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ABSTRACT

Background: It has been shown that the efficiency of gene/drug delivery can be enhanced under ultrasound (US) ex-
posure with the presence of US contrast agent microbubbles, due to the acoustic cavitation-induced sonoporation.
However, obstacles still remain to achieve controllable sonoporation outcome. The general hypotheses guiding pre-
sent studies were that inertial cavitation (IC) activities accumulated during US exposure could be quantified as IC
dose (ICD) based on passive cavitation detection (PCD), and the assessment of sonoporation outcome should be cor-
related with ICD measurements. Methods: In current work, MCF-7 cells mixed with PEI: DNA complex were ex-
posed to 1-MHz US pulses with 20-cycle pulse length and varied acoustic peak negative pressure (P7; 0 (sham), 0.3,
0.75, 1.4, 2.2 or 3.0 MPa), total treatment time (0, 5, 10, 20, 40 or 60 s), and pulse-repetition-frequency (PRF; 0, 20,
100, 250, 500, or 1000 Hz). Four series experiments were conducted: (1) the IC activities were detected using a PCD
system and quantified as ICD; (2) the DNA transfection efficiency was evaluated with flow cytometry; (3) the cell
viability was examined by PI dying then measured using flow cytometry; and (4) scan electron microscopy was used
to investigate the sonoporation effects on the cell membrane. Results: (1) the ICD generated during US-exposure
could be affected by US parameters (e.g., P, total treatment time, and PRF); (2) the pooled data analyses demon-
strated that DNA transfection efficiency initially increased linearly with the increasing ICD, then it tended to saturate
instead of trying to achieve a maximum value while the ICD kept going up; and (3) the measured ICD, sonoporation
pore size, and cell viability exhibited high correlation among each other. All the results indicated that IC activity
should play an important role in the US-mediated DNA transfection through sonoporation, and ICD could be used as

an effective tool to monitor and control the US-mediated gene/drug delivery effect.

INTRODUCTION

It has been shown that gene therapy may provide a novel and
promising strategy to several presently incurable diseases
such as malignant tumor, Parkinson’s disease and other ge-
netic diseases [1-3]. One of the most critical tasks is to find a
clinically safe and efficient gene delivery method. Although
viral vectors can be used as efficient carriers, the strong cyto-
toxicity and immunogenicity limit their clinical applications
[4]. Non-viral vectors are much safer, but the carrying effi-
ciency is relatively low [5]. Polyethylenimine (PEI), one of
the most widely used and non-viral gene delivery vector
among cationic polymers [6,7], has been shown to be a rela-
tively efficient non-viral agent without additional endosomo-
lytic or lysosomotropic agents [8,9].

Although PEI has shown great success as a non-viral gene
delivery vector, it would be more ideal to further increase its
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transfection efficiency. Many studies have shown that ultra-
sound (US)-mediated microbubble destruction can enhance
DNA transfection efficiency by up to several orders of mag-
nitude both in vitro and in vivo [10-13]. As reported, US
exposure assisted by ultrasound contrast agents (UCAs)
could transiently enhance the cell membrane permeability,
which could make cell membrane temporarily “open” to fa-
cilitate the flux of foreign gene/drugs into cells. This bio-
physical process is called sonoporation [15-18]. Since US can
be non-invasively focused on a target inside the body, US-
mediated DNA transfection may achieve in vivo gene deliv-
ery with high spatial and temporal control, which provides
significant clinical advantages [14].

Despite increasing interest in US-mediated gene delivery, the
exact mechanism involved in ultrasonic sonoporation process
has not fully understood, due to the complexity of US-
mediated interactions between cell and microbubbles. It has
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been hypothesized that US-induced inertial cavitation (IC)
activities (the rapid expansion and violent collapse of gaseous
bubbles driven by an US field) should play an important role
at sonoporation process [17, 19], and UCA microbubbles
added as cavitation nuclei could facilitate the acoustic energy
absorption and lower the cavitation threshold [20, 21]. How-
ever, obstacles still remain to achieve controllable sonopora-
tion outcome because of the lack of effective exposimetry
methods to IC activities. Considering the typical property of
IC activities is broad-band noise, in this work we proposed to
take real-time measurements of US-induced IC activities with
a passive cavitation detection (PCD) system [22], and evalu-
ate the cavitation activities as IC "dose" (ICD) that can reflect
the “amount” of IC energy accumulated during a certain US
exposure time [23].

