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Abstract

Gene therapy is a technique for the purpose of correcting or preventing a disease by delivering
genes into an individual's cells and tissues. Gene therapy is still in its infancy and at an experimental
stage. Synthetic vectors are considered to be a prerequisite for gene deliveries, as viral vectors have
fundamental problems in relation to safety issues, as well as large-scale production. Among the phy-
sical approaches, ultrasound with its bioeffects-acoustic cavitation, especially inertial cavitation, can in-
crease the permeability of cell membrane to macromolecules such as plasmid DNA. Microbubbles, or
ultrasound contrast agents, lower the threshold for cavitation by ultrasound energy. Furthermore, ul-
trasound-enhanced gene delivery using polymers or other non-viral vectors, though also in its precli-
nical stage may hold a lot of promise for the future. The aims of this brief review focus on understand-
ing of the barriers to gene transfer and useful vectors or tools that are applied in gene delivery and on
introducing the feasible models in terms of ultrasound-based gene delivery. (J Intern Med Taiwan 2007;
18: 167-180)
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are introduced into cells for the purpose of altering

Introduction the course of a medical condition or disease®. Most
Genetherapy isaterm that can be applied to any commonly, the nucleic acidsare DNA moleculesthat
clinical therapeutic procedure in which nucleic acids encode wild type or modified gene products or pro-
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teins. It is a novel approach by transfering nucleic
acids to the cells or tissues and the subsequent
overexpressions of the endoded proteins, resultsin a
therapeutic effect.

Gene therapy can be targeted to somatic (body)
or germ (egg and sperm) cells. In somatic gene the-
rapy, aterationsin the genetic makeup of individual
somatic cellsare not passed to the next generation. In
germline gene therapy, the parent's eggs or sperms
are changed with the goal of passing on the changes
to their offspring. Germline gene therapy is not be-
ing actively investigated, at least not in large mam-
malsor humans. Currently genetherapy issolely con-
cerned with introducing genesinto somatic cells and
has nothing to do with the genetic modification of the
human germline, asit isnot acceptablein most coun-
tries. In Taiwan, the development of gene delivery
technologieswas still initsearly stage. Applications
of gene therapy require a Good Manufacturing
Practice (GMP) certificate by experienced resear-
chersin medical center, according to the guidelines
from the Department of Health, (www.doh.gov.
tw/EN2006/index_EN.aspx) and fulfill the guide-
lines in terms of ethical and safety issues. For in-
stance, the applications of gene therapy are only al-
lowed to apply in somatic cells concerning ethical
problems. Furthermore, the manipulation of virus
vectors (gene carriers), owing to their possible lethal
responses in humans, needsto be performed in an ap-
propriate lab, such as P1 laboratory (Iab) (adeno-as-
sociated virus (AAV)), P2 lab (adenovirus (Ad)) and
P3 lab (retrovirus (Rv)). However, those advanced
labs are only located in medical centers or advanced
research ingtitutesin Taiwan. Therefore, in effortsto
performing gene therapy in the future concerning
safety in the local hospitals, gene therapists need to
choose proper vectors for use such as non-viral vec-
tors. Thecost-benefit analysesof genetherapy, inoth-
er words, analyses of the possibility between causing
adverse effects/expense and gaining positive clinical
effects can not be overemphysized before each treat-

ment. The focus of this brief review is upon the use
of non-viral technologies and physical approaches,
especialy ultrasound (US)-assisted gene delivery, a
potential tool for clinical gene therapy. Most of the
basic technical principles regarding US was located
in the section of "Ultrasound-based Technologiesin
GeneDelivery", therefore, clinicianscan choosetheir
own interests.

