Journal of

Cancer Therapeutics & Research
ISSN 2049-7962

Research 							

Open Access

The optimization of transfection in MCF-7 cells combining ultrasound
irradiation with contrast agent and polyethyleneimine
Zhi-Yi Chen1*§, Ri-Xiang Qiu2*, Xiao-Fang Sun3, Kun Liang3, Jin-Shan Zhang4, Yan Lin1 and Feng Yang1
Correspondence: winchen@vip.126.com
1
Department of Medical Ultrasound, The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou 510150, China.
2
Department of Pharmacy, The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou 510150, China.
3
Guangzhou Research Institute of Obstetrics and Gynecology, Key Laboratory for Major Obstetric Diseases of Guangdong Province,
The Third Affiliated Hospital of Guangzhou Medical University, Institute of Obstetrics and Gynecology, Guangzhou 510150, China.
4
Department of Nuclear Medicine, The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou 510150, China.

Abstract
Objective: To enhance the transfection efficiency of the human breast cancer cell lines (MCF-7) cells by plasmid
DNA, the optimized condition and synergistic role of ultrasound (US) irradiation with contrast agent and
polyethyleneimine (PEI) were discussed.
Methods: MCF-7 cells were transfected with the compounds prepared by the plasmid DNA encoding luciferase
(pCMV-luciferase-GL3) and PEI. Meanwhile, SonoVue microbubble was added to the cell suspension to serve as
nucleation sites for acoustic cavitation before US irradiation. Then, the DNA expression of luciferase plasmid and
viability of cells were evaluated through optimizing US irradiation. Furthermore, the influencing factor, such as the
concentration of plasmid, incubation time, serum, the type of solvent and the volume of culture media, were
analyzed.
Results: The viability of cells and US-induced enhancement of luciferase activity were influenced by the US
intensity, exposure time and duty cycle. US irradiation under an appropriate condition could accelerate the
permeation of the PEI/DNA complex through the cell membrane. It could enhance the transfection efficiency of
plasmid DNA. The optimal US condition for the enhancement was determined to be 1W/cm 2, 10% DC for 3 mins. In
contrast to the PEI/DNA complex alone without US irradiation or US irradiation alone, the combination of US
irradiation with contrast agent and PEI had a significantly enhanced luciferase activity (P<0.01). The 2 hrs preirradiation incubation with PEI/DNA complex for MCF-7 cells exhibited a significantly enhanced luciferase activity
(P<0.01). In addition, the transfection efficiency was also affected by serum, type of solvent and the volume of
culture media.
Conclusions: These results suggest that optimized parameters of US and transfection enhance the efficiency of gene
expression in MCF-7 cells apparently. The combination of US irradiation with contrast agent and PEI has a synergy
and it is not only a simple but also an applied promising method to increase plasmid DNA expression.
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Background

Polyethyleneimine (PEI) is one of the most promising non-viral
vectors [1,2]. Plasmid DNA and PEI complexation could enhance
the transfection efficiency, but it should be enhanced further,
and the cytotoxicity should be reduced more. In order to
improve the transfection efficiency of non-viral vector, effective
physical stimulations, such as ultrasound (US) irradiation, could
be used to increase the cellular uptake and gene expression.
In non-viral transgenic technologies, ultrasound targeted
microbubble destruction (UTMD) is a simple, non-invasive
method. The transitory increase of membrane permeability

caused by the UTMD could transport exogenous molecules into
cells. This method which is non-toxic and non-immunogenic
has been successfully applied in both in vivo and in vitro gene
therapy studies [3- 6]. It is safer than other methods, so it may
be applied in clinical application in the near future. Although
the combination of US irradiation with polyethyleneimine (PEI)
has already been investigated by some other groups [7,8], the
transfer efficiency is still relatively low and the optimization
of transfection conditions has not been studied yet. Both PEI
and UTMD are promising transfection methods and novel
work, but there are little reports on systematic research about
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these two methods. Therefore, we optimized the parameters
of US exposure and transfection, and explored whether
the combination of these two methods could improve the
transfection efficiency synergistically. These two methods were
combined and the influence on the cell vitality of human breast
cancer cell lines (MCF-7) and its gene expression underling
different US irradiation strategies and transfection parameters
were compared.

