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ABSTRACT
Purpose Polyethylenimine (PEI), a cationic polymer, has been
shown to aggregate plasmid DNA and facilitate its internalization.
It has also been shown that combining ultrasound (US) with PEI
could enhance and prolong in vitro and in vivo transgene expres-
sion. However, the role US in the enhancement of PEI uptake is
poorly understood. This study investigates the impact of US on
PEI-mediated gene transfection.
Methods Specific endocytosis pathway siRNA, including clathrin
HC siRNA, caveolin-1 siRNA and protein kinase C-delta (PKC-δ)
siRNA, are used to block the corresponding endocytosis path-
ways prior to the transfection of luciferase DNA/PEI polyplexes to
cultured cells by 1-MHz pulsed US with ultrasound contrast agent
SonoVue®.
Results Transgene expression was found not to be enhanced by
US treatment in the presence of the PKC-δ siRNA. We further
demonstrated that PKC-δ protein could be enhanced at 6 h after
US exposure. Moreover, intracellular calcium levels were found
to be significantly increased at 3 h after US exposure, while
transgene expressions were significantly reduced in the presence
of calcium channel blockers both in vitro and in vivo.
Conclusions Our results suggest that US enhanced PEI-
mediated gene transfection specifically by increasing PKC-δ relat-
ed fluid phase endocytosis, which was induced by increasing the
intracellular calcium levels.
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INTRODUCTION

Non-viral gene transfer methods such as electroporation, ul-
trasound (US), cationic polymer or cationic lipid, have recent-
ly been reported as being potentially applicable to gene ther-
apy (1–6). Gene transfer mediated by non-viral vectors ex-
hibits many of the desired characteristics for future human
gene therapy applications, including low immunogenicity,
treatment convenience, and site specificity (7–9). US has been
shown to enhance the delivery efficiency of drugs or genes into
cells (10–14), achieving safe and local delivery of drugs or
genes to the target organs by focusing the US beam on the
specific target site. The use of skeletal muscle in our in vivo
study has unique advantages. Muscle constitutes about 30%
of adult human body mass and has an abundant blood
vascular supply, lending itself to use as target tissue for
the production of transgene proteins to act as systemic
therapeutic agents (14,15). For example, a US-based
systemic gene therapy method allows for the US-mediated
delivery of anti-angiogenic genes into skeletal muscles,
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significantly inhibiting the growth of orthotopic tumors in
mice (16). However, the US method suffers from low trans-
fection efficiency and short transgene expression. It has been
found that combining US with cationic polymers such as
polyethylenimine (PEI) could enhance and prolong the trans-
gene expression either in vitro or in vivo (17). However, the role
of US on the enhancement of PEI uptake is still not well
understood.

Most reports on cellular uptake mechanisms suggest that
large DNA/PEI polyplexes enter the cells by means of
endocytosis. Endocytosis can be classified into a number
of distinctly different routes, including pinocytosis which is
recognized as being responsible for the uptake of macromol-
ecules, such as PEI. Pinocytosis can be further subdivided
into macropinocytosis, clathin-mediated endocytosis, and
caveolin-mediated endocytosis (18). Macropinocytosis
has been shown to selectively internalize suspended
macromolecules (for molecules up to 1 μm in diameter). In
contrast, clathrin-mediated endocytosis prefers to internalize
macromolecules with diameters of up to 200 nm, while
caveolin-mediated endocytosis uptakes smaller molecules
(diameter <100 nm) (19,20). Several studies have dem-
onstrated that DNA/PEI polyplexes enter the cells via
clathrin-mediated endocytosis; but other research has shown
that both caveolin and clathrin-mediated endocytosis are in-
volved in the internalization of PEI (21–23). Moreover, addi-
tional pathways such as fluid phase endocytosis have also been
found to contribute to PEI transfection (24). Given these
conflicting results, the exact pathway for internalization of
polyplexes is still unknown.