Overview of Applications in Gene
Therapy

The first report of vascular gene transfer was
demonstrated by Nabel et al.?, who transfected
porcine endothelial cells ex vivo with aRv encoding
thebeta-gal actosidase ( 45 -gal) geneand reintroduced
the cellsonto the denuded iliofemoral artery of asyn-
geneic pig. Arterial segments isolated 2 to 4 weeks
later demonstrated endothelial cells(ECs) expressing
/3 -gal, thusindicating successful incorporation of the
transgene into the transduced cells. In September
1990, thefirst federally approved clinical trial of so-
matic gene therapy for agenetic disorder was started
in the United States. In this study, the adenosine
deaminase (ADA) gene was transferred into the
T-cells of two children with severe combined im-
munodeficiency’. Genetreatment ended after 2 years,
but integrated vector and ADA gene expressionin T
cells persisted. Since then, more than 1000 clinical
trials have taken place worldwide. The diseases most
often treated with genetherapy are cancer (67%), vas-
cular diseases (8.9%), monogenic diseases (8.6%)
and infectious diseases (6.5%) (data adapted from
http://www.wiley.co.uk/genmed/clinical/, Journal of
Gene Medicine Clinical Trials website 2006).

Candidate Diseases and Target
Therapeutic Genes

There are several promising areas for gene the-
rapy in genetic and acquired diseases. For monogenic
diseases, haemophilia, cystic fibrosis, and familial
hypercholesterolaemia are of importance. For ac-
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quired diseases, cancer and cardiovascular diseases
(more specifically, therapeutic angiogenesisfor myo-
cardial ischaemia™ and peripheral artery occlusive
disease that is a group of diseases caused by the ob-
struction of peripheral arteries, mainly resulting from
atherosclerosis”™, restenosis®, in-stent restenosis™*
and bypass graft failure') are the most explored.
Further research to identify defective genesin indi-
vidual conditionswith aview to introducing the nor-
mal counterpart by gene therapy is a mgjor area of
ongoing research.

Vectors and General Approaches in
Gene Therapy

Genetherapy isdtill initsearly stages of devel o-
pment and remains mainly experimental. Many fac-
torshave prevented researchersfrom devel oping suc-
cessful genetherapy techniques. The process of gene
delivery into cells and expression is known as trans-
fection. Strictly speaking, viral vectors deliver exo-
genous nucleic acids by transduction, but for ease of
use the term transfection is used for al techniques.
Successful transfection relies on achieving abalance
between gaining adequate access of DNA intothecy-
toplasm/nucleusand causing excessive damagetothe
cell. The first issue to be addressed is the gene deli-
very tool. This is done via vehicles called vectors,
which deliver therapeutic genesto the patients' cells.
There are three main categories of methodsthat have
been used to deliver the gene to the target cell or tis-
sues in gene therapy protocols. viral vectors (69%),
non-viral vectors (25%) and physical delivery sys-
tems (1%, data adapted from Journal of Gene
Medicine Clinical Trials website 2005). Currently,
the most common vectors are viruses®, of which the
threemost common are Ad, Rv, and AAV. Duetotheir
highly evolved and specialised components, viral sys-
tems are by far the most effective means of DNA de-
livery, achieving high efficiencies for both transfec-
tion efficiency (TE) (i.e., percentage of cells exposed
to vector that expresses the transgene) and levels of

expression in transfected cells. Scientists have tried
to take advantage of virusbiology and manipulateits
genome so that they can replace nonessential genes,
particularly those necessary for viral replication, with
therapeutic genes. Vira vectors, whilst efficient, in-
troduce other problems to the body-producing toxic-
ity and immune and inflammatory responses®®. Non-
viral vectors have been devel oped to overcome some
of these problemsencountered with viral vectors, par-
ticularly their immunogenicity”’. However, gene ex-
pression following non-viral transfection is often
transient, falling rapidly within thefirst few daysand
disappearing within one week. To date, some impor-
tant non-viral alternatives that have been considered
are complexes of DNA with lipids or polymers for
genedelivery. Intermsof physical non-viral delivery
systems, needle-free injection, electroporation and
US are the three major technologies currently under
evaluation.

Once a vector is designed, two general ap-
proaches are used for somatic gene transfer:

1) the ex vivo model, where cells are removed,
genetically modified, and transplanted back into the
same subject.

2) the in vivo model, where genes are adminis-
trated directly to target cells in the body".