The specific hypotheses tested in this work are: (1) IC activi-
ties generated during US-mediated DNA transfection should
be affected by US parameters, e.g., acoustic peak negative
pressure amplitude (P-), pulse-repetition-frequency (PRF)
and total treatment time , which could be monitored in real-
time and quantified as ICD; (2) With the presence of PEI and
UCA microbubbles, the DNA transfection efficiency should
be dependent on US parameters and be correlated with the
measured ICD; and (3) Sonoporation should be involved in
US-mediated DNA transfection, and the size of sonoporation
pores on the cell membrane could be highly correlated with
ICD measurements. In present work, MCF-7 cells mixed with
PEIL: DNA complex were exposed to 1-MHz US pulses with
varied acoustic parameters. Four series experiments were
conducted: (1) The IC activities were detected using a PCD
system and quantified as ICD; (2) The DNA transfection
efficiency was evaluated with flow cytometry; (3) After dy-
ing the cells with PI kit, the viability of the cells was meas-
ured using flow cytometry; and (4) The scanning electron
microscopy (SEM) was used to investigate the sonoporation
effects on the cell membrane..

Current studies would help us to get better understanding on
the mechanisms of IC-induced sonoporation and US-
mediated DNA transfection with the presence of PEI and
UCAs. The long-range goal of this effort is to develop an
effective tool to monitor US-induced IC activities in real-time
for further optimizing and controlling the sonoporation pa-
rameters, and achieving better effect on US-associated
gene/drug delivery.

MATERIALS AND METHODS
DNA and other reagents

The plasmid vector pIRES2-EGFP encoding the enhanced
green fluorescent protein, was purchased from Clontech
(Santa Clara, CA). Branched polyethylenimine with a mo-
lecular weight of 25 kDa was purchased from SIGMA-
Aldrich (St. Louis, MO, USA). Dulbecco's modified eagles
medium (DMEM) was purchased from Invitrogen Corpora-
tion (Carlsbad, CA, USA). Fetal bovine serum (FBS) was
purchased from GIBCO. PI Detection Kit was purchased
from KeyGen Biology Technology Company (Nanjing,
China).

Cell lines

Human breast cancer MCF-7 cell line was obtained from
American Type Culture Collection (VA, USA). The cells
were cultured in DMEM supplemented with 10% FBS and
1% penicillin-streptomycin solution at 37 oC and 5% CO2
atmosphere. The cells were harvested using Trypsin-EDTA
(Sigma-Aldrich Co., MO, USA) and resuspended in phos-
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phate buffered saline (PBS; Sigma-Aldrich Co., MO, USA)
for the consequent US exposure experiments.

Ultrasound contrast agents

The UCA used here is SonoVue® (Bracco diagnostics Inc.,
Geneva, Switzerland). It is coated with thin lipid monolayer
membrane shell which encapsulates the SF¢ gas, and has a
mean radius of ~1.5-3.0 um. According to the manufacturer’s
instruction, the purchased SonoVue® vial was vented with a
sterile 18-gauge needle, then 5 ml PBS was injected into the
vial to have UCA microbubbles reconstituted. The microbub-
bles were evenly distributed by inversion agitation of the vial
which contained 2-5 x 10® microbubbles/ml.

Preparation of PEI: DNA complexes

PEIL: DNA complexes were prepared by combining 10 pg of
plasmid EGFP (pEGFP) in 100 pl PBS with 100 pl PEI (1
mM). The mixture was vortexed for 30 s and incubated at
room temperature for 30 min before adding into cell suspen-
sion.

