeper under-
standing of the expression of miR-34a is close-
ly related to the occurrence and progression of 
cancer, MiR-34a was attempted to serve as a 
key biomarkers or targets for anticancer thera-
py [33]. In this study we tried to prepare the 
miR-34a microbubbles and delivery them to 
cervical cancer. Compared to control group, 
loaded miR-34a microbubbles had obviously 
promoted apoptosis on tumor cells and more 
positive apoptotic cells appeared as compared 
to control group. What’s more, the results of 

Figure 8. Analysis of the spleen lymphocyte proliferation after the targeted microbubbles by flow cytometry. A. Sple-
nocytes were labeled with CFSE and cultured for 72 (with or without tumor antigen stimulation). B. Calculated the 
lymphocyte proliferation index in each group with tumor antigen; C. Calculated the lymphocyte proliferation index 
in each group without tumor antigen. D. The cytotoxicity of lymphocytes detected by Lactate dehydrogenase leak-
age assays, the cytotoxic cell killing rate increased significant in PD-L1 Ab-MBs + US group and miR-34a-MBs + US 
group, and the increasing of cytotoxic cell killing rate was more significant in PD-L1 Ab/miR-34a-MBs + US group. 
(Compared with the control group, *P<0.05, **P<0.01, n = 5).
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H&E staining revealed that a large part of 
necrotic area without cell structure were 
observed, apoptotic bodies were appeared but 
karyokinesis were rarely observed. These 
changings were lying on following reasons: 
Firstly, miR-34a-MBs and PD-L1 Ab/miR-34a-
MBs could effectively penetrate to tumor cells 
and enter to extracellular matrix, which can 
enhance the delivery of miR-34a into deep of 
tumor with ultrasound irradiation in tumor 
region. Furthermore, overexpression and aggre-
gation of miR-34a induced the stagnation of 
cervical cancer cell cycle and inhibited the pro-
liferation of cervical cancer cells through up-
regulating the expression of pro-apoptotic pro-
tein Bax and down-regulating the level of anti-
apoptotic protein Bcl-2. As a result, it achieved 
a good therapeutic effect in this research.

It has been reported that systemic co-adminis-
tration is more effective than monotherapy 
[34]. This study aims to combine anti-PD-L1 
antibody with miR-34a, which combination 
immune therapy and gene therapy showed a 
valuable approach to systemic treatment for 
cervical cancer. These findings demonstrate 
that PD-L1 Ab/miR-34a-MBs + US treatment 
caused more obviously cell apoptosis and 
enhanced the immune response against the 
tumor progression. There is two main factors to 
explain this phenomenon. Firstly, PD-L1 Ab/
miR-34a-MBs can bind to tumor cell with PD- 
L1 antibody, then through blocking PD-1/PD-L1 
signaling pathways, activate the body’s immune 
system, promote the effect of the activation of 
T lymphocytes proliferation. Secondly, the 
PD-L1 Ab/miR-34a-MBs + US group had a bet-
ter targeting effect on cervical cancer tissues 
than the miR-34a-MBs + US group, owing to 
PD-L1 antibody bind to tumor cell, this targeted 
MBs could gather miR-34a with high-concen-
tration aggregation and releasing around the 
cervical cancer, which could augment the gene 
quantity reached to the specific sites and 
improve the uptake of miR-34a by cervical can-
cer cells, thus, promoted the apoptosis of can-
cer cells. Co-delivery of antibody and genes 
with MB vectors can be a promising way to 
enhance anticancer effects was proved by this 
research. 

Conclusion

In conclusion, PD-L1 Ab/miR-34a-MBs com-
bined with US has been confirmed have a bet-

ter targeting and synergistic inhibition on cervi-
cal cancer. Using ultrasonic microbubbles as 
the carrier of antibodies and genes can improve 
the targeted uptake of therapeutic drugs at the 
lesion site and promote the effective transfec-
tion of genes. Multiple targeted microbubbles 
have better targeting ability to tumor tissues, 
improve the antibodies and genes concentra-
tion around tumor tissues, and reduce the sys-
temic toxicity and side effects.
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