Challenge in Gene therapy

The death of a 18-year old boy, Jesse Gelsinger,
from a gene therapy clinical trial in 1999 raised cri-
tical questions concerning the safety of experimental
gene therapy treatments'”. Jesse, who suffered from
a deficiency of ornithine transcarbamylase, a gene-
tic defect that preventsthe correct metabolism of am-
monia, died of complications from an inflammatiory
response shortly after receving adose of Ad carrying
acorrective gene. His death illustrates the challenge
in gene therapy well and gives rise to a much-de-
manded discussion in using gene delivery vectors,
especialy viral vectors and evaluating possible ad-
verse effects in animal models.
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Gene-transfer Systems

A gene therapy vector needs to meet three im-
portant criteria: safety; adequate gene transfer effi-
ciency aswell as stable and reliable expression of the
transgene (the gene of interest) for a duration appro-
priate for the disease being treated. There are at least
five barriers that need to be overcome for successful
gene delivery: in vitro and in vivo stahility, cell en-
try, endosome escape, cytoplasmic transport and nu-
clear entry. Unfortunately, theideal genedelivery sys-
temsarestill under investigation. Inthissection, non-
viral vectors and physical approaches are briefly in-
troduced. It iswell known that non-viral vectorsgive
low transfection efficiency, especialy in vivo and
moretransient expression in gene delivery. However,
comparisons between them are not possible since no
literature was published in thisregard. Theimportant
non-viral vectors and physical approaches are sum-
marised in table 1 in terms of their key mechanisms.

Non-viral Vectors

The safety concerns associated with viral vec-
tors have encouraged the development of non-vira
vectors. pDNA delivered by non-viral approachesis
not integrated into the cellular genome and is main-
tained in an extrachromosomal site”®. The most po-
pular materials used in current non-viral applications
include purified pDNA, lipids (usually a mixture of
cationic and neutral lipids) and synthetic polymers.

(1) Naked DNA

Thesimplest non-viral genedelivery systemcur-
rently in use in vivo is the direct injection of naked
pDNA. The use of naked pDNA without any carrier
vehicleis also the safest method. However, because
of the rapid degradation by nucleases in the serum
and the clearance by the mononuclear phagocyte sys-
tem in the systemic system, expression levels after
the injection of naked DNA are generally limited.
Although this technique has a low delivery efficien-
cy, it is simple and safe with a very low risk of in-
sertional mutagenesis. One of the promising ap-
proaches in this field is the combined use of naked
DNA and a physical approach (such as electropora-
tion) to enhance plasmid-mediated gene expression
in muscle®®.
(2) Lipid-based vectors

Lipid-based gene delivery, first reported by
Felgner in 1987%, istill one of the major systemsfor
increasing the TE of naked DNA. Liposomes or
lipoplexes are formed by DNA with positively
charged lipids and detergents®*. The positively
charged lipid-DNA complexes are capable of con-
densing with negatively charged DNA. Zabner et al.
reported that the condensed lipid-DNA complexes
(seefigure 1) appear to beat | east 100 nanometre (nm)
or larger, at least in one dimension”. Cationic lipids
and cationic polymers both share this important
property.

Furthermore, the resulting net positive charge of

Table 1.A summary of mechanisms between important non-viral vectors and physical approaches in gene delivery

Non-viral vector
pDNA Endocytosis
Lipid-based vectors
Synthetic polymers
(PEI, PLL)

Physical approach
Needle-free injection

Central mechanism

Endocytosis, condensation

PLL: endocytosis; condensation

PEIl: endocytosis, condensation; proton sponge
Central mechanism

Gene gun: high-pressure helium stream

Jet gun: high-pressure solution

Electroporation
Ultrasound

Electric pulse-induced promotion of cell membrane-permeability
US energy-induced promotion of cell membrane-permeability (sonoporation)
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Fig.1.Electron photomicrographs of heterogenous forms of lipid-DNA complexes. Bar indicates 100 nm. (Zabner et al.