Ultrasound exposure and passive cavitation detec-
tion system

The US exposure apparatus and PCD system are shown in
Fig.1. All experiments were performed in an acrylic tank
filled with degassed water. An arbitrary waveform generator
(Agilent 33250A, CA, USA) supplied 1-MHz sinusoidal
pulses with varied driving amplitude or PRF, and fixed 20-
cycle pulse length. The output signals from the waveform
generator were amplified through an RF power amplifier
(ENI A150, Rochester, NY, USA) with a fixed gain of 50 dB,
which were used to drive a 1-MHz self-made focused source
transducer with a radius of 9.2 cm, and approximately 6.6-cm
focal distance. A plastic test tube of 10-mm diameter and 50-
mm length filled with sample suspension (the liquid depth of
suspension was ~16 mm) was capped by a rubber stopper that
was used as a sound absorber to minimize standing wave
effect and then sealed with parafilm to minimize undesired
bacteria infection. The test tube was aligned axially with the
source transducer so that the center of the suspension was
situated at the focal area with respect to the surface of the
source transducer.

Wave
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Computer
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332500
RF Power Holder Digital
Amplifier Orscilloscope
ENI AL50 Agilent 54810
Test Tube |, o—el
Transducer
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Figure 1. Diagram of US exposure and passive cavitation
detection system.

A self-made 5-MHz single-element transducer (11-mm di-
ameter), used for PCD measurements was located perpen-
dicularly to the 1-MHz transducer so that its focus was or-
thogonal to the source transducer. The bubble scattering and
emission signals in the focal volume were collected by the 5-
MHz transducer and digitized by an oscilloscope (Agilent
54810, Santa Clara CA, USA). The recorded PCD wave-
forms were stored in a personal computer (PC) for subse-
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quent signal processing using MATLAB program (the
MathWorks, Inc., Natick, WA, USA).

Co-focusing of the source and receiver transducers was
achieved by using a needle hydrophone (TNUOO1A, NTR
Systems, Inc. Seattle, WA). The movements of needle hydro-
phone and PCD transducer were conducted via 3-D transla-
tion stages (Newport Electronics, Inc., Santa Ana, CA, USA).
The in situ peak negative pressure of the source transducer
was calibrated also using the NTR needle hydrophone with a
30-dB preamplifier (HPA30, NTR Systems, Inc. Seattle, WA,
USA). The attenuation of the test tube wall was determined
by measuring the US amplitude with/without placing the test
tube in situ.

Transfection protocol using ultrasound

The MCEF-7 cells were harvested using Trypsin-EDTA and
resuspended in 0.3 ml PBS at a concentration of 2.0 x 10°
cells/ml. The PEI:DNA complexes in 0.2 ml PBS and the 1.0
x 10" UCA microbubbles in 0.5 ml PBS were in turn added
into the cell suspension individually. Every sample was
briefly vortexed before it was exposed to ultrasound.

The influences of acoustic parameters on US-mediated DNA
transfection were studies with varied P, PRF and total treat-
ment time. In each case, the sample suspension was insoni-
fied with a 20-cycle pulse length (the exposure “on” time was
20ps/pulse). The varied ranges for P~, PRF and total treat-
ment time were 0 to 3.0 MPa, 20 to 1000 Hz, and 5 to 60 s,
respectively. Control or “sham” samples were treated in the
same way as other samples, but were not exposed to ultra-
sound. One test was repeated five times for each case.

After US exposure, the cells were centrifuged at 900 rpm for
5 min and collected. For the cell viability assessment, all of
the cell pellets were immediately resuspended in PBS and
treated with PI dye for the flow cytometry assay. For the
SEM investigation, all of the cell pellets were immediately
resuspended, and then immobilized, coated and investigated.
For the GFP expression assessment, all of the cell pellets
were resuspended and cultured in the 6-cell plate, incubated
48 h in DMEM supplemented with 10% FBS and 1% penicil-
lin-streptomycin solution at 37 °C and 5% CO, atmosphere.

