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Abstract
Ultrasound and poly(ethylenimine) (PEI) have each separately been shown to increase DNA
transfection efficiency. This study tested the hypothesis that the combination of ultrasound and PEI
can have a synergistic effect to increase DNA transfection. This in vitro study assessed transfection
efficiency of two different DNA plasmids encoding green fluorescent protein and firefly luciferase
in two different cells types, a primary culture of human aortic smooth muscle cells and an immortal
line of human prostrate cancer cells. We found that ultrasound sonication increased transfection up
to 18-fold, DNA complexation with PEI increased transfection up to 90-fold, and the combination
of ultrasound and PEI synergistically increased transfection up to 200-fold, which resulted in reporter
gene expression by 34% of cells. Kinetic measurements found that the effects of ultrasound alone
acted quickly, whereas increased transfection by PEI either alone or in combination with ultrasound
strongly benefited from a 4-h incubation with the DNA plasmid after sonication. Although serum
reduced absolute expression levels, it did not affect the relative increase in transfection when
ultrasound was added to PEI enhancement. Flow cytometry measurements showed that sonication
increased intracellular uptake of labelled DNA complexed to PEI by 55% relative to PEI
complexation alone. Electrophoresis assay showed no damage to DNA or PEI-DNA complexes after
sonication. Overall, these results suggest that the combination of ultrasound and PEI can have a
synergistic effect to increase DNA transfection.
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1. Introduction
Pharmacological treatment of many diseases only alleviates symptoms, often without
addressing the root cause. In contrast, gene therapy offers the promise of a cure by correcting
the root cause at a genetic level. Ideal targets for gene therapy are diseases caused by a single
gene defect, of which there are more than 6,000 already known [1]. However, progress in gene
therapy has been delayed by limited ability to deliver appropriate amounts of DNA to required
sites of action and thereby achieve therapeutic gene expression levels [2]. Viral and non-viral
vectors have been used for DNA delivery with varying levels of success, but always
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accompanied by disadvantages, such as insufficient expression levels or safety concerns [3,
4].

One of the most promising non-viral vectors is poly(ethylenimine) (PEI), which is the most
widely used gene delivery vector among cationic polymers [5–7]. PEI has been shown to be a
relatively efficient gene transfer agent without the need for additional endosomolytic or
lysosomotropic agents [8]. Notably, PEI:DNA complexes have been used successfully for in
vivo applications, including direct application to various anatomical sites [9,10].

Despite success with PEI, it would be advantageous to further increase transfection efficiency.
In this study, we considered the combination of ultrasound with PEI to achieve greater
transfection levels. We are guided by the hypothesis that ultrasound and PEI can have a
synergistic effect to increase DNA transfection. This hypothesis was motivated by previous
studies addressing the use of ultrasound for increased gene transfection in other contexts [11,
12].

A number of studies have shown that exposure of cells to ultrasound can increase DNA
transfection by up to orders of magnitude through both in vitro and in vivo studies [13–16].
The mechanism remains under investigation, but is believed to involve increased uptake of
DNA molecules into the cell and, possibly, upregulation of gene expression by an undetermined
pathway. Another advantage of ultrasound-mediated transfection is that ultrasound can be non-
invasively focused on almost any location in the body, which provides significant clinical
advantages [17].

Although most studies have addressed transfection with naked DNA using ultrasound, there
have been reports showing that ultrasound can act synergistically with other gene delivery
vectors, such as viral vectors and cationic lipids [18]. For example, the application of ultrasound
was shown to increase the transfection efficiency in rat myocardium in vivo using ultrasound-
targeted destruction of microbubbles containing an adenovirus encoding a beta-galactosidase
reporter gene [19,20]. Other studies demonstrated that ultrasound increased transfection of a
variety of different cell types in vitro in combination with liposome-complexed reporter
plasmids [21–23]. However, the effects of ultrasound on transfection by cationic polymers,
such as PEI, have not been studied before.

Given the promising results for PEI and ultrasound each used independently, this study sought
to investigate whether the combination of PEI and ultrasound could provide still greater
transfection efficiency, possibly by a synergistic interaction. To address this idea, we examined
the effects of ultrasound on the intracellular delivery and transfection efficiency of DNA both
with and without PEI. The effects of ultrasound pressure and exposure time were studied using
two different cell lines: human aortic smooth muscle cells and prostate cancer cells. The
stability of naked DNA and PEI:DNA complexes was also assessed after ultrasound exposure.