1995)
(A) pDNA with lipid

(B) uncomplexed plasmid (open arrow), plasmid complexed with lipid (solid arrow)

(C) large aggregates of lipid-DNA complexes
(D) completely condensed DNA

(E) looped structures of lipid-DNA complexes
(F) strands of complexes

lipid-DNA complexes may facilitate fusion with the
negatively-charged cell membrane. Endocytosis is
considered to be the major mechanism for liposomes
to pass through the cell membrane™®. Most of the li-
posome-DNA complexes are degraded by lysosomal
enzymes, and only 1% of the DNA enters the nucle-
us where it remains extrachromosomal. Therefore,
transgene expression using liposomes is transient.
Liposomes are nonpathogenic, with no size limit for

the transgene, and are cheap and easy to produce, rel-
ative to viral vectors anyway. Although the major
limitation with its application is the poor efficiency
at transfecting non-proliferating cells, there were
several experimentsshowing highlevelsof transgene
expression following direct administration
or injection™®,
(3) Synthetic polymers

Synthetic polymers have also been evaluated as
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non-viral DNA vehicles. This principle is based on
the concept of forming condensed DNA particles by
complex formation with cationic polymers-poly-
plexes. The use of polycationic polymers leads to
electrostatic neutralisation of anionic charges of
DNA, and condense the polynucleotide structure of
DNA, thereby protecting it from nuclease diges-
tion®™*. Furthermore, dueto reduced dimension of the
molecule, the transport of the compact polymer-
DNA particles is facilitated through the ECM. As a
result, the cellular uptake through endocytosisis en-
hanced.

Many polycationic molecules are used, includ-
ing poly-I-lysine (PLL), polymethacrylate den-
drimers, polyamidoamine and polyethyleneimine
(PEI). PEI and PLL arethe commonest and most im-
portant ones used as non-viral vectors.

PLL isawell-known polycation. It hasbeenused
to deliver drugs for many years. It has been used to
condense pDNA under various sat conditions®*,
The PLL-DNA particles have been shown to be pro-
tected against DNA degradation™®. Electron micro-
scopic studies have demonstrated that PLL-DNA
complexes assumes a rod-like appearance with a di-
ameter of 15 nm and alength of 109 + 36 nm, much

smaller than lipoplexes (see figure 2). The poor cir-
culatory half-lives of PLL-DNA complexes, typical-
ly shorter than 3 min, also limit their usein vivo “*.
Generally, PLL or PLL-DNA complexes have been
reported to have low immunogenicity“*.

Among cationic polymers, PEI has been the one
most commonly used for gene delivery. The polyca-
tionic PEI isreceiving much attention dueto its char-
acteristic of condensing DNA with an intrinsic en-
dosomolytic activity®. Completely condensed PEI-
DNA complexes are more homogenous and smaller
indiameter than lipospermine (acationic lipid)-DNA
complexes(20-40 nm and 50-70 nm, respectively, see
figure 2) .

The most prominent feature of PEI is its ex-
tremely high cationic charge density. Since every
third atom of the PEI moleculeisanitrogen atom that
can be protonated at endosomal pH range™*, PEI has
the ability to capture protonsthat are pumped into en-
dolysosomes-"proton sponge”. Itis, presumably, fol-
lowed by apassivechlorideinflux into theendosomes
and subseguent osmotic swelling and disruption of
the endosomes. This permits the escape of endocy-
tosed PEI-DNA complexes. However, itishighly cy-
totoxic. Factors influencing cytotoxicity include:

Fig.2.Electron micrographs of PLL-DNA (right) and partially condensed
PEI-DNA (left) complexes. (Dunlap et al. 1997)
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molecular weight, incubation time, concentration of
cation, and density of the cationic group™*®'. The tox-
ic effect of PEI on cells can be reduced by conjuga-
tion with other polymers such as PEG™ but it is in-
sufficient for solving the cytotoxicity problem com-
pletely.

Physical Approaches

To date, there are three major physical ap-
proaches of gene delivery-"needle-free injection”,
electroporation and US.

(1) Needle-free injection

Therearetwo devicesdevel oped that allow gene
delivery by injection without needles. The first de-
vice, which is referred to as the "gene gun"®, uses a
high-pressure helium stream to deliver DNA, coated
onto gold particles, directly into the cytoplasm. The
efficiency of the gene gun is variable, and the dura-
tion of the expression istransient. The advantages of
the gene gun, relative to some viral vectors, are that
it can be used to transfer genes to nondividing cells
and the DNA-gold beads are cheap and easy to pre-
pare. Thegene-gundelivery intotheskinisapromis-
ing alternative to the injection of naked pDNA into
muscle for genetic vaccinations™.

