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Abstract. Prostate cancer is a common type of cancer in 
elderly men. The aim of the present study was to evaluate the 
effects of ultrasound exposure in combination with SonoVue 
microbubbles on liposome‑mediated transfection of 
wild‑type P53 genes into human prostate cancer cells. PC‑3 
human prostate cancer cells were exposed to ultrasound; 
duty cycle was controlled at 20% (2 sec on, 8 sec off) for 
5 min with and without SonoVue microbubble echo‑contrast 
agent using a digital sonifier (frequency, 21 kHz; intensity, 
46 mW/cm2). The cells were divided into eight groups, as 
follows: Group  A (SonoVue  +  wild‑type P53), group  B 
(ultrasound + wild‑type P53), group C (SonoVue + ultra-
sound + wild‑type P53), group D (liposome + wild‑type 
P53), group  E (liposome  +  SonoVue  +  wild‑type P53), 
group F (liposome + wild‑type P53 + ultrasound), group G 
(liposome + wild‑type P53 + ultrasound + SonoVue) and 
the control group (wild‑type P53). Following treatment, 
a hemocytometer was used to measure cell lysis, reverse 
transcription‑quantitative polymerase chain reaction and 
western blotting were performed to detect P53 gene trans-
fection efficiency, Cell Counting Kit‑8 was employed to 
reveal cell proliferation and Annexin V/propidium iodide 
staining was used to determine cell apoptosis. Cell lysis 
was minimal in each group. Wild‑type P53 gene and protein 
expression were significantly increased in the PC‑3 cells 
in group G compared with the control and all other groups 
(P<0.01). Cell proliferation was significantly suppressed 
in group G compared with the control group and all other 

groups (P<0.01). Cell apoptosis levels in group  G were 
significantly improved compared with the control group and 
all other groups (P<0.01). Thus, the results of the present 
study indicate that the use of low‑frequency and low‑energy 
ultrasound in combination with SonoVue microbubbles may 
be a potent physical method for increasing liposome gene 
delivery efficiency.

Introduction

Prostate cancer is the second most frequently diagnosed 
cancer in men worldwide, with 1.1 million new cases esti-
mated to have occurred in 2012  (1). Progression into the 
androgen‑independent stage of prostate cancer is considered 
to be primarily due to resistance to apoptosis, and is accom-
panied by increased proliferation and survival of cells within 
the primary or metastatic tumors (2). At present, there are 
no effective therapies available for curing or controlling the 
androgen‑independent stage of prostate cancer, due to the high 
rate of apoptosis resistance. The primary therapeutic modali-
ties used to treat prostate cancer are surgery, radiation and 
hormone therapy (3,4). These modalities have been demon-
strated to have certain curative effects on early‑stage prostate 
cancer; however, they have various limitations, including 
injury to the surrounding normal tissues, drug resistance and 
tumor recurrence (4‑6).

Gene therapy is a promising method for the treatment of 
human diseases. Among the numerous types of anticancer 
treatment, gene therapy has gained attention in clinical trials, 
as it has low side‑effects compared with chemotherapy and 
radiotherapy  (7). Several methods have been developed 
for the delivery of DNA into cells, including chemically 
facilitated, vector‑mediated, mechanical  (8) and electric 
pulse (9) transfection. In the current clinical protocols for 
gene therapy, virus‑derived and non‑virus‑derived vectors 
are primarily used to deliver DNA into cells (10). Although 
viral vectors have high transfection efficiencies over a 
wide range of cell targets, major limitations have occurred 
during clinical trials, such as the induction of the immune 
response to viruses and insertional mutagenesis (11). These 
unwanted side‑effects have increased support for the use of 
non‑viral methods of gene transfer. Non‑viral vectors, such 
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as liposomes, are a promising alternative to viral vectors, as 
they are safe, versatile, easy to prepare and simple to scale 
up. However, non‑viral vectors generally have low transfec-
tion efficiencies (12,13).