2. Materials and Methods
2.1 Materials

2.1.1 DNA and other reagents—Two different DNA plasmids were used. The 5.75-kb
eukaryotic expression plasmid gWIZ GFP, containing the green fluorescent protein gene, was
purchased from Aldevron (Fargo, ND, USA) and used as received. The 4.7-kb PGL3-Control
Vector plasmid, containing the firefly luciferase gene, was obtained from Promega (Madison,
WI, USA). This plasmid was transformed into MAX Efficiency DH5α Competent Cells
(Invitrogen, Carlsbad, CA, USA) using the heat shock method (according to the protocol from
Invitrogen, catalogue no.18258–012). The amplification of the plasmid was done using a
QIAGEN EndoFree Plasmid Giga Kit (Valencia, CA, USA) [24].
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Additional reagents were prepared as follows. RPMI-1640 and MCDB-131 tissue culture
media (Sigma-Aldrich, St. Louis, MO, USA) were supplemented with 10% (v/v) heat-
inactivated, fetal bovine serum (FBS; Cellgro, Mediatech, Herndon, VA, USA). A Luciferase
assay kit was obtained from Promega. Bradford assay reagent was used as obtained (Sigma-
Aldrich). The Bradford assay was calibrated using solutions of human serum albumin (Sigma-
Aldrich) in water with concentrations ranging from 1 to 1400 g/ml. The fluorescent dye
YOYO-1 iodide (Molecular Probes, Eugene, OR, USA) was used as a 1 mM stock solution in
DMSO. Branched poly(ethylenimine) (Sigma-Aldrich) had a molecular weight of 25 kDa. The
marker for agarose gel electrophoresis was a 1-kb DNA ladder (New England Biolabs, Beverly,
MA, USA).

2.1.2. Cell lines—DU 145, human prostrate cancer cells (lot no. 1145858; American Type
Culture Collection, Manassas, VA, USA) were cultured in RPMI-1640 media supplemented
with 10% FBS and 1% penicillin-streptomycin solution at 37oC and 5% CO2. The cells were
subcultured once they reached 70–80% monolayer confluence using Trypsin-EDTA to detach
adherent cells from the tissue culture substrate.

Human aortic smooth muscle cells (AoSMC; catalogue no. CC-2571, lot no. 7F0787,
Clonetics, San Diego, CA, USA) were initiated from frozen stock and harvested at passage 7
prior to each experiment. They were cultured in MCDB-131 media supplemented with 10%
FBS, 1% penicillin-streptomycin, and 2 mM L-glutamine (Cellgro).

2.1.3. Ultrasound equipment—As previously described in detail [25], the ultrasound
apparatus consisted of a focused, 500-kHz, piezoelectric transducer with an 8.9-cm focal length
and a beam width of 3 mm (−6 db intensity area) at the focal beam point (Fig. 1). A sinusoidal
voltage was produced by a waveform generator (model no. DS345, Stanford Research
Instruments, Sunnyvale, CA, USA) and amplified by a custom tone-burst amplifier (Techno
Scientific, Concord, ON, Canada) that powered and controlled the response of the transducer.
The transducer was placed in a polycarbonate tank (30 × 29 × 37 cm) containing 26 L of
deionised, distilled and partially degassed water. Spatial-peak-temporal-peak negative pressure
(P) was measured at the focal beam point using a 0.2-mm aperture PVDF membrane
hydrophone (model no. MHA200A, NTR Systems, Seattle, WA, USA) in the absence of a
sample container. The spatial-peak acoustic energy (E) was calculated using the following
equation:

E = P 2
ρ ⋅ c ⋅ t

where P is the rms pressure, ρ the density of water (0.9982 g/cm3), and c the speed of sound
in water (1482 m/s).

2.2 Methods
2.2.1. Preparation of PEI:DNA complexes An aqueous stock solution of PEI (10 mM
monomer content) was prepared by diluting 9 mg of the 50% (w/v) commercial solution in 10
ml DI water, bringing the solution to neutral pH with HCl, and filtering at 0.2 m (Millipore,
Bedford, MA, USA). Then, 42 l of the PEI stock solution was added to 100 L of a solution of
0.2 mg/ml DNA in RPMI-1640 in a 1.5 ml microcentrifuge tube (Eppendorf, Brinkmann
Instruments, Westbury, NY, USA) and incubated for 20 min at room temperature. This
produced PEI:DNA complexes with the desired PEI nitrogen:DNA phosphate ratio of 7:1,
based on the recognition that 1 l of PEI stock solution contains 10 nmol of amine nitrogen and
1 g of DNA contains 3 nmol of phosphate [26]. In some cases, FBS was added at a final
concentration of 10%.
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2.2.2. Transfection protocol using ultrasound—Cells were trypsinized from culture
flasks and resuspended in RPMI-1640 (with or without 10% FBS). Cell suspensions were added
to the solutions containing naked DNA or PEI:DNA complexes immediately prior to
ultrasound. Unless otherwise specified, cells were suspended in RPMI-1640 at a concentration
of 2.5×106 DU 145 cells/ml or 7.5×105 AoSMC cells/ml, as determined with the aid of a Coulter
counter (Multisizer II, Beckman Coulter). After briefly vortexing the cell suspensions,
albumin-stabilized gas bubbles (17 ± 0.05 l/ml, ~1.1×107 bubbles/ml, bubble diameter = 2.0–
4.5 m; Optison, Mallinckrodt, St. Louis, MO, USA) stored in a locking, airtight syringe (Sample
Lock Syringe Hamilton, VWR, San Francisco, CA, USA) were slowly added to the cell
suspension using a 22-gauge flat needle (400 m i.d.) to serve as nucleation sites for acoustic
cavitation.