Inertial cavitation dose (ICD) quantification method

Broadband noise emissions produced by IC activities [24]
can be detected using a PCD system. Unlike other approaches
that only quantify the intensities of IC activities [25, 26], the
ICD estimation provides a “dose” measurement to assess the
“amount” of IC energy over a certain US exposure duration
for different treatment conditions [23].

As shown in Fig.2a, the scattered acoustic signals from the
exposed suspension were received by the 5-MHz “listening”
PCD transducer and digitized by the oscilloscope with a
sampling frequency of 25 MHz. Each waveform of all sam-
pled time series signals (Fig. 2b) was first transformed to the
frequency domain using FFT (Fig.2c). A specific frequency
window between the second (f;) and third (f;) harmonic fre-
quency component (Fig.2c) was chosen to evaluate the
amount of IC-induced broadband-noise by calculating the
root mean square (RMS) amplitude of the FFT spectrum
within the window (Fig.2c). Then these FFT RMS amplitudes
were plotted for all sampled waveforms essentially as a func-
tion of exposure “on” time (the exposure “on” time = 20
ps/pulse x PRF x treatment time). The cumulated ICD was
defined as the area under this curve over the entire exposure
“on” time period (e.g., the shadowed area illustrated in Fig.
2d).
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Figure 2. Illustration of ICD computation. For this case,
total 5000 signal segments were collected. The detected cavi-
tation signal (a) from each pulse (b) is converted to its fre-
quency spectrum (c). The RMS amplitude within the selected
region between f, and f; in Fig. (c) is calculated for each
signal sample and plotted as a function of time in (d). The
cumulative RMS FFT amplitudes (integrated gray area in (d)
) over the whole exposure “time” gives the ICD.

Assessment of GFP expression

After 48-h incubation in the 6-cell plate, the MCF-7 cells
were harvested using Trypsin-EDTA and washed twice in
PBS. The collected MCF-7 cell pellets were resuspended at a
concentration of approximately 1.0 x 10° cells/ml. The DNA
transfection efficiency (referred as the number of cells ex-
pressing GFP/number of cells total) was evaluated by assess-
ing the GFP expression of each sample with the flow cytome-
try (BD FACSCanto™ II, Flowcytometer, Becton Dickinson)
at an excitation wavelength of 488 nm.

Assessment of cell viability

The necrotic cells by US exposure are characterized by the
broken cell membrane, through which the PI dye could ac-
cess and stain the nucleus. Such characteristic of PI dye was
utilized to tell the necrotic cells from the apoptotic and the
normal cells which could prevent from the PI entry by the
intact cell membrane. It has been reported that cell membrane
damage caused by US exposure can be repaired during a
short period [27,28]. Zamitsyn et.al. even theoretically pre-
dicted that the IC-induced membrane wounds (~300-nm ra-
dius) could be repaired with a half time of 20-50 s [28].
Therefore, in order to avoid PI enter the alive cell through the
sonoporation pores, Pl dying process was performed 300 s
after US exposure to allow the pores getting closed. In detail,
the MCF-7 cells were collected by centrifuge at 900 rpm for
S min and washed twice in PBS. The cells were resuspended,
and then immobilized in 70 % ethanol at 4 °C overnight. The
immobilized cells were collected by centrifuging at 1,200
rpmh for 5 min, resuspended in PBS at a concentration of
approximately 1.0 x 10° cells/ml. 5 pl PI solution was added
into each cell sample. The mixture was incubated in dark at
room temperature for 30 min. After that each sample was
analyzed by flow cytometry at an excitation wavelength of
488 nm.

Investigation on cell sonoporation with scanning
electron microscopy

To observe US-mediated sonoporation effects on cell mem-
branes, cells for each case were imaged with SEM at 10,000
magnification. After US exposure, the MCF-7 cells were
collected by centrifuge and resuspended in PBS, fixed with
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2.5% glutaraldehyde solution for 2h at 4°C for 3h, and then
washed twice in PBS. Alcohol dehydration was followed in
33%, 50%, 60%, 80%, 90% and 100% ethanol for 20 min
respectively. Each step was repeated twice. After been ly-
ophilized using lyophilization (Freezone 6 Freeze Dry Sys-
tem, Labconco Co., Kansas City, Missouri, USA), each sam-
ple was gold sputter-coated for 5 min at 125 mA in an argon
atmosphere with the approximately 50 nm coating (Emitech
K550X Sputter Coating systems, England). A field emission
scanning electron microscope (JSM-5610LV, JEOL Ltd.,
Tokyo, Japan) was used with a gun acceleration voltage of 15
kV and a working distance of § mm. The secondary electron
was used to image the samples.