In addition, our understanding is incomplete for the mech-
anisms for the cellular uptake of smaller molecules, such
as genes or drugs, following US exposure. One expla-
nation focuses on the production of transient pores on
cell membranes (25,26). However, several recent studies
have demonstrated that endocytosis may also be in-
volved in the delivery process following US exposure
(27,28). Other studies have shown that the enhancement
of endocytosis after US exposure is associated with
H2O2 formation and a rise in intracellular calcium
levels (29,30). The present study aims to determine the
role of endocytosis in US-facilitated DNA/PEI polyplex
transfection. We first investigated the transfection effi-
ciency and cellular >uptake following pretreatment with
endocytosis inhibitors, siRNA, after which the colocalizations
of PEI and endocytosis markers were observed using
confocal microscopy. The intracellular calcium level
was then examined after US exposure. We also evalu-
ated the effect of varying calcium concentrations during
PEI-mediated gene transfection. Our findings suggest
that US enhances PEI-mediated gene transfection through
protein kinase C-delta (PKC-δ) and calcium-associated fluid
phase endocytosis.

MATERIALS AND METHODS

Chemicals

PEI (Polyplus Transfection, Illkirch, France), a 22 kDa linear
polyethylenimine (PEI), was used according to the manufac-
turer’s protocols. PEI-FluoF (green) and PEI-FluoR (red),
fluorescein-conjugated linear polyethylenimine, were all pur-
chased from Polyplus Transfection. Calcium channel
blockers, verapamil and nifedipine, were purchased from
Sigma-Aldrich (Missouri, USA).

Cell Culture and Expression Vector

C2C12 cells (murine skeletal muscle cells) were purchased
from American Type Culture Collection (ATCC, Virginia,
USA). These cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco, New York, USA) supplemented with 10%
fetal bovine serum (Gibco, New York, USA), 1% mixture of
penicillin G, streptomycin and amphotericin B (Gibco, New
York, USA) at 37°C in 5%CO2. Firefly luciferase cDNA (luc)
was subcloned into the pCI-neo Vector, resulting in the con-
structs pCI-neo-luc. Plasmid pCI-neo-luc was transformed
into competent Escherichia coli DH5α, and endotoxin-free
plasmid DNA was purified using the Qiagen EndoFree
Plasmid Max kit (Qiagen, California, USA) according to the
manufacturer’s instructions.

Ultrasound Apparatus and Gene Transfer

In Vitro Study

C2C12 cells were seeded in 24-well plates at an initial density
of 2×104 in 0.5 ml of growth medium and incubated for 24 h
before US exposure. The 24-well plates were placed above a
US probe with a thin layer of US gel in between, and the wells
were individually exposed to US by aligning the center of the
exposed well with the center of the US probe. The culture
medium contained 1 μg of plasmid DNA and PEI at an N/P
ratio of 5, i.e., the ratio of nitrogen atoms on PEI to phosphates
on DNA is 5 to 1. US was generated by a commercial gene
transfection device, Sonitron 2000 (Rich-Mar Co., Oklahoma,
USA), equipped with a 1MHz probe in an average intensity of
2 W/cm2, and a duty cycle (DC) of 20% for 2 min. The
diameter of the US probe was 10 mm. In each well, 500 μL
of culture medium containing 5 μL of SonoVue contrast agent
(SonoVue® Bracco, Milan, Italy) are prepared for US expo-
sure (31). After 6 h of US exposure, the cells were washed three
times with ice-cold phosphate-buffered saline (PBS) and were
further incubated with a culture medium at 37°C for 48 h.
The cells were stripped from the culture plates and suspended
in a luciferase lysis buffer (Promega, Wisconsin, USA). Cell
suspensions were mixed and then centrifuged at 12,000×g for

Mechanism of Ultrasound on Polyplex Transfer 2355



10 min at 4°C. The supernatant was assayed with a luciferase
assay substrate kit (Promega, Wisconsin, USA) and luciferase
activity was measured using a microplate luminometer infinite
M200 (Tecan, Groedig, Austria). Luciferase activity was nor-
malized to the protein content of the cells. Protein concentra-
tion was determined using the Bio-Rad protein assay (Bio-Rad
Laboratories, California, USA).

