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Ultrasound-mediated gene transfer is emerging as a practical means of facilitating targeted gene expres-
sion and is significantly enhanced in the presence of exogenously added microbubbles. This study
explores the influence of microbubble surface modifications on their interaction with plasmid DNA
and target cells, and the functional consequences of those interactions in terms of ultrasound-mediated
gene transfer. Polyethylene glycol-stabilized, lipid-shelled microbubbles with neutral (SDM201), cationic
(SDM202) and biotinylated cationic (SDM302) surfaces were compared in terms of their abilities to inter-

f/i{ ‘::)obrgsb:bles act with a luciferase-encoding reporter plasmid DNA and with target cells in vitro. The results demon-
Cationic strate that the biotinylated cationic microbubble > cationic microbubble > neutral microbubble, in
Neutral terms of their abilities to interact with target cells and to enhance ultrasound-mediated gene transfer,

Sonoporation particularly at low microbubble concentration. The presence of a net positive charge on both cationic

Gene microbubbles promoted the formation of microbubble-nucleic acid complexes, although preformation
of the complexes prior to addition to target cells inhibited the interaction between the microbubbles
and target cells in vitro. The impact of these findings on potential in vitro or ex vivo therapeutic applica-
tions of microbubble-enhanced ultrasound-mediated gene transfer is discussed. All three microbubble
preparations could be used to facilitate gene transfer in vivo and the potential advantages associated with
the use of the cationic microbubbles for targeted gene delivery are discussed.
Crown Copyright © 2011 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved.

1. Introduction

The use of ultrasound as a stimulus for gene transfer offers sig-
nificant advantage over other gene transfer modalities for applica-
tion in gene-based therapies exploiting in vitro, ex vivo and in vivo
strategies [1-4]. As a physical gene transfer methodology it cir-
cumvents many of the problems associated with viral gene transfer
and, when compared with other physical gene transfer methods,
its non-invasive nature provides significant advantage over alter-
native approaches. It has been shown that ultrasound-mediated
gene transfer is enhanced by exogenously added microbubbles.
Currently it is generally accepted that enhanced cell membrane
permeabilization is facilitated by a combination of microbubble-
induced microstreaming proximal to the target cell membrane
resulting from stable cavitation and microbubble-induced microjet
formation close to the target cell membrane that results from cat-
astrophic inertial cavitation [4,5]. Microbubbles have been
exploited clinically to enhance diagnostic ultrasound imaging
and commercially available reagents comprise a significant degree
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of heterogeneity with respect to gas and the stabilizing shell com-
position. Shells are chosen to enhance the stability of the micro-
bubble and may be composed of denatured protein (albumin),
phospholipid and polymers [4]. Because these microbubbles can
respond to an applied ultrasonic field by physically disintegrating
and also by inducing site-specific cell membrane permeabilization,
it has been suggested that they may be exploited to enhance gene
transfer [6,7].

In light of the above-suggested mechanism by which microbub-
ble-based reagents enhance ultrasound-mediated gene transfer,
proximity between the microbubble, the nucleic acid and the tar-
get cell membrane would appear to be advantageous. Interestingly,
many commercially available microbubble-based reagents that are
exploited for diagnostic imaging purposes carry either a net neu-
tral or slightly negative surface charge, and this serves to minimize
interactions with cellular or molecular components in plasma [4].
However, if microbubbles are to be used in gene delivery, it would
certainly be an advantage for the microbubble to carry a positive
surface charge as this would enhance interactions with the nega-
tively charged nucleic acid. Indeed, several studies have described
the use of cationic microbubbles for the purposes of enhancing
ultrasound-mediated gene transfer and have demonstrate electro-
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static interaction between plasmid DNA and the surface of the
microbubble [8,9]. Although these cationic microbubbles have
been characterized with respect to their abilities to bind nucleic
acid and enhance ultrasound-mediated gene transfer, few have
been directly compared with neutral microbubbles in terms of
their ability to interact with target cell populations and in terms
of the impact of those interactions on ultrasound-mediated gene
transfer. Here we directly compare cationic and biotinylated cat-
ionic microbubble preparations with a neutral microbubble prepa-
ration and examine their ability to interact with target cells in the
presence and absence of plasmid DNA in vitro. We further examine
the impact of those interactions on ultrasound-mediated gene
transfer. In addition, we compare the ability of those microbubble
preparations to facilitate gene transfer in vivo following intramus-
cular injection. The impact of our findings on designing strategies
to facilitate microbubble-enhanced, ultrasound-mediated gene
transfer for therapeutic purposes is discussed.