Statistic analysis

All data were reported as the mean + standard deviation (SD)
of 5 replicate treatments. One-sided t-test were performed to
compare results, with p<0.05 considered to be a statically
significant difference. Regression analyses were used to de-
termine the correlation between IC dose and the sonoporation
outcome. The data were analyzed using Origin software
(OriginLab Co., Northampton, MA, USA).
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ICD up-trend gets slow down, and tends saturate eventually,
which indicates that the effective IC activities could not be
raised unlimitedly by simply enhancing acoustic energy.
Since UCAs are suggested to work as cavitation nuclei, the
possible explanation for the ICD saturation phenomenon lies
in a significant fraction of the available microbubbles is de-
stroyed by strong US pulses, and this issue will be discussed
in detail in the Discussion Section.

The influence of ICD on DNA transfection efficiency
and cell viability

The influence of ICD on the DNA transfection efficiency and
cell viability were investigated here, with varied US parame-
ters. The tested US conditions were also divided into three
series as introduced above. In each series, the samples were
divided into two groups. For the first group, the DNA trans-
fection efficiencies of all sonicated samples were evaluated
by assessing the GFP expression with flow cytometry. The
assessments of cell viability were applied to the second group
based on PI dying, immediately after US exposure treatment.
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Figure 4. The dependence of DNA transfection efficiency and cell

The scattering signals induced by UCA microbubble IC ac-
tivities were collected as PCD waveforms during the US
exposure process. Three series of experiments were carried
out to investigate the dependence of the measured ICD on US
parameters (e.g., P, treatment time, or PRF). The sample
suspensions mixed with MCF-7 cells, PE[:.DNA complexes,
and UCA microbubbles were exposed to 1-MHz US at (1)
P =0 (sham), 0.3, 0.75, 1.4, 2.2, and 3.0 MPa, with fixed PRF
of 250 Hz, and total treatment time = 20 s; (2) the total US
treatment time varied as: 0 (sham), 5, 10, 20, 40, and 60 s
(corresponding to the exposure “on” time of 0, 25, 50, 100,
200, and 300 ms, respectively), with P =2.2 MPa, and 250 Hz
PRF; and (3) PRF = 0 (sham), 20, 100, 250, 500, and 1000
Hz, at P =2.2 MPa, and 20 s treatment time. Fig. 3 illustrates
the relationships between ICD and US parameters. As shown
in Fig. 3, with other parameters fixed at a constant value,
when P < 2.2 MPa, treatment time< 20 s or PRF< 250 Hz,
ICD almost linearly increases with increased P, treatment
time, or PRF. If we increased the US parameters further, the
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viability on varied US parameters. The reading results of DNA

transfection efficiency and cell viability are plotted as a functions

of P (a), treatment time (b) and PRF (c).

Fig.4a-c illustrates the measured DNA transfection efficiency
(viz., the reading of GFP fluorescent report) and cell viability
as the functions of P, treatment time and PRF, respectively.
As shown in Fig. 4a, the DNA transfection efficiency in-
creases with the increasing of P until reaching a peak level
of 44.7£5.8% as P =2.2 MPa. When P >2.2 MPa, the DNA
transfection efficiency tends to saturate at a high level around
40%. Meanwhile, the cell viability shows significant decrease
with the increasing of P . The sham group shows the highest
cell viability of 95.242.5%. The lowest cell viability
(66.243%) occurs at P = 3.0 MPa. Fig. 4b shows, when the
total treatment time increases from 0 to 20s, the DNA trans-
fection efficiency increases significantly from 8.9+1% to
44.7+5.8%. If the treatment time increases further, the DNA
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transfection efficiency saturates, even tends to decrease
slightly with 60-s US treatment. The cell viability keeps de-
creasing from 95.2+2.5% to 56.9+3%, when the treatment
time changes from 0 to 60s. In Fig. 4c, the DNA transfection
efficiency exhibits an increasing trend when PRF increases
from 0 to 250 Hz, then holds a high level greater than 40%
when PRF >250 Hz. It also shows that the cell viability de-
creases quickly with the increasing of PRF.
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Figure 5. The relationship between the DNA transfection effi-