The P53 protein is a tumor suppressor that has a regulatory 
function associated with cell apoptosis. Furthermore, the P53 
gene is the most commonly mutated gene in a large propor-
tion of human cancer types. Therefore, the introduction of 
wild‑type P53 into tumors may be a novel strategy for treating 
cancer, by inducing apoptotic death in cancer cells. As loss 
of P53 function is common in prostate cancer (14), restoring 
P53 activity is an attractive target for prostate cancer gene 
therapy (15).

Several previous reports (16-18) have described the 
combined use of sonoporation and microbubbles to achieve 
delivery of naked plasmid DNA into cancer cells in tissue 
culture‑based systems. Sonoporation is an emerging and 
promising physical method for cancer gene therapy that typi-
cally operates at a frequency of 1‑35 MHz, and has several 
advantages over other nonphysical methods of nucleic acid 
delivery; for example, sonoporation also has the ability to 
deliver drugs or small molecules (19). However, the transfer 
efficiency depends on ultrasound frequency, intensity (20) 
and the number of microbubbles  (21). Transfer efficiency 
increases with increasing ultrasound energy while the 
frequency decreases (22). The presence of microbubbles can 
also improve transfection efficiency (23). However, due to 
the high energy involved in ultrasound treatment, cell lysis 
frequently occurs and possibly masks other effects on the 
surviving cells (24).

Our previous study identified that low‑frequency and 
low‑energy ultrasound combined with microbubbles improved 
liposome‑mediated transfection of pEGFP DNA into human 
prostate cancer cells. Our previous study also demonstrated 
that low‑frequency and low‑energy ultrasound combined 
with microbubbles could induce cell membrane damage but 
resulted in minimum cell death. Thus, we proposed that the 
rapid collapse of microbubbles during sonoporation has major 
role in gene delivery into cells (25).

The present study evaluated the improvement of 
liposome‑mediated transfection of wild‑type P53 DNA into 
human prostate cancer cells by using low‑frequency and 
low‑energy ultrasound combined with SonoVue microbub-
bles. The aim of the study was to develop a novel gene therapy 
technique that may be used to treat androgen‑independent 
prostate cancer.

Materials and methods

Cell culture. A human androgen‑independent prostate cancer 
cell line, PC‑3 (null P53), was obtained from the Cell Bank 
of Type Culture Collection of Chinese Academy of Sciences 
(Shanghai, China). The cells were grown in Dulbecco's modi-
fied Eagle medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 10% heat‑inactivated 
fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) 
at 37˚C in humidified air with 5% CO2. PC‑3 cells were counted 
under an optical microscope (Olympus CX23; Olympus, 
Tokyo, Japan) using a hemocytometer (Qiujing XB-K-25; 
Shanghai Qiujing Biochemical Reagent and Instrument 

Co., Ltd., Shanghai, China) and resuspended at a density of 
1x105 cells/ml. The cells were transferred into polystyrene 
test tubes (1 ml cells/tube; Weierkang Medical Supplies Co., 
Ltd., Taizhou, China) with diameters of 13 mm. Polystyrene 
test tubes and a Mylab90 ultrasound imaging system (Esaote, 
Genoa, Italy) were used, which did not absorb sound waves. If 
the sound wave was absorbed, it would make the sound energy 
decay. Exposure to ultrasound resulted in no significant effect 
on the acoustic permeation ratio. The bottom of the tube was 
planar, which allowed it to more closely contact the ultrasound 
probe.

Ultrasound apparatus and microbubbles. A low‑frequency 
ultrasonic therapy machine (Shanghai Institute of Ultrasound in 
Medicine, Shanghai, China) and a microbubble echo‑contrast 
agent (SonoVue; Bracco, Milan, Italy) were used to perform 
gene transfection. Ultrasound was generated using a 21‑kHz 
ultrasound probe covered with (Shuangyi Medical Equipment 
Co., Tianjin, China) transmission gel and the spatial average 
temporal average intensity was 46 mW/cm2. The duty cycle 
was controlled at 20% (2 sec on, 8 sec off) for 5 min. The 
diameter of the ultrasound probe was 13 mm, which was the 
same as the diameter of the test tube. In all of the experiments, 
a clamp was attached to a metal stud to keep the transducer 
facing directly upward (25).

Upon use, SonoVue was reconstituted in 5  ml phos-
phate‑buffered saline (PBS) that was 2‑5 µm in diameter.