In Vivo Study

In vivo gene transfection was performed by exposing the injec-
tion sites to the US field of the Sonitron 2000 (Rich-Mar Co.,
Oklahoma, USA) sonoporation device following intramuscu-
lar injection of the US contrast agent (SonoVue® Bracco,
Milan, Italy) and reporter plasmids. US was generated by a
1 MHz probe of the same gene transfection device with an
average intensity of 2 W/cm2, a DC of 20%, and a pulse
repetition frequency of 200Hz. The diameter of theUS probe
was 10 mm. The durations of US exposure for in vitro and
in vivo are the optimal parameters we obtained from our
previous studies (32,33). The SonoVue® was a lipid-shelled
US contrast agent composed of microbubbles filled with sulfur
hexafluoride gas (34). The diameters of the microbubbles
ranged from 2.5 to 6.0 μm. Upon use, the SonoVue was
reconstituted in PBS containing 2~5×108 microbubbles per
mL.Mixtures of 10 μg plasmid DNA and SonoVue (30% v/v)
with a predetermined amount of PEI (N/P ratios of 0.5) were
intramuscularly injected into the thigh muscle of 6–8 week old
male BALB/c mice (17,33). The injection site of each mouse
then received 5 min of US exposure. At predetermined times
following injection, mice were anesthetized by isoflurane and
intraperitoneal injected with 100 μl of luciferin (30 mg/ml).
The whole body distribution of luciferase expression was
monitored by an IVIS imaging system (Xenogen, California,
USA). Luciferase activity was quantitatively measured using
Live Image 2.5 software (Xenogen, California, USA).

Quantification of DNA/PEI Uptake

To measure DNA uptake, DNA/PEI-FluoF nanoparticles
were transfected to C2C12 (2×104 cells/0.5 ml) by US and
incubated in a 24-well plate for 6 h. Intracellular uptake of
DNA/PEI-FluoF was measured by a LSRII flow cytometer
(BD Biosciences, California, USA) and analyzed using FlowJo
software (Treestar Software, California, USA).

Cell Viability Assay

In vitro cytotoxicity tests were performed using an MTT assay.
Cells were seeded in 24-well plates at an initial density of
2×104 in 0.5 ml of a growth medium and incubated for 24 h.
One day or 2 days after US exposure, the cells were then
treated with an MTT reagent (Sigma-Aldrich, Missouri,

USA), and were further incubated for 4 h at 37°C. The
medium was removed and 1 ml DMSOwas added to dissolve
the MTT product (formazan crystals). The plate was gently
shaken for 15 min to achieve complete dissolution. Aliquots
(100 μl) of the resulting solution were transferred to 96-well
plates and absorbance was recorded at 570 nm using the
microplate spectrophotometer system. Relative cell viability
was calculated as (Atreat/Acontrol) × 100%.

Endocytosis Related Protein Depletion Experiments

The three major endocytosis pathways (clathrin, caveolin-
mediated or fluid phase endocytosis) were selectively and re-
spectively inhibited using Clathrin heavy chain (HC) siRNA
(Santa Cruz Biotechnology, California, USA), Caveolin-1
siRNA (Santa Cruz Biotechnology, California, USA), PKC-δ
siRNA (Santa Cruz Biotechnology, California, USA) or control
siRNA (Santa Cruz Biotechnology, California, USA). C2C12
cells were seeded in 24-well plates at an initial density of 2×104

in 0.5 ml of growthmedium and incubated for 24 h. They were
then transfected with siRNA duplexes using Lipofectamine
RNAi MAX reagent (Invitrogen, California, USA) according
to the manufacturer’s instructions. The transfection effect and
DNA/PEI uptake were analyzed 48 h after the siRNA trans-
fection. The optimal siRNA concentration was determined to
be 10 nM (Fig. S1 in Supplementary Material).

Western Blotting and Immunofluorescence

Cells or tissues were lysed in a lysis buffer (25 mM Tris–HCl,
pH 7.6, 150 mMNaCl, 1%NP-40, 1% sodium deoxycholate,
0.1% SDS, and protease and phosphatase inhibitors). Lysate
protein concentration was determined using the Bio-Rad
protein assay (Bio-Rad Laboratories, California, USA) and
normalized for loading. Proteins were separated by SDS-
PAGE using 8 or 12% gels, and the gels were then transferred
to a PVDF membrane (Millipore, Massachusetts, USA),
which was blocked with 5% BSA in a TBS/TWEEN 20
(TBST) buffer which contains 140 mM Sodium Chloride,
3.0 mM Potassium Chloride, 25 mM Tris and 0.1% Tween
20. (Amresco, Solon, Ohio, USA), and then incubated in 5%
BSA/TBST overnight at 4°C with the primary antibody
(1:500) against clathrin heavy chain (BD Biosciences,
California, USA), primary antibody (1:500) against
PKC-δ(Cell Signaling Technology, Massachusetts, USA), pri-
mary antibody (1:200) against caveolin-1 (Santa Cruz
Biotechnology, California, USA), and primary antibody
(1:1,000) against Pan-Actin (Cell Signaling, Massachusetts,
USA). Anti-rabbit IgG-HRP or anti-mouse IgG-HRP second-
ary antibodies (Southern Biotech, Alabama, USA) were used
to recognize the primary antibodies. The specific proteins
were visualized by a chemiluminescence reagent detection
system (Millipore, Massachusetts, USA). Band quantification
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was performed using a BioSpectrum 600 Imaging System
(UVP, California, USA).