After adjusting the volume to 400 l with RPMI-1640, the suspension was slowly drawn into a
3-ml syringe (Becton Dickinson, Franklin Lakes, NJ, USA) with a 22-gauge needle (Perkin
Elmer, Foster City, CA, USA) and transferred into 400-l polyethylene transfer pipettes (6.1
mm internal diameter, 0.1 mm wall thickness, and 3.7 mm height; catalogue no. 292, Samco,
San Fernando, CA, USA). An aluminum metal rod was then inserted into the tube of the transfer
pipette, which sealed it, and was attached to a three way micropositioner (1-mm resolution,
Velmex, Bloomfield, NY, USA), which positioned it in the focal beam point of the transducer.

Ultrasound was applied using 1–8 pulses each of 60 ms duration for a total exposure time
between 60–480 ms. The duty cycle was 6%, which means that the duration of each experiment
was 1–8 s. Spatial-peak-temporal-peak negative pressure was varied between 0.25 and 3.0
MPa. Control or “sham” samples were treated in the same way as other samples, but were not
exposed to ultrasound. Unless otherwise specified, sonicated cells were then placed into the
wells of a 6-well plate and 1 ml of RPMI-1640 (without 10% FBS) was added to each well
immediately. After incubating the cells for 4 h at 37oC and 5% CO2, the transfection media
was removed and replaced with 3 ml RPMI-1640 with 10% FBS, pre-warmed to 37oC. Cells
were then incubated for another 24 h, in the case of DU 145 cells involving plasmid gWIZ
GFP, or for 48 h, in all other cases, before assessment of reporter gene expression.

For transfection experiments in presence of serum, 10% FBS was added to the samples
immediately before sonication. These samples were then placed into the wells of a 6-well plate
and 1 ml of RPMI-1640 (with 10% FBS) was added to each well and left for 4 h. After the 4
h incubation period, the cells were treated as described for those without serum.

2.2.3. Assessment of GFP expression and cell viability—To assess GFP reporter gene
expression, cells were washed twice with PBS, trypsinized, and suspended in 1 mL PBS.
Fluorescent calibration beads (2.4 × 105 beads/mL; Linear Flow Green Flow Cytometry
Intensity Calibration Kit L-14821, Molecular Probes) were added to the cell suspension to act
as an internal volumetric standard to help determine cell viability, as described previously
[27]. Cell samples were placed on ice until analysis by flow cytometry (BD LSR Flow
Cytometer, Becton Dickinson) [28]. Using excitation with a 488-nm laser, the scattered light
signals (i.e., forward and side scatter) were used to identify and distinguish between cells,
fluorescent beads, and debris. Among data collected from 20,000 cells per sample, cells
exhibiting green fluorescence greater than that of 99.9% of cells in the control samples were
considered as GFP-positive. Cell viability was calculated by comparing the ratio of the viable
cells and the fluorescent beads in each sample to the ratio measured in control samples.

2.2.4. Detection of luciferase activity—To assess luciferase reporter gene expression,
cells were washed twice with PBS, incubated in 300 l cell lysis buffer from a luciferase
detection kit (Promega), and scraped off the multi-well substrate. The resulting lysate was
transferred to a microcentrifuge tube. Luciferase activity was measured by mixing 20 l of lysate
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with 80 l of luciferin reagent (Promega) and measuring luminescence (5 s delay, 10 s integration
time; Sirius Luminometer, model D-75173, Berthold Detection Systems, Pforzheim,
Germany). The instrument was calibrated for background noise first with water and then with
luciferin reagent.