Materials and methods

Preparation of Plasmid DNA pCMV-luciferase-GL3 (7.4 kb)
was constructed by cloning the luciferase gene from the
pGL3-Promoter Vector (5.01 kb, Promega Corp., Madison,
WI, USA) into pcDNA3.1 (5.42 kb, Invitrogen, San Diego, CA,
USA) at the Bam HI and Hind III sites [9]). The concentration of
isolated plasmid DNA was determined by absorbance at 260
nm wavelength (A260) using UV spectrophotometry (DU-640,
Beckman Coulter, Fullerton, CA, USA) and resuspended to a
final concentration of 1 μg/μl in buffer.
Preparation of transfection complexes
Branched PEI with an average molecular weight of 25 kDa
was obtained from Sigma-Aldrich (St. Louis, MO, USA). An
aqueous stock solution of PEI was prepared by diluting
1 mg of the commercial solution in 1000 ml deionize water,
neutralized with HCl and filtering at 0.2 μm (Millipore, Bedford,
MA, USA). PEI/DNA complexes were performed by mixing PEI
and plasmids at 8:1 of N/P ratio (PEI nitrogen: DNA phosphate
ratio, based on the recognition that 1 μl of PEI stock solution
contains 10 nmol of amine nitrogen and 1 μg of DNA contains
3 nmol of phosphate [10]). The complexes incubated for 20-30
mins at room temperature and stored in 4oC. Electrophoresis
was carried out for 40 min at 80 Vs.
Cell culture
The MCF-7 were obtained from China Center for Type Culture
Collection (CCTCC) and incubated in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Invitrogen Corporation, Grand
Island, NY, USA) with 10% fetal bovine serum (FBS, Gibco,
Invitrogen Corporation, Grand Island, NY, USA) and 100 U/
ml penicillin, 100 μg/ml streptomycin, at 37°C in a humidified
environment of 5% CO2 and 95% air.
UTMD protocol
After reaching 80-90% confluence, MCF-7cells were harvested
before each experiment by 0.25% trypsin digestion. Cells were
then centrifuged (1000 g, 6 min, model GS-15R, Beckman
Coulter, Fullerton, CA) and resuspended in DMEM media (300
μl/well) to a concentration of 106 cell/ml, as determined by a
Coulter Multisizer II (Beckman Coulter) as detailed previously
[3]. The suspension of SonoVue microbubbles (Bracco Research,
Switzerland) were reconstituted before use by injecting 5
ml of 0.9% saline solution. Before the experiments, PEI/DNA
complexes (1μg/well) were gently agitated with cell suspension
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for 30 min at room temperature. Before ultrasound exposure,
SonoVue microbubbles (5μg/μl) were gently added into well.
All UTMD experiments were performed in a test chamber
filled with water and the transducer (Accusonic, Metron
Medical Australia Pty. Ltd) was held in a positioning device
at the base of the tank as detailed previously [3]. The culture
plate was placed on the center of the transducer. Culture plate
was covered with the lid to prevent from being polluted by
surrounding environment. All operations were performed in
the sterile decontamination bench. To prevent the nearby well
being affected by ultrasound irradiation, cells were planted
in only six wells of 24-well culture plates. During ultrasound
irradiation, the plate was moved slowly, sticking closely to
the transducer surface. On completion of the exposure, the
plates were removed from the tank, wiped dry. The plates were
incubated for 8 h at 370C in a 5% CO2 incubator, supplemented
with 800 μl of complete media and then incubated to allow
for gene expression.
Experimental grouping
Experiment for parameters optimized was performed as
followed: ultrasonic intensity was set to four grades (0.4W/
cm2, 1.0W/cm2, 1.6W/cm2 and 2.2W/cm2), the expose time was
set to three grades (1min, 3min and 5min), and the duty cycle
(DC) was set to two grades (10% and 20%). And the optimal
irradiation parameters were determined through detecting
the luciferase activity and cell viability.
Analysis of synergy: under the optimal irradiation conditions,
the differences of the luciferase activity were compared. at
the condition of US or acoustic contrast agent, PEI alone and
the combination of them. The experiment was divided into
four groups: naked plasmid group, US irradiation + plasmid
group, PEI + plasmid group and US irradiation + SonoVue +
PEI + plasmid group.
The influences of transfection parameters, such as plasmid
concentration, solvent [Normal saline (NS); Dhank ’s (DHK);
OPTI-MEM (OPTI), Invitrogen Corporation, Grand Island,
NY, USA], serum (without serum or added 10% FBS before
radiation, cells were treated just the same as the way without
adding serum), the volume of culture media (300 μl, 500 μl
and 1000 μl), incubation time (30 min and 2 h) and so on, were
compared under optimal irradiation conditions. Above each
group of experiment was repeated three times.
Testing for cell viability and luciferase activity
Cell viability detection and gene expression analysis were
performed 48h after cell culture. Samples were configured, and
the cell suspensions were moved 96 well culture plate (100ml)
after treatment, the cell survival was determined using MTT.
Absorbance value was determined using microplate reader
(Multiskan MK3, Thermo Electron co.). Cell survival=OD value of
experimental group/OD value of blank control group × 100%.
Determination of luciferase activity Cells were incubated
for 2min with 200μl cell lysates (Promega Corp., Madison,
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WI, USA) after being washed by PBS twice. The solute was
moved to a micro centrifuge tube, and homogenized, frozen
in liquid nitrogen, and stored at -80°C. Cells were defrosted
before being determined, and centrifuged at 12,000g at room
temperature, determined using luciferase assay kit. 20μl
lysis supernatant and 80μl luciferase substrate were mixed
luciferase activity in the tissue lysate was measured using a
lumat LB9507 instrument (Berthold, Bad Wildbad, Germany).
RLU/mg protein was used as the unit of standardized luciferase
activity expression.
Statistical analysis
Statistical analyses were performed by the SPSS 13.0 software
package (SPSS, Inc, Chicago, IL). All values were expressed
as mean±SD. Analysis of variance with t test and analysis of
variance (ANOVA) test were used to determine the significance
of the difference in a multiple comparison. If the ANOVA was
significant, the Tukey’s procedure was used as a post hoc test.
Differences with a P value of less than 0.05 were considered
to be statistically significant.