Preparation of plasmid DNA. Wild‑type P53 plasmid DNA 
(donated by the Center Laboratory of Sixth People's Hospital 
Affiliated to Shanghai Jiao Tong University) was prepared 
using an EZNA Plasmid Miniprep kit Ⅱ (Omega Bio‑Tek, Inc., 
Norcross, GA, USA). Wild‑type P53 plasmid DNA was identi-
fied by two restriction sites; enzyme digestion (SalI or XhoI; 
Fermentas; Thermo Fisher Scientific, Inc.) was performed, 
followed by electrophoresis. Briefly, the amplified P53 DNA 
fragment was purified from the corresponding band in the 
agarose gel and incubated with SalI/XhoI at 37˚C for 2 h. 
Next, digestion products were purified from the corresponding 
band in the agarose gel. The processed P53 fragment was 
then cloned into EZNA using T4 DNA ligase (Thermo Fisher 
Scientific, Inc.). The recombinant plasmid was transformed 
into DH5α (Beyotime Institute of Biotechnology, Nanjing, 
China) and confirmed by PCR of the bacterial solution and 
enzymatic digestion.

Cell lysis. PC‑3 cells were divided into four groups, as follows: 
The control group, the SonoVue alone group, the ultrasound 
alone group and the ultrasound combined with SonoVue 
group. Prior to ultrasound irradiation, 200 µl SonoVue was 
added to each SonoVue alone and ultrasound combined with 
SonoVue group test tube. Immediately after exposure to 
ultrasound, the cell numbers were counted under an optical 
microscope (x200 magnification; 4 images/group; Olympus 
CX23; Olympus) using a hemocytometer (Qiujing XB-K-25; 
Shanghai Qiujing Biochemical Reagent and Instrument Co., 
Ltd.). Cell lysis was measured using the following formula: 
Cell lysis (%)  =  [1 ‑   (number of viable cells per image 
following therapy / total number of cells per image prior to 
therapy)] x 100.
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Gene transfer. Transfection was performed using a Lipo-
fectamine 2000 kit (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol, at a plasmid:liposome 
(Invitrogen; Thermo Fisher Scientific, Inc.) ratio of 1:2. Prior 
to ultrasound irradiation, these transfection reagents were 
added to the suspension of PC‑3 cells in each sample. PC‑3 
cells were resuspended in polystyrene sample test tubes at 
a density of 1x105 cells/ml and divided into eight groups, 
as follows: Group A (SonoVue + wild‑type P53), group B 
(ultrasound  +  wild‑type P53), group  C (SonoVue  +  ultra-
sound  +  wild‑type P53), group  D (liposome  +  wild‑type 
P53), group  E (liposome  +SonoVue  +  wild‑type P53), 
group F (liposome + wild‑type P53+ultrasound), group G 
(liposome + wild‑type P53 + ultrasound + SonoVue) and the 
control group (wild‑type P53). In groups A, C, E and G, 200 µl 
SonoVue was added to each tube. Following ultrasound expo-
sure, the cell suspensions were transferred onto 12‑well plates.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Wild‑type P53 mRNA expression was examined 
by RT‑qPCR. Total cellular RNA was extracted from frozen 
tumor tissues using the RNAiso Plus kit (Takara Biotechnology, 
Co., Ltd., Dalian, China), according to the manufacturer's 
protocol, and purified using cold 75% ethanol precipitation. A 
DNase step was performed using a PrimeScript™ RT reagent 
kit with gDNA Eraser (Takara Biotechnology, Co., Ltd.). RNA 
concentration and quality were measured using the NanoDrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc.). 
A volume of 5 µl of purified RNA was used as the template for 
cDNA synthesis in the presence of 15 µl of 5X RT buffer, 1 µl 
random primer (100 pmol/µl), 1 µl reverse transcriptase and 
8 µl RNAse‑free water, all purchased from Takara Biotech-
nology Co., Ltd. The reverse transcriptase was incubated at 
25˚C for 10 min, 60˚C for 10 min and 70˚C for 10 min. The 
subsequent PCR mixture (50 µl) consisted of 1 µl cDNA, 
25 µl of 2X PCR buffer, 0.6 µl of each primer (25 pmol/µl) 
and 22.8 µl RNAse‑free water, all purchased from Takara 
Biotechnology Co., Ltd. The primers used (Takara Biotech-
nology Co., Ltd.) were as follows: P53 forward, 5'‑GAC​AGC​
CAA​GTC​TGT​GAC​TTG‑3' and reverse, 5'-CGC​TAT​CTG​
AGC​AGC​GCT​CAT​G‑3'; and glyceraldehyde  3-phosphate 
dehydrogenase, forward 5'-TGA​CAA​CAG​CCT​CAA​GAT​CAT​
C‑3' and reverse, 5'-AGA​GGC​AGG​GAT​GAT​GTT​CTG​G‑3'. 
Amplification was performed for 1 cycle at 95˚C for 3 min, 
followed by 40 cycles at 95˚C for 10 sec and 60˚C for 10 sec. 
The cycle fluorescence intensity generated using SYBR Green 
Master mix (Takara Biotechnology, Co., Ltd.) was recorded 
for each sample across 5 repeats using an ABI PRISM® 7500 
Sequence Detection System (Thermo Fisher Scientific, Inc.), 
and the mean fluorescence intensity was calculated and statis-
tically analyzed. The relative expression of each gene was 
calculated and normalized using the 2‑∆∆Cq method (26).