2. Materials and methods
2.1. Plasmid DNA and cell culture

The reporter plasmid pCMV-Luc, encoding the firefly luciferase
gene under the control of the CMV promoter, was supplied by Pla-
smidFactory GmbH & Co. (Germany). RIF-1 (radiation-induced
fibrosarcoma) cells [10] were employed as an in vitro target for
gene transfer and expression in these studies because it is a cell
line that has previously been characterized in our laboratories in
terms of ultrasound-mediated gene transfer [5]. The cell line was
maintained in RPMI 1640 tissue culture medium supplemented
with glutamine (GibcoBRL, UK) and 10 vol.% foetal bovine serum
at 37 °Cin a 5% CO, humidified atmosphere. When required, single
cell suspensions were prepared by treating cell monolayers with a
0.05% (w/v) solution of trypsin containing 0.02% (w/v) ethylenedi-
aminetetraacetic acid in phosphate-buffered saline (PBS). Cells
were subsequently harvested and washed in PBS by centrifugation
prior to use.

2.2. Microbubbles

Microbubble reagents were provided by SONIDEL Ltd (Ireland).
In these studies three microbubble preparations were employed as
sonoporation aids with neutral (SDM201), cationic (SDM202) and
biotinylated cationic (SDM302) shells, and were prepared by soni-
cation of the relevant lipid mixtures in the presence of a perfluo-
robutane gas stream. The microbubbles were further stabilized
by the inclusion of a polyethylene glycol-lipid conjugate in the
shells. The lipid compositions of the microbubble shells are sum-
marized in Table 1. Each preparation was adjusted to a concentra-
tion of 1 x 10° microbubbles ml~! using PBS. The diameter of the
microbubbles ranged from 1.4 to 1.7 pm, with >80% of microbub-
bles in each preparation falling within this range. The {-potential
for each microbubble preparation, under conditions employed for
in vitro gene transfer, was measured in OptiMEM at a concentra-
tion of 1 x 107 microbubbles ml~! using a Zetasizer Nano ZS (Mal-

Table 1

Percent molar ratio of lipid-based components in each microbubble reagent.

vern, UK) as recommended by the manufacturer. Microbubble
suspensions were diluted in PBS and finally mixed with an equal
volume of OptiMEM immediately prior to measurement.

2.3. Analysis of the interactions between microbubbles, plasmid DNA
and target cells

To study the interaction between the microbubbles and plasmid
DNA, 50 ul samples of microbubble suspension (5 x 108 bub-
blesml~!) were mixed gently with 20 ul of plasmid solution
(0.4mg ml~") for a period of 5 min at room temperature. Micro-
bubble preparations were then washed twice with PBS by centrifu-
gation at 500 rpm for 2 min. Microbubbles were dispersed in an
original volume of PBS, and a 10 pl aliquot of ethidium homodimer
(Sigma) solution (250 pug ml~!) was added to each microbubble
preparation. Following a 5 min incubation at room temperature,
the microbubble preparations were washed once by centrifugation,
from which >90% of the microbubbles were recovered. Just one
centrifugation step was found to suffice as no further nucleic acid
remained in solution following subsequent centrifugations. Micro-
bubble preparations were examined using a Nikon Eclipse E400
fluorescence microscope (Japan), fitted with a x60 objective lens
and a Nikon G2A filter, facilitating excitation at 518 nm and emis-
sion at 605 nm. Photomicrographs were acquired using a digital
camera interfaced with a PC operating the Andor™ iQ Standard Vi-
deo-Meteor II software system (v.1.3) (Andor™ Technology Plc.,
UK). This software could also be employed to calibrate the objec-
tive lens according to the manufacturer’s instructions by providing
size calibrated size markers on photomicrographs.

In order to study the interaction between microbubbles and tar-
get cells, RIF-1 cells were cultured for 6-8 h on a glass slide cover
slip to a maximum confluence of 20%. Cover slips were washed
with PBS and a 10 pl aliquot of the relevant microbubble suspen-
sion (3 x 108 bubbles ml~') was added to each monolayer, prior
to (no premix) or after (premix) the addition of 6 pl of pCMV-Luc
plasmid solution (0.4 mg ml~!). Each cover slip was then washed
with PBS and placed on a microscope slide. The average number
of microbubbles attached to at least 20 individual target cells
was determined using a phase contrast setting and white light
with the above-described microscope (x40 objective lens).

2.4. Fluorescence-based solid phase assay to examine interaction
between microbubbles, plasmid DNA and target cells

In order to study the interactions between microbubbles, plas-
mid DNA and target cells, RIF-1 cells were added to individual
wells of 96-well plates at a concentration of 2 x 10* cells well ™!,
Twenty-four hours later, the cell growth medium was removed
and the cell monolayer was washed with PBS. In cases where the
microbubbles were preincubated (premix) with plasmid DNA,
25 pl aliquots of microbubble suspension (3 x 108 bubbles ml~')
were incubated with 6 ul of plasmid solution (0.4 mg ml~') for
1 min and this mixture was added to each well of the 96-well plate.
In cases where no premixing of plasmid DNA and microbubbles oc-
curred, a 25 pl aliquot of microbubble suspension (3 x 108 bub-

Microbubble Surface nature DSPC DSTAP PEG40-stearate DSPE-PEG2000-Biotin
SDM201 Neutral 51 0 49 0