Results

Effect of US parameters on cell viability
10% DC duty ratio, 0.4W/cm2 and 1.0W/cm2 ultrasonic intensity
didn’t cause significant damage to cells, the survival rate>
80% (Table 1). However, cell death was significantly when the
ultrasonic intensity were 2.2W/cm2 and 1.6W/cm2. Increasing
irradiation time also has a visible impact on cell viability.
Under the same ultrasonic intensity, the difference of cell
viability betweewn being irradiated for 3 min and irradiated 5
min was not statistically significant (P>0.05). Under the same
ultrasonic intensity and irradiated time for 1 min, any two
groups between 20%DC and 10%DC showed no significant
difference (P>0.05). However, there was statistically significant
when being irradiated for 3 mins and 5 mins (P<0.01), and
the minimum cell viability was (48.55% ± 4.18%) when the
US exposure intensity was 2.2 W/cm2 for 5 mins.
Influence of irradiation strategy on the expression of
luciferase activity
Irradiated by 10% DC for 3 mins, the difference of luciferase
activity between 1.0W/cm2 and 1.6W/cm2 was not significant
[(15.16 ± 0.25×106 RLU/mg protein vs. (14.26 ± 0.86)×106RLU/mg
protein, P>0.05) but both of the luciferase activity were higher
than irradiated by 0.4W/cm2 [(8.99 ± 0.55)×106RLU/mg protein]
and 2.2W/cm2 [(11.92 ± 0.89)×106RLU/mg protein], and the
difference was statistically significant (P﹤0.01). And luciferase
gene expression irradiated by 20% DC was significantly lower
than irradiated by 10% DC and the difference was significant
(P<0.01). As shown in Table 2, the highest luciferase activity
was obtained when the irradiation parameters were set as
1.0 W/cm2 and 10% DC for 3 mins, and the difference was
statistically significant (P<0.01).
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Table 1. Effect of different ultrasound parameters on MCF-7cell
viability (%)
Intensity

Exposure time (min)

Group
(W/cm2))

1

3

5

1

0.4

98.94±1.92

92.36±2.24

88.65±3.28Δ

2

1.0

92.71±4.16

87.21±0.73

82.43±1.28

3

1.6

82.65±4.00*#

71.04±0.39*#Δ

65.41±3.38§Δ

4

2.2

72.65±2.30*

60.21±4.17*

51.13±3.06§Δ

#



# Δ

Ultrasound condition: 10% DC (Duty cycle); as compared with
group 1, *P﹤0.05, §P<0.01; as compared with group 2, #P<0.05,
▲P<0.01; as compared with group 3, ▲P<0.05, P<0.01; as compared with 1 min, P<0.05, ΔP<0.01.