Western blot analysis. The protein expression of wild‑type 
P53 was examined by western blotting 24 h after the PC‑3 
cells were transfected with wild‑type P53, as previously 
described (27). Briefly, the cell line was solubilized in cold 
radioimmunoprecipitation assay lysis buffer (Beyotime Insti-
tute of Biotechnology). The proteins were separated using 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 

and transferred onto a polyvinylidene difluoride membrane 
(Thermo Fisher Scientific Inc.). The membrane was incubated 
with PBS containing 5% milk at room temperature for 2 h. 
Next, the membrane was incubated with Tris-buffered saline 
with 0.1% Tween 20 containing 5% milk and mouse anti-human 
P53 (catalog no. ab1101; dilution, 1:1,000; Abcam, Cambridge, 
UK) or β-actin (catalog no. ab8226; dilution, 1:500; Abcam) 
monoclonal antibodies overnight at 4˚C. Following the incu-
bation, the membrane was incubated again with horseradish 
peroxidase-conjugated goat anti-mouse secondary antibody 
(catalog no. ab6789; dilution, 1:2,000; Abcam) at room 
temperature for 1 h. An enhanced chemiluminescence kit 
(Beyotime Institute of Biotechnology) was used to perform 
chemiluminescence detection. The relative protein expression 
was analyzed by Image-Pro® Plus software version 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA), represented as the 
density ratio vs. β-actin.

Cell proliferation. Immediately after gene transfection, each 
group of cells was seeded at 3x103 cells/well in 96‑well plates. 
After 24 h, 100 µl Cell Counting Kit‑8 (Dojindo Laboratories, 
Kumamoto, Japan) was added and the plates were incubated 
for 3 h. The optical density for each well was measured using 
a microculture plate reader (FL600; Bio‑Tek, Winooski, VT, 
USA) at a wavelength of 450 nm (28).

Cell apoptosis. Following ultrasound treatment, each group 
of cells was incubated for an additional 24 h in 6‑well plates. 
The cells were evaluated for apoptosis using a fluorescein 
isothiocyanate (FITC)‑labeled Annexin  V and propidium 
iodide (PI) double staining kit (Becton Dickinson, Franklin 
Lakes, NJ, USA), as previously described (29). After the 24‑h 
incubation, cells were harvested, washed twice with PBS and 
resuspended with 0.5 ml PBS at a cell density of 1x106 cells/ml. 
Annexin V (5 µl) and PI (10 µl) were added to the wells in the 
dark. After 10 min incubation, the cells were analyzed by flow 
cytometry (BD FACSCalibur; Becton Dickinson) to deter-
mine the levels of apoptosis. Annexin V‑FITC(+)/PI(‑) cells 
were considered early apoptotic cells, while cells that were 
Annexin V‑FITC(+)/PI(+) were considered late apoptotic cells. 
Therefore, the total apoptotic cell count equaled the sum of the 
Annexin‑V‑FITC(+)/PI(‑) and the Annexin‑V‑FITC(+)/PI(+) 
cells (30).