SDM202 Cationic 43 8 49 0

SDM302 Biotinylated cationic 42.7 8 49 03

DSPC: distearoyl phosphatidylcholine; DSTAP: 1,2-distearoyl-3-trimethylammoniumpropane; PEG40-stearate: polyethylene glycol-40 stearate; DSPE-
PEG2000-Biotin: Biotin—polyethyleneglycol-2000 distearoylphosphatidylethanolamine.
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bles ml~!) was added to each well of the 96-well plate, followed by
a similar quantity of the plasmid DNA. After an incubation period
of 1 min, cell monolayers were washed twice with PBS and a 6 pl
aliquots of ethidium homodimer solution (250 pug ml~!) was added
to each well. Following a 3 min incubation, monolayers were
washed with PBS and finally a 200 pl aliquot of PBS was added
to each well. The fluorescence intensity exhibited by each mono-
layer was measured (from top) using a FLUOstar Omega microplate
reader (BMG Labtech, Germany), at an excitation wavelength of
355nm and an emission wavelength of 590 nm. Fluorescence
intensity was expressed as arbitrary units (a.u.) using microbub-
bles, and ethidium homodimer incubated with cell monolayers in
the absence of plasmid DNA was used as the zero reference.

2.5. Ultrasound-mediated gene transfer in vitro

Two gene transfer protocols were employed in this study. The
first protocol was aimed at determining the influence of premixing
the plasmid DNA with each microbubble preparation prior to addi-
tion to the target cells on gene transfer. The sequence of additions
and quantities of reagents were similar to those described in Sec-
tion 2.4 above, except that ethidium homodimer was omitted,
washing was performed using serum-free OptiMEM (GibcoBRL,
UK) and the final volume in each well was adjusted to a total vol-
ume of 50 pl using serum-free OptiMEM prior to exposure to
ultrasound.

In the second protocol, target cells were plated as described
above and a 10 pl aliquot of microbubble preparation, premixed
with 6 pl of plasmid DNA (0.1 mg ml~'), was added to each well
of the 96-well plate together with 34 pul of serum-free OptiMEM.
The ultrasound exposure configuration for both protocols is shown
in Fig. 1. Samples were treated with ultrasound using an SP100
sonoporator (SONIDEL Ltd., Ireland) emitting ultrasound at a fre-
quency of 1 MHz. The transducer had an effective radiating area
of 0.8 cm?, and a range of calculated ultrasound acoustic pressure
outputs from this device has been described previously [5]. Sam-
ples were treated for 1 min at an ultrasound intensity/power den-
sity of 1.3 W cm™2 (spatial average, temporal peak (SATP)), using a
50% duty cycle (100 Hz). For both protocols, following ultrasound
treatment, plates were placed in a humidified 5% CO, atmosphere
at 37 °C for 2 h. Plates were then washed once with RPMI 1640 ser-
um-free medium and finally a 150 pl aliquot of RPMI 1640 med-
ium, supplemented with 10 vol.% foetal bovine serum, was added
to each well. Plates were then incubated for 24 h in a humidified
5% CO, atmosphere prior to analysis for gene expression. Photonic
imaging was used to measure expression of the plasmid-encoded
luciferase gene. A 70 pl aliquot of growth medium was removed
from each well and this was replaced with 50 pl of D-luciferin
(BIOSYNTH, Switzerland) solution (4 mg ml~! solution in serum-
free RPMI1640). Emitted bioluminescence was detected using a

Target well

Y

cell monolayer
\contact gel
transducer

Fig. 1. Ultrasound exposure configuration.

96-well
plate

Xenogen IVIS® Lumina imaging system supported by Living Image®
software version 2.60. Using this software, each well was marked
as a region of interest (ROI) and gene expression was expressed
as photons emitted per second from each well. The efficiency of
gene expression was expressed as photons s~! per 100 viable cells.

2.6. Cell viability assay

Viability of cells was determined using an MTT-based assay.
Essentially, culture medium was removed from the cells to be ana-
lysed and this was replaced by 50 pl of MTT (3-[4,5-dimethylthia-
zol-2-y1]-2,5 diphenyltetrazolium bromide; 2 mg ml~! in serum-
free RPMI 1640) per well of a 96-well plate. Plates were incubated
at 37 °C for a period of 1h, during which time a purple colour
developed as a result of the reduction of the MTT to a formazan
product by viable cells. The liquid from each reaction mixture
was then removed carefully and the reduced formazan product
was dissolved in 200 pl of dimethylsulfoxide. The absorbance at
490 nm was measured using a VERSAmax microplate reader
(MDS, USA). Cell viability was determined by comparison with a
standard curve constructed using absorbances from known con-
centrations of cells and the percentage viability of treated cell pop-
ulations was calculated from the absorbance obtained with
untreated populations of cells.