To help interpret luciferase luminescence measurements, recoverable cellular protein
concentration was determined as a measure of cell concentration using the modified Bradford
assay [29]. Aliquots containing 20 l of luciferase detection lysate were diluted with 80 l of
water. After adding 3 ml of Bradford reagent and incubating for 5–6 min, absorption at 595
nm was measured (Lambda 950, Perkin Elmer, Wellesley, MA, USA). Recoverable cellular
protein concentration was determined by calibration relative to a standard curve generated
using known concentrations of aqueous bovine serum albumin between 0–1000 g/ml. Finally,
luminescence measurements (RLU/ml) were divided by protein concentration measurements
(g protein/ml) to normalize luciferase expression in terms of relative light units (RLU)/g
cellular protein,

2.2.5. Quantification of DNA uptake—To measure DNA uptake, as opposed to
expression, plasmid-DNA PGL3 was labelled with YOYO-1 iodide (Molecular Probes) at a
ratio of 1 dye molecule per 100 nucleotide bases for naked DNA and a ratio of 1 dye molecule
per 300 nucleotide bases for PEI:DNA complexes [30]. After sonicating cell samples
containing labelled DNA, intracellular uptake was measured by flow cytometry. Microspheres
with calibrated fluorescence (Quantum 25 FITC high level, Bangs Laboratories, Fishers, IN,
USA) were used to quantify the number of plasmid DNA molecules delivered per cell [31].

2.2.6. Confocal imaging of DNA uptake—To image cells taking up DNA after sonication,
AoSMC cells were first trypsinized and resuspended in RPMI-1640 at a final concentration of
106 cells/mL. To label them for viewing by confocal microscopy, a solution of red-fluorescent,
TRITC-labeled wheat germ Lectin (Sigma-Aldrich) was added at a final concentration of 2 M
to the cell suspension and mixed for 5 min at room temperature on a nutator. The suspension
was then centrifuged at 1000×g (model GS-15R, Beckman Coulter), the supernatant was
pipetted off, and the cells were resuspended in RPMI-1640 for sonication in the presence of
naked DNA or PEI:DNA complexes labeled with YOYO-1. After sonication, the 400 l cell
samples were fixed at different time intervals by mixing with 500 l of 2.5% glutaraldehyde
(Sigma). Samples were then centrifuged at 735×g for 3 min, washed 5 times with PBS, and
observed under a multiphoton confocal microscope (LSM 510 Meta, Zeiss, Thornwood, NY).

2.2.7. Stability of PEI:DNA complexes after sonication To assess their stability after
sonication, PEI:DNA complexes were prepared by incubation at a N/P ratio of 7:1 in 400 l of
buffer containing 40 mM Tris acetate and 1 mM EDTA for 20 min at room temperature and
exposed to ultrasound in the presence of Optison as described above, but in the absence of
cells. After sonication, the complexes were lyophilized completely for 1 h (Cambridge
Scientific, Cambridge, MA, USA). After resuspending in 4 l DNA loading buffer (0.25% w/v
bromophenol blue, 40% (w/v) glycerol in water) and 16 l Tris acetate-EDTA buffer, samples
were loaded into the wells of a 0.8% (w/v) agarose gel containing 0.5 g/mL ethidium bromide.
Electrophoresis was carried out for 1 h in Tris acetate-EDTA buffer (pH 7.4) at 100 V. DNA
was visualized by fluorescence under UV irradiation. To visualize PEI, the gel was immersed
in a PEI-staining solution (0.1% w/v Coomassie blue, 50% v/v methanol and 10% v/v glacial
acetic acid) for 4 h, after which it was destained using 10% methanol and 10% glacial acetic
acid for a further 4 h.

2.2.8. Statistical analysis—Statistical analyses were performed using Statview software
(Version 3; SAS, Cary, NC, USA). Significance of variation between sets of data was
determined using the one-way analysis of variance (ANOVA) test and Student’s t-test with
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P<0.05 being significant. In all the experiments, the standard error of the mean (SEM) was
determined between each of the replicate experiments.

3. Results
3.1. Effect of ultrasound on transfection by naked DNA

Our initial studies assessed the effect of ultrasound on the transfection efficiency of AoSMC
by naked DNA encoding GFP. Cells incubated with naked DNA were exposed to ultrasound
at pressures between 0.5 MPa (corresponding to a mechanical index of 0.7, which is near the
expected threshold for inertial cavitation in the presence of a cavitation agent [32]) and 2.0
MPa (which was the maximum pressure of the transducer used). Over this range of pressures,
ultrasound increased transfection with increasing pressure in comparison to the sham (Fig. 2A,
Student’s t-test, p < 0.0001). At the highest pressure used (which corresponds to an acoustic
energy of 32 J), transfection reached its maximum value, which corresponded on a relative
basis to an 18-fold increase in expression over the sham and on an absolute basis to transfection
of 3.0% of exposed cells. “Sham” samples were treated identically to sonicated samples, except
the ultrasound was not turned on. Increased pressure also decreased cell viability to 70–95%
in most cases and to 43 ± 8.3% at the highest pressure used (Fig. 2B). We therefore conclude
that ultrasound significantly enhanced the transfection efficiency of naked DNA, but also lead
to a loss in cell viability. These finding are similar to previous results concerning transfection
efficiency of naked DNA [31,33,34,35].