ciency and ICD, for the pooled data analysis.

As shown in Fig. 3, the influences of the US parameters (e.g.,
P, treatment time, or PRF) on ICD show similar trends as
those on the DNA transfection efficiency. Thus, with analyz-
ing the pooled data, the relationship between the measured
ICD and DNA transfection efficiency can be illustrated in
Fig. 5. The enlarged-scale inset in Fig. 5 shows that the DNA
transfection efficiency is initially increases linearly with the
increasing ICD, then it tends to saturate while the ICD
reaches a certain level (e.g., ICD > 1670 Vxus). This phe-
nomenon will be discussed in detail later. Different from the
studies regarding the DNA transfection efficiency, linear
correlation can be observed between cell viability decreasing
and the ICD enhancement (see Fig. 6).
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Figure 6. Linear correlation between the cell viability and
ICD for the pooled data analysis (r=-0.97).

The correlation between ICD and the generation of
sonoporation pore on the cell membranes

In order to better understand the mechanism of US-mediated
sonoporation, the influence of ICD on the generation of
sonoporation pore were systemically investigated with varied
US parameters, based on SEMs. The tested US conditions
were divided into three series as introduced in previous sec-
tions.

An intact MCF-7 cell should have a spherical shape and a
relative smooth surface. Fig.7 shows the membrane morphol-
ogy of MCF-7 cells exposed to US pulses with varied varied
P, treatment time, and PRF, respectively (in Fig.7a, b, and
c). It is obvious that, when cells were sonicated at low US
energy (e.g., P =0.3 MPa; treatment time=5 s; or PRF=20
Hz), some tiny “holes” appeared on the cell membranes.
With the increasing of US parameters (higher P, longer
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treatment time, or faster PRF), larger sonoporation pores and
more rough regions were observed on the cell membranes,
while the cell still kept its general morphology. When the US
parameters got to a certain high lever (e.g., P =3.0 MPa; 60-s
treatment time; or 1000-Hz PRF), the sonoporation pore size
enlarged conspicuously and the cell surface buckled severely,
which might cause unrecoverable damage to the cell.

(a) Varied i (b) Varied Ti

(c) Varied PRF

5 sec

Figure 7. Morphology of cells exposed to 20-cycle US pulses at

1 MHz, with varied (a), acoustic pressure (P ), (b) US treatment

time, and (c) PRF. The white arrows point out some sonopora-
tion pores.
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Figure 8. The influences of US parameters on sonoporation
pore size. (a) the sonoporation pore sizes measured according to
SEM images are plotted as a function of P , with PRF=250 Hz,
treatment time=20 s; (b) pore size VS. treatment time, with P =
2.2 MPa, PRF=250 Hz; (c) the relationship between pore size
and PRF, with P =2.2 MPa, treatment time=20 s.

All the SEM images were read as gray-scale intensity figures
using MATLAB software, and the sizes of sonoporation
pores were estimated according to the scale marked on the
SEM image. Five replicate experiments were carried out for
every tested US conditions, and 10 cells were selected for
SEM investigation in each sonicated sample. As shown in
Fig.8, the pore size ranges from ~150 nm to 1 pm. It can be
noticed that the sonoporation pore size increases with the
increasing of P , treatment time and PRF. Based on the fur-
ther investigation of the pooled data, high correlation could
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be observed between the sonoporation pore size and the
measured ICD (Fig. 9). It also shows in Fig. 10 that the cell
viability is linearly decreases with the increasing of pore size.
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Figure 9. Linear correlation between ICD and sonoporation
pore size (r = 0.95).
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Figure 10. Linear correlation of sonoporation pore size and cell