2.7. In vivo gene transfer

All animals were treated humanely and in accordance with li-
censed procedures under the UK Animals (Scientific Procedures)
Act 1986. Prior to injection and ultrasound treatment, animals
were anaesthetized by inhalation of 2 vol.% isofluorane in an oxy-
gen carrier provided at a flow rate of 10 1 min~!. For in vivo gene
transfer, a 20 pl aliquot of microbubble suspension (5 x 10® bub-
blesml~') was mixed with 20 pl of plasmid DNA solution
(1 mg ml~') and the mixture was injected into the hind leg muscle
of 7-week-old C3H/HeN mice. The injection site was then treated
with ultrasound at an intensity/power density of 1.3 Wcm™2
(SATP), at 50% duty cycle, for 1 min, by direct contact with the
ultrasound-emitting head. Contact was mediated using an ultra-
sound contact gel. Twenty-four hours after ultrasound treatment,
in vivo imaging was performed to assess the functional expression
of luciferase. Following induction of anaesthesia (intraperitoneal
injection using Hypnorm:Hypnoval), luciferin (100 pl of
40 mg ml~') was administered by intraperitoneal injection. Pho-
tonic imaging to detect the presence of bioluminescence was per-
formed using a Xenogen IVIS® Lumina imaging system supported
by Living Image® software version 2.60. Three animals were em-
ployed per treatment group in all in vivo experiments, and data
were collected from three individual experiments. The software
was employed to mark ROIs that were equal in area for each image
and the bioluminescence at those regions was expressed in
photons s 1.

2.8. Statistical analysis
Statistical analysis of significance was performed using analysis

of variance and comparison of data groups was performed using
the Tukey MCT in GraphPad Prism version 4.

3. Results and discussion
3.1. Characterization of microbubble preparations

Although a number of studies have described the use of cationic
microbubbles to enhance ultrasound-mediated gene delivery, few,
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if any, have carried out a comparative analysis with neutral micro-
bubbles in order to identify advantage associated with the use of
the former. To this end, we used three lipid-shelled microbubble
preparations that were similar with respect to their gas content
and with respect to their size. The percentage molar ratios of lipids
employed in each formulation are shown in Table 1. In all three
cases, over 80% of the microbubbles in each preparation had aver-
age sizes ranging from 1.4 to 1.7 um, and each microbubble prep-
aration had a polyethylene glycol brush on the outer surface to
enhance stability. Similarities in size between the microbubble
preparations were later confirmed by direct visualization using cal-
ibrated microscopy. Microbubble SDM201 was designed as a neu-
tral bubble and the {-potential was found to be —0.7 £ 0.5 mV in
OptiMEM. Microbubbles SDM202 and SDM302 were slightly cat-
ionic in nature, and were found to have {-potentials of +4 + 1 mV
and +5 1.2 mV, respectively, when measured in OptiMEM. The
latter was chosen because it had a significant buffering capacity.
A further reason for choosing it was that it is the medium em-
ployed during all gene transfer experiments, and both pH and
the presence of ionic character of the suspending medium have
previously been shown to significantly influence {-potential
[11,12]. It is interesting to note that Borden et al. [13] described
a lipid-shelled microbubble with a 20% molar ratio of DSTAP and
quoted a (-potential of approximately 30 mV. Microbubble
SDM302 also had a small quantity of biotinylated lipid incorpo-
rated into its shell and, as expected, this had no significant effect
on the {-potential of that microbubble preparation. One reason
for incorporating the biotin tag was to include a functionalized
microbubble preparation in our study since such preparations
could be exploited in future molecular targeting strategies. If such
a ligand is to be used for the latter purposes, it would be of value to
determine whether or not its inclusion in the microbubble shell
would have direct impact on interactions with target cells or on
ultrasound-mediated gene transfer.

3.2. Interaction of microbubble preparations with plasmid DNA and
target cells

In order to examine comparative binding of plasmid DNA to the
microbubble preparations, nucleic acid was mixed with each prep-
aration and the microbubbles were subsequently stained with
ethidium homodimer. Each microbubble preparation was then
examined using fluorescence microscopy. The results obtained

SDM201

SDM202

SDM302

Fig. 2. Photomicrographs of (a) neutral, (b) cationic and (c) biotinylated cationic
microbubbles that were exposed to plasmid DNA (pCMV-Luc) (left). Plates on the
right were examined using fluorescence microscopy. The size bar represents
1.7 pm.

are shown in Fig. 2. This level of analysis demonstrated that, whilst
no nucleic acid was bound to the neutral microbubble SDM201,
significant quantities of nucleic acid were associated with the
two cationic microbubbles SDM202 and SDM302. From direct
observation of fluoromicrographs and from subsequent image
analysis, no significant difference was detected in fluorogenic sig-
nals from both of these cationic preparations. These data suggest
that both microbubbles were binding similar quantities of nucleic
acid. If binding of nucleic acid was, as expected, mediated by
charge-coupling to the surface of the cationic microbubbles, then
these data further suggest that the existence of the biotin tag in
the shell of SDM302 had little or no effect on the uptake of nucleic
acid.