3.2. Effect of ultrasound on transfection of AoSMC by PEI:DNA complexes expressing GFP
Independently, DNA transfection has been shown in this study to be increased by exposure to
ultrasound (Fig. 2) and in the literature to be increased by complexation with PEI [5–7]. This
study seeks to test the hypothesis that when used together, ultrasound and PEI can have a
synergistic effect to increase DNA transfection. To test this hypothesis, cells were incubated
with PEI:DNA complexes and exposed to ultrasound. During sham ultrasound exposure, PEI
complexation increased DNA transfection to 15% of cells (Fig. 3A), which is a 90-fold increase
over naked DNA. Exposure to ultrasound over a range of pressures increased transfection with
increasing pressure in comparison to sham (Student’s t-test, p < 0.001). At the highest pressure
used, transfection reached its maximum value, which corresponded on a relative basis to more
than a doubling in expression over the PEI:DNA complex sham and a 200-fold increase over
the naked DNA sham, which corresponds on an absolute basis to transfection of 34% of
exposed cells. Increased pressure also decreased cell viability to approximately 50% in most
cases (Fig. 3B).

In addition to the effects of pressure, we also measured the effect of ultrasound exposure time
on transfection efficiency of PEI:DNA complexes (Fig. 3C). Initially, transfection efficiency
increased with increasing exposure time (Student’s t-test, p < 0.0001) until a maximum value
at 240 ms, above which transfection efficiency decreased. At the optimal conditions (i.e., 1.5
MPa, 240 ms), transfection efficiency was increased approximately 3-fold relative to the
PEI:DNA complex sham.

These data show that ultrasound and PEI together increased DNA transfection more than either
enhancement method alone. In addition, the data show that this enhancement was synergistic.
These methods were not simply additive, because the sum of enhancement by PEI (15%
transfection, Fig. 2A) and enhancement by ultrasound (3% transfection, Fig. 1A) is less than
the enhancement by the PEI+ultrasound combination (34% enhancement, Fig. 2A).
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3.3. Effect of ultrasound on transfection of DU 145 cells by PEI:DNA complexes expressing
luciferase

To determine if the ability of ultrasound and PEI to increase transfection is more broadly
applicable, we studied the effects of ultrasound on transfection by PEI complexed to a different
DNA plasmid (encoding luciferase) in a different cell line (DU 145 cells). In this different
system, transfection activity again increased with increasing pressure, the largest transfection
value was again at 1.5 MPa (Student’s t-test, p < 0.01), and again corresponded to an increase
close to two-fold relative to sham (Fig. 4). This demonstrates that ultrasound can increase
transfection by PEI:DNA complexes using multiple DNA plasmid constructs and in multiple
cell lines.

3.4. Effect of incubation time and serum on ultrasound-mediated transfection by DNA and
PEI:DNA complexes

To better understand the mechanism by which ultrasound and PEI can synergistically increase
transfection, we examined the effects of incubation time and serum on DNA expression. To
first examine the kinetics of the naked DNA transfection process, cells were either immediately
washed or allowed to incubate with DNA solution for 4 h after ultrasound treatment (Fig. 5).
For both real and sham exposure to ultrasound, transfection efficiency was not significantly
different in the presence or absence of the 4-h incubation (Student’s t-test, P > 0.05). This
suggests that the initial processes related to association and uptake of naked DNA by cells is
a rapid one that does not require extensive incubation.

In contrast, transfection efficiency by PEI:DNA complexes was significantly lower in the
absence of a 4-h incubation following both real and sham exposure to ultrasound (Student’s
t-test, P < 0.01). This suggests that the initial association and uptake of PEI:DNA complexes
by cells is a slower one that requires extensive incubation. Most notably, the ability of
ultrasound to increase transfection efficiency was lost in the absence of a 4-h incubation
(Student’s t-test, P > 0.05). This suggests that the synergistic effect of ultrasound on
transfection by PEI:DNA complexes acts primarily on this slow process that occurs during
incubation.