viability (r =-0.93).
DISCUSSION

Current studies systemically examined the relationship be-
tween the IC activities and US-mediated DNA transfection.
MCEF-7 cells mixed with PEl: DNA complexes and UCA
microbubbles were exposed to 1-MHz US pulses with varied
acoustic parameters (e.g., P, total treatment time, PRF). The
“amount” of effective IC activities generated during the US
exposure were detected with PCD system and evaluated as
ICD. The US-mediated DNA transfection efficiency and cell
viability were investigated based on flow cytometry assess-
ment. Meanwhile, the sonoporation effect on the cell mem-
brane was examined using SEM. All the specific hypotheses
were supported well with repeatable experimental results.

PEI: DNA complexes were used in this work instead of
naked DNA. It is because that PEI has been shown to be a
relatively efficient non-viral vector and been used success-
fully for in vivo applications, including direct application to
various anatomical sites [8,29]. Especially, Deshpande and
Mrausinitz have reported that the combination of US and PEI
can synergistically enhance the DNA transfection [10]. Actu-
ally, as shown in Fig. 11, we also verified their conclusion.
The DNA transfection efficiencies are 0.9+0.2%, 4+0.5%,
8.9+1%, 10.8+0.8%, and 44.7+5.8%, for cells with (1) naked
DNA, no US, (2) naked DNA and UCA, exposed to US, (3)
PEL:DNA, no US, (4) PEL:DNA, exposed to US, and (5)
PEI:DNA and UCA, exposed to US, respectively. Therefore,
it has more practical significance to utilize PELDNA com-
plexes in current work instead of naked DNA.
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Figure 11. Assessment of DNA transfection efficiency for
the cells with (1) naked DNA, no US, (2) naked DNA and
UCA, exposed to US, (3) PEI:DNA, no US, (4) PEL:DNA,
exposed to US, and (5) PEI:DNA and UCA, with US. At P~
=2.2 MPa, 250-Hz PRF, and 20-s treatment time.

According to the flow cytometry assessments on the GFP
expression of cell suspensions sonicated with the presence of
PEI:DNA complexes and UCAs, up to 44.7£5.8% DNA
transfection efficiency could be obtained under selected US
conditions. Previous studies have shown that the DNA trans-
fection efficiency increases with the increasing acoustic pres-
sure and exposure time [7, 10], our results support these con-
clusions (see Fig. 4a and b). Furthermore, similar increasing
trend is also observed with PRF increasing (Fig. 4¢). In other
words, the DNA transfection efficiency could be affected by
the synthetic effect of several US conditions so that it is diffi-
cult to simply determine the optimized US parameters. One
important hypothesis tested in current work is that it is possi-
ble to define a more reasonable indicative term (e.g., ICD)
that is closely related with US-mediated DNA transfection
effect to help us optimize the US conditions. As pointed in
earlier literatures [17, 19], acoustic cavitation should be one
of the most important mechanisms of sonoporation and add-
ing UCAs (serve as nuclei) can enhance cavitation activities.
As shown in Fig. 11, the DNA transfection efficiency meas-
ured for the samples sonicated without UCAs is only low to
10.8+0.8%, which provides solid proof to the important role
of IC activity on the US-mediated DNA transfection. How-
ever, no direct quantitative measurement has been reported to
assess the cumulative IC effects involved in US-mediated
DNA transfection. In this paper, the detected broad-band IC
noise signals were quantified as IC dose, which could not
only reflect the intensity of IC activity, but also evaluate the
"amount" of cavitation effects cumulated over the US expo-
sure duration. As illustrated in Fig. 5, for the pooled data,
linear correlation can be observed between the DNA transfec-
tion efficiency and ICD within a certain range (e.g., 0< ICD
<1670 Vxps), which suggests that ICD might be used as an
effective index to monitor and control the IC activities asso-
ciated with US-mediated gene/drug delivery to achieve the
most desired transfection effect, if combined with sufficient
statistic studies. Nevertheless, instead of monotonically in-
creased with ICD, the DNA transfection efficiency tends to
saturate or even slightly decreased as the ICD reaches a high
level (e.g., ICD > 1670 Vxus). This phenomenon could be
explained by the significant decrease of cell viability. As
shown in Fig. 6, the cell viability linearly decreased with
increasing ICD. It suggests that large amount of cells would
be killed due to the superabundant acoustic energy supplies,
which can impair the DNA transfection outcomes.