Determination of Intracellular Calcium Level

Following US exposure at different time points, C2C12
cells were loaded with 3 μM calcium dye Fluo-4

(Molecular Probes, Oregon, USA) for 30 min. Cells
were trypsinized and washed with ice-cold PBS (calci-
um and magnesium free), and then resuspended. The
intracellular calcium level was determined by flow cy-
tometry (BD Biosciences, California, USA) and ana-
lyzed using FlowJo software (Treestar Software, California,
USA).

Fig. 1 Effect of endocytosis
pathway depletion by siRNA on the
transgene expression. C2C12 cells
were pre-incubated with 10 nM
clathrin (a), caveolin-1 (b), PKC-δ
(c) or control (d) siRNA for 48 h
before transfection with or without
US. The transgene expression of
DNA/PEI polyplexes were all
reduced after depletion. However,
US could still enhance the
expression level of the a, b and d
groups, but not the c group. All
results are expressed as the mean
± SEM for six independent
experiments. *P<0.05; #P<0.05
vs. DNA/PEI with US group; ns not
significant.

Fig. 2 Effect of endocytosis pathway depletion on the enhancement of PEI-mediated gene transfer by US. Fluorescence labeled PEI was mixed with DNA for the
three siRNA depletion conditions, 10 nM clathrin, caveolin-1, PKC-δ siRNA or control siRNA for 48 h (a–d). The mean intracellular fluorescence intensity was
measured by flow cytometry. Although all fluorescence levels were reduced after depletion, they could still be enhanced by US (e, f, h), with the exception of the
PKC-δ siRNA group (g). The grey curves represent the non-stained controls in the histograms. All results are expressed as the mean± SEM for four independent
experiments. *P<0.05; ns not significant. #P<0.05 vs. DNA/PEI with US group.
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Colocalization Studies

To identify the endocytic pathway involved in the internali-
zation of DNA/PEI-FluoR nanoparticles, we used a
colocalization assay in living cells. C2C12 cells were

co-incubated with DNA/PEI and different endocytosis
markers. A 10 kDa Alexa Fluor 488 conjugate dextran
(Molecular probes, Oregon, USA), a fluid-phase endo-
cytosis uptake marker, was used for macropinocytosis;
Alexa Fluor 488 conjugate transferrin (Molecular Probes,

Fig. 3 Colocalization of DNA/PEI
polyplexes with the endocytosis
pathway markers with or without
US exposure. (a) Alexa Fluor 488
CTB (green) and (b) DNA/PEI-
FluoR (red) polyplexes, (e) Alexa
Fluor 488 TRF (green) and (f) DNA/
PEI-FluoR (red) polyplexes, or (i)
Alexa Fluor 488 DEX (green) and (j)
DNA/PEI-FluoR (red) polyplexes
were added to the cultured cells.
After 6 h of incubation, living cells
were imaged using a confocal laser
scanning microscope. Marked
colocalization (yellow) of DNA/PEI
polyplexes was found in the DEX
groups only. DIC, differential
interference contrast image. Scale
bar=10 μm. Similar results were
obtained in four independent
experiments, a representative one
is shown here.
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Oregon, USA) was used to determine the clathrin-mediated
endocytosis; while Alexa Fluor 488 conjugate Cholera Toxin
Subunit β (Molecular Probes, Oregon, USA) was used for
caveolin-mediated endocytosis. After 6 h of US exposure,
the cells were washed twice with ice-cold PBS and then

incubated in fresh medium. The colocalizations of DNA/
PEI and the endocytosis marker were observed using a Zeiss
LSM 780 laser scanning confocal microscope (Leica TCS SP5
Confocal Spectral Microscope Imaging System, Wetzlar,
Germany).