To further examine mechanisms, the effect of serum on transfection efficiency was also
examined. This scenario is of interest because the presence of serum better emulates in vivo
conditions and has been previously shown to reduce transfection efficiency of PEI:DNA
systems [36]. Consistent with previous findings, transfection efficiencies of both naked DNA
and PEI:DNA complexes were reduced in presence of serum for both real and sham exposure
to ultrasound (Student’s t test, p < 0.001). Although the absolute transfection values were
reduced, the relative enhancement caused by ultrasound was unaffected. In the absence of
serum, ultrasound increased transfection by naked DNA and PEI:DNA complexes by 4.8- and
1.5-fold, respectively. In the presence of serum, ultrasound similarly increased transfection by
naked DNA and PEI:DNA complexes by 5.0- and 1.8-fold, respectively. This demonstrates
that the ability of ultrasound to enhance transfection was unaffected by serum, which is a
promising sign for future applications in vivo.

3.5. Effect of ultrasound on intracellular uptake of DNA and PEI:DNA complexes
The elevated transfection observed in this study might be explained by increased intracellular
uptake of DNA by ultrasound and PEI complexation. To test this hypothesis, uptake of naked
DNA was measured by flow cytometry using fluorescently tagged DNA and found to be
increased by sonication (Fig. 6A). Similarly, uptake of DNA complexed with PEI was increased
by sonication (Fig. 6B). Consistent with the proposed hypothesis, the relative levels of uptake
(Fig. 6) scaled in rank order with the relative levels of transfection (Figs. 1–2), where (i) naked
DNA with sham exposure was lowest, followed by (ii) naked DNA with sonication, then (iii)
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PEI:DNA complex with sham exposure and finally (iv) PEI:DNA complex with sonication as
the optimal condition for both uptake and transfection. Quantitiative calibration of these results
determined that an average of 6.0 × 104 DNA molecules/cell were delivered in the case of PEI
complexation with sham exposure and an average of 9.3 × 104 DNA molecules/cell were
delivered in the case of PEI complexation with sonication.

Confocal microscopy was employed to further study the intracellular uptake process associated
with PEI:DNA complexes. First, control cells were labeled with red-fluorescent wheat germ
lectin and exposed to ultrasound in the absence of DNA. A representative cell with a red-stained
membrane is shown in Fig. 7A. Next, cells were either sonicated or sham sonicated in the
presence of green-fluorescent DNA complexed to PEI. When these cells were fixed within 2
s after ultrasound exposure, sham-exposed cells contained negligible amounts of green-
fluorescent DNA fluorescence (Fig. 7B, sham), whereas many sonicated cells displayed bright
intracellular green fluorescence due to internalized DNA (Fig. 7B, sonicated). The green
fluorescence appeared to be in the cytoplasm and excluded from the nucleus. Rapid uptake of
naked DNA following sonication has been observed previously [37,38]. When examined after
10 min, sham samples exhibited fluorescence from DNA associated with the plasma membrane
(Fig. 7C, sham), whereas many sonicated cells still displayed intracellular DNA fluorescence,
often with greater intensity (Fig. 7C, sonicated). Finally, when viewed after 4 h, green
fluorescent DNA was visible in the cytoplasm of sham cells (Fig. 7D, sham). DNA
internalization after 4 h observed here is similar to previous findings showing intracellular
trafficking of PEI:DNA complexes in the absence of ultrasound over a similar time scale
[39]. After 4 h, intracellular DNA continued to be seen in sonicated cells, and at still greater
intensity (Fig. 7D, sonicated). This increasing intensity over time after sonication suggests that
uptake of PEI:DNA complexes may be rapidly initiated and continues to occur for hours after
sonication.

3.6. Stability of DNA and PEI:DNA complexes after sonication
Because ultrasound is known to damage DNA at extreme conditions, we assessed the stability
of DNA and PEI:DNA complexes after sonication. Agarose gel electrophoresis showed no
changes in the DNA after sonication over the range of conditions used in this study (Fig. 8A).
A similar set of experiments showed no changes in the PEI:DNA complexes after sonication
either (Fig. 8B). The lack of bands toward the positive electrode show that no negatively
charged DNA was released from the PEI:DNA complexes. The presence of unchanged bands
toward the negative electrode show that positively charged PEI:DNA complexes remained
intact. To validate that the DNA within the PEI:DNA complexes remained intact, these
complexes were dissociated using poly(aspartic acid) after sonication [40]. The liberated DNA
was then analysed by agarose gel electrophoresis, which showed no changes in the DNA over
the range of conditions used in this study (data not shown).

4. Discussion
This study examined the effects of ultrasound and PEI:DNA complexation on transfection of
AoSMC and DU 145 cells with GFP and luciferase reporter genes. Sonication of naked DNA
increased transfection by up to 18-fold relative to sham. DNA complexation with PEI increased
transfection by 90-fold relative to naked DNA. The combination of sonication with PEI
complexation increased transfection up to 200-fold relative to naked DNA with sham
ultrasound. Altogether, these data indicate that the combination of ultrasound with PEI:DNA
complexation is an effective method to increase transfection.