Since it has previously been suggested that the manner in
which microbubbles enhance ultrasound-mediated gene transfer
results, at least in part, from ultrasound-induced cavitational ef-
fects in the microenvironment of the target cell membrane, prox-
imity between the microbubble, nucleic acid and target cells
would be expected to enhance cell “poration” effects and nucleic
acid transfer into the target cell [4,5,14]. The use of a cationic
microbubble would therefore be expected to enhance gene transfer
because of electrostatic interactions with target cells in vitro, since
the latter usually bear a net negative charge. It was decided, there-
fore, to examine the interaction between all three microbubbles,
nucleic acid and target cells using a novel solid phase fluorogenic
assay. This assay was performed on 96-well plates and involved
binding of microbubbles to an adhered monolayer of cells. In order
to examine the influence of plasmid DNA on the interaction be-
tween microbubbles and target cells, it was decided to either pre-
mix DNA with the microbubbles prior to addition to target cell
monolayers or to add DNA to target cells following addition of
microbubbles to those target cells. Any bound DNA was then
stained using ethidium homodimer. Fluorescence spectroscopy
was then employed to detect the level of interaction between the
microbubbles, nucleic acid and target cells. The microbubbles were
initially placed in contact with target cells and the nucleic acid was
subsequently added. The plates were then washed, and the data
obtained following staining with ethidium homodimer are shown
in Fig. 3A. The data demonstrate that with the neutral microbubble,
SDM201, a relatively low-intensity fluorescent signal was ob-
tained, indicating little interaction between that microbubble,
plasmid DNA and target cells. However, with the cationic micro-
bubble, SDM202, a significantly higher fluorogenic signal was ob-
tained, suggesting that the microbubble was mediating retention
of DNA on the surface of the target cell monolayer. When the bio-
tinylated cationic microbubble, SDM302, was examined using this
assay, the fluorogenic signal obtained following staining was al-
most double that obtained with the non-biotinylated cationic
microbubble (Fig. 3A). This was a surprising result since both
microbubbles exhibited similar {-potentials and were initially for-
mulated with the same quantity of DSTAP. The results indicate that
biotinylation was playing a significant role in enhancing proximity
between DNA and the target cells. In overall terms, the results
demonstrate that even the slight charge attributed to both cationic
microbubbles played a very significant role in mediating the inter-
action between nucleic acid and the target cell.

In order to determine whether or not preloading of the micro-
bubbles with nucleic acid would have an impact on the overall de-
gree of interaction between nucleic acid and target cells, nucleic
acid was preincubated with each microbubble preparation prior
to addition to the target cells. These complexes were then incu-
bated with the target cells, and the solid phase was washed and
subsequently stained with ethidium homodimer. The results ob-
tained are shown in Fig. 3A. Whilst no statistically significant dif-
ference was observed when compared with the neutral
microbubble (SDM201) added to cells prior to addition of plasmid
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Fig. 3. Interactions between microbubble preparations, plasmid DNA (pCMV-Luc)
and adherent RIF-1 cells, using a solid fluorogenic assay (A) and direct counting of
microbubble attached to individual cells using microscopy (B). Microbubbles were
either premixed with plasmid DNA (Premix) prior to addition to the cell monolayer
or added to the monolayer before addition of plasmid DNA (No Premix). Error bars
represent + SEM (standard error mean), where n=5; *p<0.05 *p<0.01,
***p < 0.001 and F=80 (A), 56 (B).

DNA, it was found that the fluorogenic signals obtained with both
cationic microbubble preparations were significantly lower than
those obtained when nucleic acid was delivered following incuba-
tion of microbubbles with target cells. These data demonstrate
that, with both cationic preparations, significantly less nucleic acid
was associated with the target cells when preformed microbubble-
DNA complexes were added to the cells. These results could indi-
cate that the nucleic acid bound to the microbubbles was reducing
the net positive charge on the cationic microbubbles, which would
negatively impact on the interaction between microbubble com-
plexes and the target cells to yield a lower fluorogenic signal in
the solid phase assay. In order to address this issue, cells were ex-
posed to microbubbles prior to and after the addition of plasmid
DNA, and the number of microbubbles associated with individual
cells was directly counted using microscopy. The results obtained
are shown in Fig. 3B and clearly demonstrate that, for both cationic
microbubbles, preincubation with nucleic acid had a serious nega-
tive impact on binding of microbubbles to cells. Indeed, when nu-
cleic acid was prebound to both of the cationic microbubbles, the
degree of binding to target cells was reduced to a value that was
only slightly higher than that obtained with the neutral microbub-
bles. These data are supportive of those in Fig. 3A and suggest that
the reduced fluorescence intensity observed with both cationic
microbubbles is primarily due to inhibition of interactions be-
tween the microbubble-plasmid DNA complexes and the target
cell surface. It is highly likely that the binding of nucleic acid to
the microbubbles reduces the cationic nature of those microbub-
bles, thereby reducing charge-coupled interactions with the target
cells.