Fig. 4 Effects of US on intracellular
caveolin-1, clathrin and PKC-δ
protein expression in vitro and
in vivo. a–c The time course of
in vitro (a) caveolin-1, (b) clathrin,
(c) PKC-δ proteins 3–24 h after US
exposure. (d) Comparison of
PKC-δ protein expression at 6 h in
conditions with or without the
addition of DNA/PEI and with or
without US exposure. (e) In vivo
PKC-δ protein expression at 3–
12 h after US exposure. PKC-δ
protein levels were significantly
increased after US exposure. C is
control group without US exposure
or the addition of DNA/PEI
polyplexes. All results are expressed
as the mean ± SEM for four
independent experiments.
*P<0.05 vs. C.
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Statistical Analysis

All data are presented as the mean ± SEM. The differences
were analyzed using one-way ANOVA, with “p” <0.05
considered statistically significant.

RESULTS

Effect of Endocytosis Pathway Depletion
on the Enhancement of PEI-Mediated Transgene
Expression by US

To investigate the role of US on the different internalization
pathways for PEI-mediated gene delivery, C2C12 cells were
pre-incubated with 10 nM clathrin, caveolin-1, PKC-δ siRNA
or control siRNA for 48 h before DNA/PEI polyplexes trans-
fection. Luciferase DNA/PEI polyplexes were then added to
the medium of the cultured cells and treated with US. The
transfection efficiency was determined by luciferase activity
assay after 24 h. As shown in the first two columns of
Fig. 1a–d, US shows its ability in enhancing the transgene
expression as expected. Pre-incubated cells with clathrin,
caveolin-1 or PKC-δ siRNA all exhibited reduced expression
levels of transfected DNA. However, following the depletion
of clathrin or caveolin-1 pathway, US could still enhance its
transgene expression (Fig. 1a and b). In contrast, the transgene

expression level was not significantly affected by US after
depleting the PKC-δ pathway (Fig. 1c), implying an associa-
tion between PKC-δ pathway and theUS-facilitated transgene
expression.

Effect of Endocytosis Pathway Depletion
on the Enhancement of PEI-Mediated Gene Transfer
by US

To further determine whether the reduction of transgene
expression was due to the decreased DNA/PEI uptake,
fluorescence-labeled DNA/PEI-FluoF complexes were
transfected into cells after being pre-incubated with 10 nM
clathrin, caveolin-1 or PKC-δ siRNA for 48 h. Uptake effi-
ciency was determined by measuring the relative intensities of
fluorescence unit (RFU) at 6 h after US exposure. As shown in
Fig. 2, more DNA/PEI polyplexes were internalized in the
US exposure groups after the pretreatment of cells with
caveolin-1 (438.0±8.5 vs. 536±15.5 RFU) or clathrin
siRNA (872.7±34.9 vs. 1127.3±79.4 RFU), but not the
PKC-δ siRNA (760.3±99.6 vs. 877.3±79.4 RFU).

Colocalization of DNA/PEI Polyplexes with Endocytosis
Pathway Markers

We used three different endocytosis pathway markers to char-
acterize the role of US on the endocytosis of DNA/PEI

Fig. 5 US increases the
intracellular calcium level. Cells
were loaded with 3 μM calcium dye
Fluo-4 for 30 min at the time points
of 1, 2 and 3 h with or without US
exposure, and the intracellular
calcium levels were determined by
flow cytometry (a). Quantitative
assessment of the intracellular mean
fluorescence intensities showed
increased calcium levels at 3 h in the
US group. The grey curves (a–d)
represent the non-stained controls
in the histograms. All results are
expressed as mean ± SEM for four
independent experiments.
*P<0.05.
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polyplexes. The fluorescein-conjugated linear PEI (PEI-
FluoR) was incubated in the presence of Alexa Fluor 488
Cholera Toxin Subunit β (CTB), transferrin (TRF) or dextran
(DEX). The colocalizations of DNA/PEI polyplexes and en-
docytosis markers were observed using a confocal microscope
6 h after transfection. As shown in Fig. 3, although DNA/PEI
polyplexes were found to colocalize with CTB (Fig. 3c), TRF
(Fig. 3g) or DEX (Fig. 3k), significantly more colocalization
of DNA/PEI polyplexes were found in DEX groups.
This result suggests that fluid phase endocytosis was
the major route for the uptake of DNA/PEI polyplexes.