Previous reports have suggested that US-mediated DNA
transfection should be related to the sonoporation by generat-
ing transient pores on the cell membrane [30-32]. In order to
further understand the mechanism of IC activities act on the
DNA transfection and cell viability, the relationship between
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sonoporation outcomes and the measured ICD was explored
by examining the sonoporation pores generated on the soni-
cated cell membranes based on SEM images (see Fig. 7) with
varied US parameters. As shown in Fig. 8, the estimated pore
size enlarges from 150 nm to 1 um with US parameter (viz.,
P, treatment time, and PRF) increasing. The normal size of
25kDa PEI:DNA complexes has been reported as ~100-200
nm [33]. Thus, even at the lowest US condition tested here,
the sonoporation pores should be wide enough to allow
PELI:DNA complexes to enter MCF-7 cells. By analyzing the
pooled data, linear correlation can be observed between the
sonoporation pore size and ICD (Fig. 9), which provides
solid data that the DNA transfection could be facilitated by
IC activity through the generation of sonoporation pores.
However, we also noticed that the cell viability linearly de-
creases with the increasing ICD (Fig. 6) and pore size (Fig.
10), which indicates that over-enlarged pores resulting from
superabundant IC energy might result in unrecoverable dam-
age to cells, thereby significantly impairing the transfection
effect and making the transfection efficiency saturate or even
decrease.
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Figure 12. The temporal evolution of the IC intensities (quanti-

fied as RMS FFT amplitudes of IC broad-band noise signals

within selected frequency window; see details in Sec. 2.2.4) un-

der different US conditions. (a) the cells were exposed to US

pulses with P~=2.2 MPa, 250-Hz PRF, and 20-s treatment time;
(b) the sample was exposed to US pulses with P"= 3.0 MPa, PRF
= 250Hz, and total treatment time = 20s; (c) the sample suspen-
sion was exposed to US pulses with P"=2.2 MPa, PRF = 250Hz,
and total treatment time = 40s; and (d) the sample was exposed to
US pulses with P"=2.2 MPa, PRF = 1000 Hz, and total treat-

ment time = 20s.

Another interesting point worth to be pointed out here is that
the ICD is not linearly increased with the increasing of the
delivery US energy (as shown in Fig. 3), and the explanation
can be illustrated in Fig. 12, which shows the temporal evolu-
tions of the IC activity intensities generated under different
US conditions. For relatively low or moderate US conditions
(e.g. P"=2.2 MPa, PRF=250 Hz, and treatment time=20 s),
the IC intensity keeps increasing. However, if the US condi-
tions get too high (e.g., P"/=3.0MPa, or treatment time=40s, or
PRF=1KHz, the IC intensity will be initialized at a higher
level (for example, the initial RMS FFT amplitude of the IC
signals at 2.2MPa is lower than 0.1 V, while the correspond-
ing value gotten with 3.0-MPa US exposure is about 0.3 V. ),
followed by ascending trend within a certain duration, then
drops to a base level, which is speculated that most UCA
microbubbles should be destroyed quickly by the strong US
pulses so that the effective IC activities can not sustained to
the end of US exposures and the delivered acoustic energy is
mostly wasted. Han et.al.[34] had suggested that the UCA
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concentration or the bubble-to-cell ratio might be another
important factor that affected the US-mediated drug delivery.
Our current observations support this hypothesis with quanti-
tative analyses. And further study will be focused on the
relationship between UCA microbubble concentration and
gene/drug delivery effect.
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