3.3. Impact of microbubble, plasmid DNA and target cell interactions
on ultrasound-mediated gene transfer in vitro

Since the above approach demonstrated differential interac-
tions between microbubbles, plasmid DNA and target cells, it
was of interest to determine the impact those interactions might
have on ultrasound-mediated gene transfer in vitro. To this end,
samples were prepared as described above for the studies examin-
ing microbubble, plasmid and target cell interactions and, once
again, target cells were exposed to either microbubbles that were
preincubated with plasmid or to microbubbles followed by the
addition of plasmid. The target cell populations were then washed
prior to treatment with ultrasound. Twenty-four hours after treat-
ment, 96-well plates were examined using photonic imaging fol-
lowing addition of luciferin in order to detect expression of the
transgene-encoded product luciferase. The data are shown in
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Fig. 4. Analysis of luciferase expression (A) and cell viabililty (B) following
exposure of cells to ultrasound in the presence of each microbubble preparation.
Microbubbles were either premixed with plasmid DNA (Premix) prior to addition to
the cell monolayer or added to the monolayer before addition of plasmid DNA (No
Premix). In (C), gene expression is presented per 100 cells. In all graphs error bars
represent + SEM, where n=5; *p <0.05, **p <0.01 and F=98 (A), 26 (B), 62 (C).
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Fig. 4A and demonstrated that, when the microbubbles were prein-
cubated with cells prior to the addition of plasmid DNA, the lucif-
erase activity in cells treated with ultrasound in the presence of
both cationic microbubbles (SDM202 and SDM302) was signifi-
cantly higher than that in cells treated with ultrasound in the pres-
ence of the neutral microbubble (SDM201). It should be noted that,
in controls involving the addition of plasmid alone or in combina-
tion with microbubbles in the absence of ultrasound, no gene
expression was detected using this method of analysis. Based on
the data in Fig. 3A and B, this was to be expected, since both cat-
ionic microbubbles would have been retained by charge coupling
to target cells. What was unexpected, however, was the observa-
tion that, when microbubbles were premixed with plasmid and
then used to treat cells, the expression of luciferase was similar
to that in cells that were treated with microbubbles and then with
plasmid DNA. It has been previously demonstrated that increasing
the microbubble concentration can lead to a decrease in cell viabil-
ity following treatment with ultrasound [5,9,15,16].

When we examined cell viability in our ultrasound-treated cul-
tures, we obtained the data shown in Fig. 4B. These data demon-
strated that, for both the cationic microbubbles, cell viability was
reduced below that observed in the samples treated with the neu-
tral microbubbles. No significant difference in cell viability was ob-
served following treatment with the cationic microbubble
SDM202, whether this was used as a preformed complex with
DNA or added to the cell target prior to addition of nucleic acid.
However, with the biotinylated cationic microbubble SDM302,
the cell viability was significantly lower in the samples treated
with the microbubble prior to the addition of nucleic acid. It was
also interesting to note that in Fig. 3A and B these were the sam-
ples with the highest number of microbubbles associated with
the target cells. For the biotinylated cationic microbubble,
SDM302, when differences in cell viability are taken into account
and when gene expression was calculated as a function of cell via-
bility, it was found that expression was highest when the micro-
bubbles were placed in contact with the target cells prior to the
addition of nucleic acid (Fig. 4C). We suggest that this latter phe-
nomenon is due to the higher number of microbubbles associated
with the target cells when the microbubbles are added to those
cells prior to addition of the nucleic acid (Fig. 3B). More nucleic
acid would be expected to accumulate around the target cells
and the enhanced proximity of more microbubbles to target cell
membranes would, in turn, enhance the ultrasound-induced sono-
porative effects.

As mentioned above, ultrasound-mediated gene transfer offers
significant potential for use in gene-based therapies exploiting
in vitro or ex vivo strategies [1-3]. Such strategies involve harvest-
ing cells or tissues from a patient, using gene transfer technology to
incorporate a therapeutic gene, and subsequently reintroducing
the cells or tissues back into the patient. Indeed, many stem-cell-
based therapies depend on such an approach. Being aware of the
limitations of the use of cationic microbubbles identified above is
important in the design of gene delivery strategies if microbub-
ble-enhanced ultrasound-mediated gene transfer is to be used in
such approaches. In practical terms, our observations suggest that,
in exploiting ultrasound for such purposes, preformation of the
microbubble-DNA complex could be counter-productive if maxi-
mum gene transfer efficiency is required.

3.4. The influence of microbubble concentration on gene transfer
in vitro

From the perspective of controlled gene delivery exploiting an
ultrasound-mediated microbubble-enhanced approach systemi-
cally or locally to facilitate site-directed gene expression for thera-
peutic purposes in vivo, the ideal sequence of events would be to