Effects of US on Endocytosis-Associated Protein
Expression

To explore the effects of US on the endocytosis-associated
protein expression, the three major endocytosis-associated
proteins (clathrin, caveolin-1 and PKC-δ) were analyzed using
the western blot 3–24 h after US exposure after US exposure
(Fig. 4a–c, no DNA/PEI). Compared with control cells, sim-
ilar levels of caveolin-1 or clathrin protein expression were
observed after US exposure at time points ranging from 3 to

24 h (Fig. 4a and b). However, as shown in Fig. 4c, PKC-δ
protein expressions inC2C12 cells were significantly increased
from 6 to 12 h after US exposure. Similar trends were found
after the addition of DNA/PEI polyplexes. PKC-δ protein
expression was significantly increased at 6 h after US exposure
(Fig. 4d) in the in vitro condition. In vivo study also shows the
enhancement of PKC-δ protein expressions from 3 to 6 h after
US exposure (Fig. 4e).

Effects of US on Intracellular Calcium Levels

To investigate the effects of US on intracellular calcium levels,
cultured cells were loaded with 3 μM calcium dye Fluo-4 for
30 min at three time points: 1, 2 and 3 h after US exposure.
The intracellular calcium levels were then determined by flow
cytometry. As shown in Fig. 5, no significant difference in
mean fluorescence intensity of calcium dye Fluo-4 was found
in the first 2 h regardless US exposure. However, representa-
tive histogram shows significant increase in the intracellular
Ca2+ content in a small subgroup of C2C12 cells of the US
group at 3 h (Fig. 5b).

Fig. 6 Effect of calcium on PEI-mediated gene transfer in vitro. (a) C2C12 cells were co-incubated with 1.8, 5.4 or 10.8 mM of CaCl2 and DNA/PEI polyplexes.
The transgene expressions increase with CaCl2 concentration; (b) C2C12 cells were co-incubated with DNA/lipofetamine 2000 lipoplex at two different CaCl2
concentration levels, 1.8 or 10.8 mM. Calcium level showed no effect on gene transfer by lipofetamine; (c, d) C2C12 cells were pre-incubated with a calcium
channel blocker, verapamil (c) or nifedipine (d) for 1 h, and were then co-incubated with the DNA/PEI polyplexes for 6 h. The transgene expressions were
determined by luciferase assay 48 h after transfection. Reduced transfection levels were found in the presence of calcium channel blockers. All results are
expressed as the mean ± SEM for four independent experiments. *, P<0.05 vs. with 1.8 mM of CaCl2 and without US group.

#, P<0.05 vs. with 1.8 mM of
CaCl2 and with US group. &, P<0.05 vs. without verapamil and without US group. +, P<0.05 vs. without verapamil and with US group. ns not significant.
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Influence of Calcium and Calcium Channel Blockers
on the US Enhanced PEI-Mediated Gene Transfer

To further determine the roles of US and calcium on the PEI-
mediated gene transfection, we increased the CaCl2 concen-
trations in the culture medium from 1.8 mM to 10.8 mM
during the gene transfer. Elevated calcium concentrations
had no significant effect on cell cytotoxicity (Fig. S3 in
Supplementary Material). As shown in Fig. 6a, the luciferase
expressions were enhanced dose-dependently by increasing
the concentrations of CaCl2 in the culture medium.
Moreover, combining PEI and US also provided better trans-
fection efficiency after raising calcium levels. Lipofetamine
2000, a widely used non-viral gene transfer reagent, can be
used for gene delivery via the endocytosis pathway. However,
our study showed that increasing the calcium levels to
10.8 mM had no significant effect on transgene expression
as compared with the control (1.8 mM of calcium level) when
lipofetamine 2000 was employed.

We also used calcium channel blockers (verapamil or ni-
fedipine) to determine whether calcium contributed to US-
enhanced PEI-mediated transfection. Cells treated with ve-
rapamil or nifedipine were incubated with DNA/PEI
polyplexes for 6 h and then washed three times with ice-cold
PBS. The cells were further incubated with culture medium at
37°C for 48 h, and the transfection efficiency was determined
using the luciferase assay. As shown in Fig. 6c and d, in the
presence of verapamil at 10 μM or nifedipine at 100 μM, the
transfection efficiency was significantly reduced after gene
transfer using PEI with or without US exposure. This result
suggests that calcium could affect PEI-mediated gene delivery.