Table 2. Influence of different ultrasound parameters on the expression of luciferase activity (RLU/mg protein, ×106).
DC

Exposure time (min)
1

3

5

10%

12.78±0.17#▲

15.16±0.25#§

12.41±0.54#

20%

1.13±0.02▲

0.75±0.02§

0.63±0.00

Ultrasound condition: 1.0W/cm2; as compared with 20% DC,
#P<0.01; as compared with 3 min, ▲P<0.01; as compared with 5
min, §P<0.01.

Figure 1. The synergy of ultrasound irradiation and ultrasound contrast agent combined with PEI on the transfection.
PEI: Polyethyleneimine.

3

Chen et al. Journal of Cancer Therapeutics & Research 2012,
http://www.hoajonline.com/journals/pdf/2049-7962-1-26.pdf

doi: 10.7243/2049-7962-1-26

The synergy of the combination of US irradiation with
contrast agent and PEI in the transfection
As shown in Figure 1, without US irradiation, the luciferase
activity of PEI treatment group was higher than the luciferase
activity of naked DNA group, and the difference was significant
(P﹤0.01). US irradiation could enhance the luciferase activity
of naked DNA, but the increase range of luciferase activity by
US irradiation was significantly lower than the increase range
of luciferase activity by the combination of US irradiation with
contrast agent and PEI (P<0.01). Compared with the naked DNA
group, the transfection efficiency in US irradiation group was
increased about 25 times, and the transfection efficiency in
PEI treatment group was increased about 110 times, while the
transfection efficiency in the combination of US irradiation with
contrast agent and PEI group was increased about 295 times.
The influence of transfection parameters on US-mediated
PEI/DNA transfection
As shown in Figure 2, the difference of luciferase activity
between the different plasmid concentration in the, horizontal
wells were not statistically significant (P>0.05). Such as there
were no significant difference between 0.25 μg/well and
0.5 μg/well in DHK group, 1.0 μg/well and 1.5 μg/well in NS
group, as well as 0.5 μg/well and 1 μg/well in OPTI group,
while the differences were significant in other groups (P﹤0.05).
The luciferase activity was increased significantly when the
plasmid concentration was increased to 1 μg/well (P<0.01),
and the increased amplitude in NS group was significantly
higher than the increased amplitude in DHK group and OPTI
group, the differences were statistically significant (P<0.01).
As shown in Figure 3, the luciferase activity in 300 μl medium
was better than that in 500 μl and 1000 μl medium significantly
(both of P<0.01). Compared with the activity between
500 μl medium and 1000 μl medium, the difference was not
statistically significant (P>0.05). When the volume of medium
was 300 μl and the concentraion of plasmid was 1 μg/well,
the level of luciferase expression was higher, but it was not
obvious when the medium volume were 500 μl and 1000 μl.
When the plasmid concentration was 0.5 μg/well or 1 μg/
well, the luciferase activity was significantly lower for 30 mins
incubation of PEI/DNA and cells than that for 2hrs incubation,
and the difference was significant (P<0.01). When the plasmid
concentration was increased to 2.5 μg/well, the difference was
not statistically significant with the same medium volume
(group1 vs. group3, P=0.569). Once the serum exists, under
the same condition, the difference was not significant with
the plasmid concentration of 0.5μg/well, but the luciferase
activity difference was statistically significant with higher
plasmid concentration (P<0.01).

Discussion

Figure 2. The influence of medium and plasmid concentration
on luciferase activity. Ultrasound condition: 1.0W/cm2, 3min,
10%DC; incubation time (30min); the volume of culture media
(300μl); without serum.

Figure 3. The influence of incubation time, the volume of culture
media and serum on luciferase activity.

Figure 3. The influence of incubation time, the volume of culture
media and serum on luciferase activity.