load or coat the ultrasound-responsive microbubble-based deliv-
ery vehicle with the nucleic acid payload and subsequently admin-
ister this complex to the patient. One of the inherent perceived
advantages associated with the use of cationic microbubbles is that
they can be exploited as a nucleic acid carrier. In any case, separate
administration of microbubbles and nucleic acid for in vivo-based
gene therapies would be impractical and contraindicated by as-
pects such as reduced nucleic acid stability in circulation [17].
Therefore, in this part of the study the effect of microbubble con-
centration on the ability of each microbubble preparation to en-
hance ultrasound-mediated gene transfer using the preformed
microbubble-nucleic acid complex was examined. In the case of
the neutral microbubble (SDM201), this was preincubated with
the plasmid and the mixture was then added to the target cells.
Twenty-four hours after ultrasound treatment, gene expression
was determined using photonic imaging. The data obtained are
shown in Fig. 5A. The results demonstrate that at lower microbub-
ble concentrations (0.2-1.0 x 107 microbubbles ml~!)  gene
expression is relatively low and in all cases both cationic micro-
bubbles are superior to the neutral microbubble in terms of
enhancing ultrasound-mediated gene transfer. In comparative
terms, at these lower microbubble concentrations the differences
between the cationic microbubble (SDM202) and the biotinylated
cationic microbubble (SDM302) are not statistically significant,
although the trend indicates that cells treated with the biotinyla-
ted cationic microbubble yield a higher level of gene expression.
At higher microbubble concentrations (3-5 x 107 microbub-
bles ml~1) the levels of gene expression increase. Interestingly, at
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Fig. 5. The effect of microbubble number on luciferase expression (A) and cell
viability (B). Each microbubble preparation was premixed with plasmid DNA
(pCMV-Luc) prior to incubation with RIF-1 cells. Luciferase expression was detected
using bioluminescent imaging. Data obtained with the neutral microbubble were
fitted to a linear decay function and data obtained for both the cationic and
biotinylated cationic microbubbles were fitted to a non-linear decay function. In A
and B, error bars represent + SEM, where n = 5.
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a concentration of 5 x 10’ microbubbles ml~!, the neutral micro-
bubble delivers a relatively high level of gene expression, presum-
ably as a result of increased proximity to the target cell membrane
which results from the increased number of microbubbles in sus-
pension during ultrasound treatment. Indeed, at higher concentra-
tions, the advantage associated with the use of the cationic
microbubble, SDM202 is significantly reduced. As shown above
and by others, ultrasound treatment in the presence of microbub-
bles can lead to a compromise in cell viability [1,7,13,14]. When
cell viability was determined in the above-treated cultures, the
data shown in Fig. 5B were obtained. With all three microbubbles,
cell viability decreased with increasing microbubble concentration.
This effect appeared to be more pronounced for both cationic
microbubbles. It was noted that, whilst the relationship between
increasing microbubble concentration and cell viability appeared
to be linear, that relationship for both of the cationic microbubbles
appeared to be non-linear. This was supported by the close fit ob-
tained to linear and non-linear decay functions, as shown in
Fig. 5B. The latter suggested that, at lower microbubble concentra-
tions, the cationic microbubbles bound to the surface of target
cells, and this facilitated a more pronounced impact on cell viabil-
ity during ultrasound treatment. It is clear from the data presented
in our study and those of others that there is an inverse relation-
ship between gene expression and cell viability, and it appears that
gene transfer can only exist when some degree of cell damage oc-
curs [1,7,13,14]. This is not unique to sonoporation; others have
shown similar effects with electroporation-mediated gene transfer
methodologies, where increasing electric field pulse number can
have a positive impact on gene expression and a corresponding
negative impact on cell viability [18]. It would therefore appear
that optimization of sonoporation protocols for gene transfer
necessitates identification of an acceptable balance between
achieving maximal gene expression and minimal target cell dam-
age. In all of the above studies, the biotinylated microbubble out-
performed its cationic counterpart in enhancing ultrasound-
mediated gene transfer. Although no precise reason for this is
known at present, we are currently exploring the possibility that
biotin receptors on the target cells may be mediating this effect
[19].

3.5. Comparison of microbubble preparations for in vivo gene transfer

Having demonstrated that all three microbubbles can enhance
ultrasound-mediated gene transfer in vitro, it was of interest to
compare all three preparations in terms of their ability to enhance
ultrasound-mediated gene transfer in vivo. It was decided to ini-
tially compare the ability of the microbubbles to enhance gene
transfer following direct intramuscular injection because this
would preclude dynamic challenges associated with intravenous
injection. In addition, and for reasons alluded to in Section 3.2
above, nucleic acid was preincubated with each microbubble prep-
aration prior to injection. It was also decided to employ a micro-
bubble concentration of 2.5 x 10% microbubbles ml~! because
this concentration had previously been shown to enhance ultra-
sound-mediated gene transfer following intramuscular injection
with other lipid-based microbubble preparations in our laborato-
ries [5].

Twenty-four hours after injection of microbubble/plasmid mix-
tures and treatment with ultrasound, gene expression was de-
tected using photonic imaging. The data obtained are
summarized in Fig. 6. They demonstrate that, although no statisti-
cally significant difference in gene expression was obtained when
the neutral and cationic microbubbles were compared, gene
expression delivered using the biotinylated cationic microbubble
was significantly increased over that obtained with the neutral
microbubble. It should be noted that inclusion of controls compris-

photons/s (x1 04)

cationic
Microbubble

neutral

biotinylated

Fig. 6. In vivo microbubble-enhanced ultrasound-mediated gene transfer in mouse
hind leg muscle using each microbubble preparation. Luciferase expression was
determined using bioluminescent imaging. Typical bioluminescent signals are
shown it the inlay plates for each microbubble preparation and data on the y-axis
refer to the total number of counts in the region of interest. Error bars
represent + SEM, where n = 3.

ing either DNA alone or DNA plus microbubbles, both in the ab-
sence of ultrasound, failed to yield gene expression at this level
of analysis. Although this was in agreement with our in vitro data,
it was somewhat surprising since direct injection of DNA has been
shown by others to deliver some level of gene expression [20,21].