Statistical analysis. Data are expressed as mean  ±  stan-
dard deviation. SPSS software (version  13.0; SPSS, Inc., 
Chicago, IL, USA) was used to perform analysis of vari-
ance and t-tests to determine differences among the 
groups. A least significant difference post-hoc test was also 
performed. P<0.05 was considered to indicate a statistically 
significant difference. Experiments were repeated three times.

Results

Detection of cell lysis. Cell lysis analysis is presented in Fig. 1. 
To assess cell lysis, the cells were examined immediately after 
ultrasound exposure. The ultrasound group and the ultrasound 
combined with SonoVue group exhibited significantly greater 
cell lysis compared the control group and the SonoVue alone 
group (P<0.001). Furthermore, significantly higher levels of 
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cell lysis were observed in the ultrasound combined with 
SonoVue group compared with the ultrasound group. There 
was no significant difference between the control group and 
the SonoVue alone group (P=0.945).

Detection of gene transfection efficiency. The results for 
gene transfection efficiency, as determined by RT‑qPCR and 
western blotting, are presented in Table I and Fig. 2.

In group  G (liposome  +  wild‑type P53  +  ultra-
sound + SonoVue), RT‑qPCR and western blotting revealed 
obvious P53 mRNA and protein expression, respectively, in 
the PC‑3 cells transfected with wild‑type P53, while all other 
cell groups exhibited significantly lower expression levels 
(P<0.001).

Measurement of cell proliferation. Cell proliferation levels in 
group G was significantly suppressed relative to the control 
group (P<0.001). Furthermore, the suppression observed in 

group G was significantly greater than in any of the other 
groups (P<0.001) (Fig. 3).

Detection of cell apoptosis. Cell apoptosis levels in group G 
were significantly increased relative to the control group 

Table I. Wild‑type P53 transfection efficiency of PC‑3 cells in 
groups A‑G and the control group following gene transfection.

	 Relative wild‑type P53 expression
	 -------------------------------------------------------------------------
Group	 mRNA	 Protein

Control	 Null	 Null
A	 Null	 Null
B	 0.16±0.01	 0.24±0.04
C	 0.75±0.10a	 0.42±0.05a

D	 1.49±0.14a,b	 0.60±0.05a,b

E	 1.74±0.17a,b	 0.66±0.03a,b

F	 2.80±0.19a‑d	 0.77±0.03a‑d

G	 4.00±0.51a‑e	 0.87±0.02a‑e

Data are presented as mean ± standard deviation. aP<0.001 vs. con-
trol group; bP<0.001 vs. group C; cP<0.001 vs. group D; dP<0.001 
vs. group E; eP<0.001 vs. group F.

Table II. Apoptosis of PC‑3 cells in groups A‑G and the control 
group following gene transfection.

Group	 Apoptosis,%

Control	 0.37±0.05
A	 0.48±0.05
B	 4.10±0.26a,b

C	 5.78±0.35a‑c

D	 6.81±0.25a‑d

E	 6.91±0.24a‑d

F	 12.69±0.72a‑f

G	 21.23±1.58a‑g

Data are presented as mean  ±  standard deviation. aP<0.001 
vs.  control group; bP<0.001 vs. group A; cP<0.001 vs. group B; 
dP<0.001 vs. group C; eP<0.001 vs. group D; fP<0.001 vs. group E; 
gP<0.001 vs. group F.

Figure 3. Cell proliferation in groups A‑G and the control group 24  h 
after gene transfection. aP<0.001 vs. control group; bP<0.001 vs. group A; 
cP<0.001  vs.  group  B; dP<0.001  vs.  group C; eP<0.001  vs. group D; 
fP<0.001 vs. group E; gP<0.001 vs. group F.

Figure 1. Cell lysis following exposure to ultrasound and/or microbubbles. 
aP<0.001 vs. control group; bP<0.001 vs. SonoVue group; cP<0.001 vs. ultra-
sound group.