Verapamil Inhibits In Vivo US-Induced Gene Transfer

To evaluate the effect of the calcium channel blocker, verap-
amil, on US-enhanced in vivo PEI/DNE polyplex transfection,
we injected verapamil (15 mg/kg) into the mouse thighmuscle
one hr before performing the US-enhanced DNA/PEI
polyplex transfection. The transfection consisted of injecting
a mixture of 10 μg DNA, PEI (N/P ratio 0.5), and 30% v/v
SonoVue before exposure to 1 MHz, 2 W/cm2 US for 5 min.
The in vivo luciferase activity was measured by an IVIS system
3 days after US exposure. As shown in Fig. 7, the level of
luciferase activity was significantly decreased by verapamil to
a level about 20% of that found in the control group (US
without verapamil).

DISCUSSION

Previous research on the pathway of DNA/PEI polyplex
transfection is characterized by conflicting results. Our results
shown in Figs. 1 and 2 demonstrate that transfection efficiency

or cellular uptake of DNA/PEI polyplex was significantly
reduced by using the three siRNA. However, in contrast with
pretreatment of clathrin or caveolin-1siRNA, US did not
enhance the transfection or cellular uptake of PEI following
the pretreatment of cultured muscle cells with PKC-δ siRNA
(Figs. 1 and 2). In addition, much more colocalization of the
DNA/PEI polyplexes with the fluid phase endocytosis
markers, dextran, was found (Fig. 3). Moreover, we found
that PKC-δ protein expressions were significantly increased
6–12 h after US exposure in vitro (Fig. 4c) or 3–6 h after US
exposure in vivo (Fig. 4e). Nonetheless the clathrin and
caveolin-1 protein expressions could not be changed by US
(Fig. 4b and c). These results suggest that gene transfer by
DNA/PEI polyplexes might be routed through the clathrin,
caveolin, and fluid phase endocytosis, whereas US enhances
PEI-mediated gene transfection specifically by increasing the
PKC-δ protein expression.

Fig. 7 Effect of verapamil on the transfection of plasmid DNA in vivo. DNA
(10 μg) was gently mixed with PEI at an N/P ratio of 0.5 before being injected
into the thigh muscle of Balb/C mice and transfected by sonoporation. The
thigh muscle had been pre-treated with verapamil (15 mg/kg) 1 h before.
Luciferase activity in the target tissue was measured by an IVIS system 3 days
after US exposure. Photon count (RLU) represents the luciferase activity of the
transgene expression. Luciferase activity in the verapamil group (b) was
significantly lower. All results are expressed as mean ± SEM for eight inde-
pendent experiments. *, P<0.05 vs. without verapamil group.
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Endocytosis blockers have been used in exploring the path-
ways of PEI-mediated gene transfer or drug delivery. For
example, Gersdorff et al. (21) provide indirect evidence of
endocytosis’ involvement in PEI polyplexes uptake by inhibi-
tors of the clathirn-mediated endocytosis, while other studies
show that rottlerin, an inhibitor of fluid phase endocytosis,
can be used to specifically decrease cellular uptake of
PEI (24). Although endocytosis blockers have been widely
used to explore endocytosis pathways, they have poor
specificity in inhibiting distinct endocytosis pathways
(35). Hence, in this study, we chose the specific endocy-
tosis pathway siRNA, clathrin HC, caveolin-1 and
PKC-δ to specifically block the corresponding endocyto-
sis pathways. Figures 1 and 2 show that the transgene
expression level was not significantly affected by US after
depleting the PKC-δ pathway by the corresponding
siRNA (Figs. 1c and 2g), implying an association between
PKC-δ pathway and the US-facilitated DNA/PEI polyplexes
delivery.

Another important question to be answered is how US
enhances the fluid phase endocytosis. Previous research shows
that rottlerin, a selective inhibitor of PKC-δ and the fluid
phase endocytosis, suppresses PEI-mediated gene transfection
(24,36,37). As shown in Fig. 4c and e, PKC-δ protein expres-
sions were significantly increased at 6 to 12 h after US expo-
sure (in vitro) and at 3 to 6 h after US exposure (in vivo). The
possible relevance of US and PKC-δ includes apoptosis and
calcium. It is known that PKC-δ is activated during apoptosis,
following proteolytic cleavage of caspase (38). It has also been
demonstrated that US induced the apoptosis in vitro (39).
However, in our experiments, there is no significant cytotoxic
effect on cells by US exposure (Fig. S2 in the Supplementary
Material). Moreover, PKC is a family of serine- and
threonine-specific protein kinases that can be activated by
calcium. US exposure has been reported to increase intracel-
lular calcium levels (40). The present study also found that
intracellular calcium levels significantly increased 3 h after US
exposure (Fig. 5). Moreover, raising calcium levels in the