Using a plasmid DNA comprising the CMV promoter and lucif-
erase as a reporter gene, Danko et al. [20] demonstrated functional
expression of luciferase following direct intramuscular injection
into other strains of mice. In addition to using different strains of
mice, it should be noted that these authors went to great lengths
to extract the reporter gene protein from the target tissue and sub-
sequently assay the activity in vitro, whereas our study involved
direct imaging of animals after intravenous injection of luciferin.
The lack of a signal in our controls may have been due to pharma-
cokinetic aspects in terms of luciferin absorption into tissues or, in-
deed, may be related to the choice of animal strain. In addition,
Danko et al. also demonstrated that the level of expression was
dependent on the age of the animals, with maximal expression ob-
served in animals that were 2 weeks old; the animals used in our
study were 7 weeks old.

Doh et al. [21] demonstrated expression of B-galactosidase
activity in mouse muscle following direct intramuscular injection
of an expression plasmid encoding the enzyme. They detected
the reporter gene 3 h after injection and expression reached a peak
at 3-14 days. In our study, we chose data harvested at 24 h be-
cause this was the peak obtained following monitoring of the ani-
mals for a period of 30 days. Once again, the lack of a signal from
our control animals may have resulted from either our choice of
animals or the specific nature of the plasmid, although we believe
it is most likely to be a result of the sensitivity of the assay method
we employed.

Although others have described the use of systemically admin-
istered cationic microbubbles to enhance ultrasound-mediated
gene transfer in vivo [8,22], we are unaware of any study compar-
ing the effectiveness of neutral and cationic lipid-shelled micro-
bubbles comprising the same gas and the same shell platform in
this context. Christiansen et al. [8] compared uptake of nucleic acid
by neutral and cationic microbubbles based on the same lipid-shell
platform; however, their in vivo studies only employed the cationic
microbubble. In their study, although they examined the use of the
cationic microbubble to enhance ultrasound-mediated gene trans-
fer in skeletal muscle, their administration of the microbubble-
plasmid complex was systemic. Kobulnik et al. [23] demonstrated
that ultrasound-mediated delivery of green fluorescent protein and
vascular endothelial growth factor-encoding DNA, complexed with
cationic microbubbles following intravenous administration, was
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as effective as intramuscular delivery in facilitating delivery of the
DNA to muscle in rats, although their study did not include a com-
parison of ultrasound-mediated gene delivery using neutral and
cationic microbubbles. From our in vivo studies using direct intra-
muscular injection, the observed benefits associated with the use
of cationic microbubbles appear to be minimal. This approach,
however, may not be the best means of comparing neutral with
cationic microbubbles in vivo, since both nucleic acid and DNA
would be in relatively close proximity to target cells immediately
after intramuscular injection. Nevertheless, we believe that, as a
result of their ability to bind and protect nucleic acid-based pay-
loads, their ability to enhance ultrasound-mediated gene transfer
and their compatibility with surface modification techniques, the
cationic microbubble platform for ultrasound-controlled, site-spe-
cific delivery of nucleic acids offers very significant potential for
targeted gene-based applications.

4. Conclusions

In this study we sought to compare the abilities of neutral, cat-
ionic and biotinylated cationic microbubbles to enhance ultra-
sound mediated gene transfer using both in vitro and in vivo
analytical approaches. When compared with neutral microbubbles,
use of both cationic microbubbles enhanced the association be-
tween nucleic acid and target cells. However, preformation of a
microbubble-nucleic acid complex with the cationic microbubbles
significantly reduced the binding of those complexes to target cells
in vitro, which in turn reduced ultrasound-mediated gene transfer.
This would have a significant impact on the design of protocols for
either in vitro or ex vivo therapeutic approaches exploiting ultra-
sound-mediated gene transfer. Further comparative studies with
the three microbubble preparations demonstrated that the advan-
tage associated with the use of the cationic microbubbles was re-
duced at higher overall microbubble concentration, although the
biotinylated cationic microbubble consistently delivered the high-
est levels of gene expression. This was further confirmed in vivo. In
overall terms, the results demonstrate a significant advantage
associated with the use of cationic microbubbles in enhancing
ultrasound-mediated gene transfer in vitro and in vivo, although
the observations described herein will impact significantly on the
design of therapeutic protocols to maximize the practical exploita-
tion of that advantage.
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Certain figures in this article, particularly Figures 1, 2 and 6, are
difficult to interpret in black and white. The full colour images can
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