PEI, which is a cationic polymer, can be used as an intracellular
buffer system to inhibit the function of intracellular enzymes,
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avoid the plasmid DNA from being degraded, resulting
in improvement of transfection efficiency, and has been
successfully applied in different parts in vivo [11]. It has been
shown that ultrasonic cavitation can increase the transmission
of DNA or synergistically improve gene transfection in
coordination with other reagents such as cationic liposomes
[12,13]. During the ultrasonic irradiation, DNA complexed with
cationic polymers and lipids could increase the stability of
plasmid DNA [14]. In addition, both US irradiation and PEI can
increase the transfection efficiency, and accompanied with
cell death [2,15,16]. Significant cell death is unacceptable,
so increased transfection efficiency and cell death should
achieve to a reasonable balance. Therefore, this study tries
to combine US irradiation and contrast agent with PEI as
well as optimize different parameters of US irradiation and
transfection. The results showed that, this method could
increase DNA transfection effectively and synergistically.
The increase of intracellular transport induced by US
irradiation was due to the formation of nano or micron
membrane pore [17]. Appropriate US exposure could increase
the cell membrane reversibility and transient permeability,
without any cell lysis or injury. The longer the US irradiation
time, the greater the intensity or the higher the DC, the
lower cell viability and it can cause significant cell damage
or even death, which was the main reason of the reduction
of luciferase activity.
The combination of US irradiation with contrast agent and
PEI has a synergy, rather than additive effect. Its transfection
efficiency was higher than other single method used. The cotransfection method could effectively reduce the dose of US
exposure and the amount of PEI. First of all, the mechanism of
the increase of transfection efficiency is related to ultrasonic
cavitation, and also may involve in a variety of other factors.
Microbubble rupture induced by ultrasound irradiation can
promote the plasmid DNA uptake and adsorbing by tumor
cells, and enhance gene transfer through increasing the
PEI/DNA uptake; other effects such as radiation force and
acoustic streaming, can promote tumor cells transfection.
The microbubbles attached to the cell membrane can interact
with the membrane, cascades cell signaling, which is also in
favour of improving transfection efficiency.
Considering from mechanics and ultrasound physics,
ultrasonic field can increase the collision probability between
target cells and PEI/DNA complexes when MCF-7 cells are
made into single cell suspension. The course of PEI/DNA
complexes uptaked by cells is a slow process. When PEI/DNA
complexes are added into the medium, with a lower plasmid
concentration, US irradiation for a short time does not benefit
to improve transfection efficiency. It is because it took some
time for the complexes to interact with membrane. If the
interaction between complexes and cells is not complete,
US irradiation will not improve gene transfer effectively and
synergistically. However, when plasmid concentration is high
enough, cells could uptake enough DNA plasmid and the
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incubation effect will be less important. Other studies have also
shown that [12,13], pre-incubation prior to US irradiation was
benefit to improving the transfection efficiency of liposome/
DNA complex.
For better understanding the mechanism of synergy when
US combined with PEI, we studied the effect of culture medium
volume on gene expression. Although many studies [4 - 6]
used cell suspension for ultrasonic irradiation, there are little
studies reported the correlation between culture medium
volume and transfection efficiency. With the reduction of
medium volume, the distance of sound wave transmitted is
shortened accordingly, and this is in favour of cell transfection.
In addition, salt ions in the solvent which is used to dilute
PEI/DNA complexes, have a major impact on the formation
patterns of the complexes. NS is beneficial for forming effective
transfection particles. The study also tested the serum on
the transfection efficiency. Though the absolute value of the
fluorescence activity was reduced when the serum existed as
other modification manners [18], US still could increase the
PEI/DNA complexes transfection. The results indicated that
this co-transfection method was not influenced by serum,
and was expected to be applied in vivo.

Conclusions

The results showed that, the optimal parameters of US and
transfection could significantly improve the transfection
efficiency. The combination of US irradiation with contrast
agent and PEI has a synergy on transfection efficiency. Relatively
lower US irradiation doses and appropriate parameters would
significantly increase gene expression. Further research is
still needed to clarify the mechanisms by which, such as to
analyze the interaction of the contrast agent concentration,
type and contrast agent combined with PEI.
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