This study also tested the hypothesis that ultrasound and PEI can have a synergistic effect to
increase DNA transfection. The data from this study are consistent with this hypothesis. First,
the combination of ultrasound and PEI:DNA complexation transfected cells with greater

Deshpande and Prausnitz Page 8

J Control Release. Author manuscript; available in PMC 2007 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



efficiency than either method alone. Moreover, this combination also transfected cells with
greater efficiency than the sum of the transfection efficiencies of either method alone, i.e.,
sonication alone transfected up to 3% of cells (Fig. 2), PEI;DNA complexation with sham
ultrasound transfected 15% of cells (Fig. 3), and PEI:DNA complexation with sonication
transfected 34% of cells (Fig. 3), which is greater than the sum, 3% + 15% = 18%. This indicates
a synergistic effect of sonication and PEI:DNA complexation on transfection.

The mechanism of how ultrasound synergistically increases the transfection efficiency of
PEI:DNA complexes may involve a number of factors. First, the mechanism is believed to
involve cavitation bubble activity stimulated by ultrasound. Indeed, cavitation activity was
present in the sonicated samples in this study, as determined by hydrophone measurements
showing increased broadband noise (data not shown). In addition, sonication in the absence of
Optison contract agent, which serves to nucleate cavitation activity, had not significant effect
on cell transfection or viability (data not shown).

Ultrasound is also known to increase intracellular uptake of large molecules [41], including
enhanced delivery of artificial chromosomes complexed with cationic lipids, which are as large
as 1–2 m in size [42]. Increased intracellular delivery is believed to occur due to the formation
of transient pores of nanometer to micron dimensions [25,43,44]. Consistent with this
expectation, our flow cytometry results show that ultrasound increased intracellular DNA
delivery for both naked DNA and PEI:DNA complexes (Fig. 6), which could at least partially
explain the increased transfection efficiency. Confocal microscopy also suggested that more
DNA might be delivered to cells after sonication (Fig. 7).

The total increase in intracellular DNA due to sonication, however, was relatively small. DNA
delivery using PEI:DNA complexes was only increased relative to sham by 55%, while the
increase of naked DNA delivery was even less (Fig. 6). These modest increases in DNA uptake
may not be sufficient to explain the much larger increases in transfection, especially for naked
DNA. Moreover, it is also not clear why just delivering more DNA by two independent methods
should have a synergistic, rather than additive, effect. Thus, other effects of ultrasound on cell
behaviour may be involved.

Additional mechanistic insight may come from the observation that (i) PEI-enhanced and
ultrasound-enhanced uptake occurred both with and without a 4-h incubation, but enhancement
of PEI-enhanced uptake was larger with the 4-h incubation and (ii) the synergistic effect of
PEI complexation and sonication disappeared without the 4 h incubation. This suggests that
while ultrasound can affect naked DNA at the time of sonication, its effect on PEI:DNA
complexes is a long-lived effect that takes place with a time scale up to hours. In a related
study, transfection efficiency of Lipofectamine:DNA complexes was similarly only increased
by sonication when followed by a 3-h incubation [18].

A final mechanistic consideration is that sonication could alter the DNA or PEI:DNA
complexes in a manner that affected transfection. However, the integrity of naked DNA,
PEI:DNA complexes, and DNA isolated from PEI:DNA complexes was unchanged by
sonication at the conditions used in this study. This suggests that sonication did not alter the
DNA or PEI:DNA complexes in a manner that might explain the synergistic increase in
transfection efficiency. These data also suggest that sonication did not damage the DNA, which
can occur at conditions more extreme than those used in this study [40]. Although not observed
here, previous work has shown that complexing DNA with cationic polymers and lipids can
increase the stability of plasmid DNA during sonication [18,40,45,46].

Although sonication and PEI:DNA complexation can increase transfection efficiency, it can
also be accompanied by cell death, as shown in this and previous studies [6,47,48]. Thus,
practical applications require balancing increased transfection against losses of viability. For
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many in vitro and some in vivo applications, significant cell death may be acceptable and
therefore stronger ultrasound conditions that lead to larger transfection efficiencies may be
used. For other applications where only little or no cell death can be tolerated, weaker
ultrasound conditions should be used to cause more modest increases in transfection efficiency
at higher cell viability.