Fig. 8 Proposed detailed
schematic of intracellular trafficking
mechanisms for the enhancing
effect of PEI-mediated gene delivery
by US.
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medium could dose-dependently increase the transgene ex-
pression on PEI-mediated gene transfer (Fig. 6a), while calci-
um channel blockers reduced the transfection levels (Figs. 6c,
d and 7). Interestingly, some studies have shown that calcium
could increase the endocytotic vesicle size and accelerates
membrane fission (30,41,42), which may help to explain the
effect of calcium on enhancing endocytosis and transgene
expression. Therefore, we believe that US may enhance
PEI-mediated gene transfer by activating PKC-δ activity
through increasing the intracellular calcium level.

To determine whether the increase of PEI-mediated gene
transfer by calcium is specific to US, lipofetamine 2000,
another widely used non-viral gene transfer reagent, was
tested for cmoparison. Lipofetamine 2000 is well-known to
enhance gene transfer by enhancing endocytosis. Nonetheless,
Fig. 6b shows that increasing the calcium levels to 10.8 mM
does not significantly enhance the transgene expression when
compared with the control (1.8 mM of calcium level). Thus,
Lipofetamine 2000 may enhance gene transfer via pathways
unrelated to the calcium.

In the current study, marked increase in the transgene
expression could be found for the US exposure groups, and
especially pronounced in the in vivo group (verapamil 0,
Figs. 6c vs. 7b). US enhanced 25% of expression in the in vitro
condition, but more than ten times in the in vivo condition.
Similar condition has also been reported in our previous
report (17). The inhibitory effect of verapamil is also signifi-
cantly stronger in the in vivo condition. The calcium concen-
tration in the culture medium is limited, but it is well
established that skeletal muscle has abundance of calcium
which can be released from the sarcoplasmic reticulum.
Moreover, calcium influx is essential for the induction of
PKC-δ pathway and the endocytosis of DNA/PEI polyplexes
(Fig. 5). The above reasons may partly explain why US
exhibits greater effect on the in vivo transfection.

Previous studies have reported that US-mediated gene
transfer or drug delivery is related to transient pores on the
cell membrane created by acoustic cavitation, a phenomenon
called sonoporation (43–45). Cavitation is the oscillation of
microbubbles (in the current study, SonoVue® contrast agent)
in an acoustic field. It has also been reported that pores reseal
a few seconds to a few minutes following the termination of
US exposure (26,46,47), with pore size ranging from 200 nm
to 1 μm forMCF-7 cells (45). As shown in Fig. 7, the transgene
expression was not totally inhibited by verapamil. One possi-
ble explanation is that a certain number of DNA/PEI
polyplexes may enter cells via sonoporation. Due to limited
pore size, small particles such as unbound DNAmay prefer to
enter cells via these pores, while larger particles such as DNA/
PEI polyplexes, internalize via endocytosis. Both contribute to
the transgene expression but only those chose endocytotic
pathways could be inhibited by verapamil. Meijering et al.
has demonstrated that the internalization pathways after US

exposure was molecular size dependent, and both transient
pore formation and endocytosis play certain roles. The con-
tribution of transient pores decreases when molecule size
increases (28). In the current study, we have shown that US
can facilitate the internalization of large polyplex molecules via
endocytosis. It is well known that US can internalized smaller
molecules such as naked DNA both in vitro and in vivo
(11,14,16). Whether endocytosis is also involved in the inter-
nalization of naked DNA, and its percentage of contribution,
need further investigation.

CONCLUSION

In conclusion, our results show that gene transfer by DNA/PEI
polyplexes might mediate via the clathrin, caveolin, and fluid
phase endocytosis (PKC-δ pathway), whereas US enhances the
PEI-mediated gene transfection specifically via augmenting the
fluid phase endocytosis, which is induced by increasing the
intracellular calcium levels. The proposed detailed schematic
of intracellular trafficking mechanisms for the enhancing effect
of PEI-mediated gene delivery by US is summarized in Fig. 8.
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