Figure 2. Western blot revealing wild‑type P53 protein expression in 
groups A‑G and the control group 24 h after gene transfection.
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(P<0.001). In addition, the proportion of cell apoptosis in 
group G was significantly greater than in all the other groups 
(P<0.001) (Fig. 4; Table II).

Discussion

The PC‑3 cell line was selected for use in the current study, as 
it is a human androgen‑independent prostate cancer cell line 
that does not express P53 (wild‑type or mutant). Therefore, if 
wild‑type P53 is detected in this cell line it must be due to 
successful transfection (28).

In the present study, ultrasound significantly combined 
with microbubbles improved wild‑type P53 transfection effi-
ciency of liposomes, and the efficiency was greater in group G 
compared with in groups A, B, C, D, E and F, and the control 
group. Thus, gene transfection was improved by increasing 
cell permeabilization using microbubbles and ultrasound to 
deliver molecules into the cytoplasm. Collapsing microbubbles 

and cavitation bubbles created by this collapse generate 
impulsive pressures, including liquid jets and shockwaves, that 
may damage cell membranes and cause transient membrane 
permeability, allowing exogenous molecules to enter into cells. 
The impulsive pressures can affect neighboring cells, as the 
shockwave propagation distance from the center of a cavita-
tion bubble is considerably larger than the maximum radius 
of the cavitation bubble (31). Our previous study demonstrated 
that low‑frequency and low‑energy ultrasound combined with 
microbubbles could induce cell membrane damage. In addi-
tion, our previous study used transmission electron microscopy 
to detect cell membrane discontinuity and observed gaps in 
the cell membranes following ultrasound exposure (25). The 
results indicated that low‑frequency and low‑energy ultrasound 
may induce cell membrane damage to improve gene delivery.

In the present study, transfection with wild‑type P53 
suppressed PC‑3 cell proliferation and increased apoptosis. 
Loss of normal P53 function and/or defects in the P53 signaling 
pathway, caused by missense mutations or deletions, occur in 
>50% of types of human cancer, including prostate cancer. The 
P53 protein is a tumor suppressor gene product that can induce 
apoptosis, therefore, these molecular alterations are associated 
with resistance to cell death (32). Loss of P53 function as a 
result of mutation or deletion in the P53 gene occurs in 24% of 
primary prostate tumors (33). Considering the aforementioned 
functions of P53 expression, the possibility of reactivating the 
P53 pathway has been extensively investigated in several types 
of cancer (34).

In previous studies, ultrasound frequencies of 1‑3 MHz 
have been used  (11,35). However, the present study used 
low‑frequency (21 kHz) and low‑energy ultrasound, which 
is associate with easy penetration of the organism, less 
tissue absorption and reduced tissue injury. Low‑frequency 
ultrasound predominantly induces mechanical and cavitation 
effects, and the temperature increase through the thermal effect 
is virtually negligible (36). The results of the present study 
demonstrated that low‑frequency and low‑energy ultrasound 
combined with microbubbles minimally induced the lysis of 
PC‑3 cells. Cell lysis <5% was considered as minimal damage. 
Considering these advantages, low‑frequency and low‑energy 
ultrasound shows promise for future use in cancer therapy.

In conclusion, the present study demonstrated that sono-
poration, in the presence of microbubbles, was a promising 
technique for improving liposome transfer of wild‑type 
P53 genes into prostate cancer cells and provided an 
experimental model for clinical gene therapy. Additionally, 
liposome‑mediated transfection combined with low‑frequency 
and low‑energy ultrasound to induce the destruction of micro-
bubbles was revealed as a feasible and efficient method for 
wild‑type P53 delivery into prostate cancer cells. Although 
the exact mechanisms underlying efficient gene transfection 
remain to be elucidated, the rapid collapse of microbubbles 
during sonoporation is considered to have a major role in gene 
delivery into cells.
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Figure 4. Flow cytometry analysis of cell apoptosis in groups A‑G and the 
control group 24 h after gene transfection. PI, propidium iodide; FITC, fluo-
rescein isothiocyanate.
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