Conclusions
This study demonstrated that sonication of naked DNA increased transfection up to 18-fold,
DNA complexation with PEI increased transfection 90-fold, and the combination of sonication
with PEI:DNA complexation increased transfection up to 200-fold relative to naked DNA with
sham ultrasound. This optimal condition transfected 34% of cells. Further analysis of these
data supported the hypothesis that ultrasound and PEI can have a synergistic effect to increase
DNA transfection. Increased transfection efficiency was at least partially explained by
increased intracellular delivery of DNA due to sonication. The synergistic increase of
transfection by combining ultrasound with PEI:DNA complexation was found to require a 4-
h incubation after sonication and occurred even in the presence of serum. No effects of
ultrasound on the integrity of either naked DNA or PEI:DNA complexes were found. Thus,
ultrasound can be used to synergistically increase transfection efficiency of PEI:DNA
complexes for gene delivery applications, possibly involving extracorporeal ultrasound
focused non-invasively on tissues inside the body.
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Figure 1.
Schematic of the ultrasound apparatus. A transducer focused ultrasound energy on a cell sample
positioned using a micropositioner. Acoustic reflections and standing waves were minimized
by an acoustic absorber.
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Figure 2.
Effect of ultrasound on transfection and viability of AoSMC by naked DNA expressing GFP.
(A) Transfection efficiency, expressed on a relative basis by normalizing to sham-exposed cells
and on an absolute basis as the percent of cells transfected, is shown as a function of acoustic
pressure at a constant exposure time of 240 ms. The corresponding acoustic energy is shown
as well. (B) Cell viability is shown as a function of pressure for the same population of cells
as in (A). Data are expressed as the average ± SEM for n ≥ 3 replicates.
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Figure 3.
Effect of ultrasound on transfection and viability of AoSMC by PEI:DNA complexes
expressing GFP. (A) Transfection efficiency, expressed on both a relative and absolute basis
(see Fig. 2), is shown as a function of acoustic pressure at a constant exposure time of 240 ms.
(B) Cell viability is shown as a function of pressure for the same populations of cells as in (A).
(C) Transfection efficiency is shown as a function of acoustic exposure time at a constant
pressure of 1.5 MPa. (average ± SEM, n ≥ 3).
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Figure 4.
Effect of ultrasound on transfection of DU 145 cells by PEI:DNA complexes expressing
luciferase. Transfection efficiency, expressed on both a relative and absolute basis (see Fig.
2), is shown as a function of pressure at a constant exposure time of 240 ms. (average ± SEM,
n ≥ 3.
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Figure 5.
Effect of incubation time and serum on ultrasound-mediated transfection of AoSMC by naked
DNA and PEI:DNA complexes expressing GFP. The effect of sonication is shown on cells (i)
incubated for 4 h after sonication without serum, (ii) not incubated for 4 h after sonication
without serum and (iii) incubated for 4 h after sonication with 10% fetal bovine serum. (average
± SEM, n ≥ 3).
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Figure 6.
Effect of ultrasound on intracellular uptake of (A) naked DNA and (B) PEI:DNA complexes
by AoSMC. Cellular fluorescence of DNA labeled with YOYO-1 dye was measured by flow
cytometry for cells exposed to sham ultrasound or sonication at 1.5 MPa for 240 ms.
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Figure 7.
Confocal microscopy imaging of the effect of ultrasound on intracellular uptake of PEI:DNA
complexes at (A) A control cell with its membrane labeled with red-fluorescent wheat germ
lectin exposed to ultrasound in the absence of PEI:DNA complexes. Cells labeled with ref-
fluorescent wheat germ lectin and exposed to sham ultrasound (left) or ultrasound (right) in
the prescence of green-fluorescent PEI:DNA complexes imaged at (B) 2 s, (C) 10 min and
(D) 4 h after sonication. Scale bar = 10 m.
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Figure 8.
Stability of naked DNA and PEI:DNA complexes after sonication assessed by agarose gel
electrophoresis. (A) Stablity of naked DNA after sonication: (a) molecular weight markers; (b)
untreated DNA; (c) 0.5 MPa, 240 ms; (d) 0.75 MPa, 240 ms; (e) 1.0 MPa, 240 ms; (f) 1.5 MPa,
240 ms; (g) 2.0 MPa, 240 ms; (h) 1.5 MPa, 300 ms; (i) 1.5 MPa, 360 ms; (j) 0.5 MPa, 420 ms;
(k) 0.5 MPa, 480 ms; (l) sham ultrasound. (B) Stability of PEI:DNA complexes after sonication:
(a) molecular weight marker; (b) naked DNA, sham ultrasound; (c) PEI:DNA complex, sham
ultrasound; (d) 0.5 MPa, 240 ms; (e) 0.75 MPa, 240 ms; (f) 1.0 MPa, 240 ms; (g) 1.5 MPa,
240 ms; (h) 2.0 MPa, 240 ms; (i) 1.5 MPa, 180 ms; (j) 1.5 MPa, 300 ms; (k) 1.5 MPa, 360 ms;
(l) 1.5 MPa, 420 ms. OC = Open circular DNA, SC = supercoiled DNA.
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