The second device, called "jet gun”, uses DNA-
containing solution under high pressure for delivery
into interstitial spaces. Jet injections of naked DNA
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Fig.3.Pictorial representation of an inertial cavitation
within a high intensity acoustic field. (Lohse 2005)

may provide an option for keratinocyte gene therapy
in the future™.
(2) Electroporation

Since 1982, the use of electric pulses for cell
electroporation has been used to introduce foreign
DNA into prokaryotic and eukaryotic cellsin vitro™.
Electroporation uses electrical fields to create tran-
sient pores in the cell membrane that allow the entry
of normally impermeable macromolecules into the
cytoplasm. To date, electroporation has been used in
in vivo studies of gene transfer into skeletal mus-

20,57

cle

Ultrasound (US)-based
Technologies in Gene Delivery

US waves are defined as mechanical sound
wavesthat have afrequency above the audible sound
of humans, generally about 20 kHz".

The principle of piezoelectricity is commonly
applied to generate US waves. Piezoelectric materi-
als can be used as ultrasonic transducers for medical
purposes. The application of arapidly alternating po-
tential across a piezoelectric crystal induces corre-
sponding alternating, dimensional changes, conse-
quently converting electrical energy into sound
waves. The direction of US wave propagation is the
same as the direction of oscillation. The medium that
the sound wave propagates through is alternately
compressed ("compression” zone or "high pressure"
zone, as shown in figure 3) and stretched (“rarefac-
tion" zone or "low pressure” zone, as shown in fig-
ure 3), resulting in pressure variations in the medi-
um.

(1) Bioeffects of ultrasound

The physical effects of US have been studied in
vitro and in vivo. Its physical effects can be classi-
fied in two principal groups. thermal and mechani-
cal. The mechanical group includes acoustic cavita-
tion™, acoustic microstreaming®, and radiation pres-
sure. Among these, acoustic cavitation is thought to
be the most important bioeffect. Briefly, as the US
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waves propagate through the medium, the characte-
ristic compression and rarefaction causes microsco-
pic gas bubbles in the tissue fluid to contract and ex-
pand. Two types of cavitation are recognised. Gas
body activation or stable cavitation, is the term
used to describe bubbles which oscillate in diameter
with the passing pressure variations of the sound

61,62

wave. Generally, in gas body activation, only arela-
tively low level of USintensity is demanded to acti-
vate a pre-existing gas body. Inertial cavitation™ (fig-
ure 3) or transient cavitation, occurs when bubble os-
cillationsare so largethat the bubblesfinally implode
violently, producing pressure discontinuities (shock
waves), free radicals, extremely high localised tem-
peratures(at least 5000K), pressures(upto 1200 bars)
and light (sonoluminescence) (see figure 3).
(2) Fundamental parameters of ultrasound

The intensity of the US beam is one of the cru-
cial parameters that determine the rate and extent of
the thermal and non-thermal effects. Intensity
(Watts/cm?®) refers to the amount of energy contained
in awave as it passes through any one point. More
recently, the M1%* has come into use as an indicator
or predictor of possible biological responsesto cavi-
tation-related bioeffects.

TheMl isdefinedas: MI =P/ / f

Wheref isthedriving frequency inMHz and "P"
is the peak rarefactional (negative) pressure (figure
4)inMPa."P" istheamount of negativeacoustic pres-
surewithin an USfield and often used to describe the
likelihood of causing a nucleus to undergo inertial
cavitation in response to a series of US pulses.
(3) Applications of ultrasound in gene delivery

It is well known that USE can induce transient
pore formation in the cell membranes™®-sonopora-
tion (see figure 5), alowing for access by proteins
and other macromolecules. Sonoporation can be re-
garded to be the same asthe promotion of membrane-
permeability induced by US energy. Although re-
searchers believe that non-thermal bioeffects (cavi-
tation) play a crucial role in US-induced gene ex-
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sound wave.
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Fig.5.Electron microscopic views of ECs (A) and VSMCs
(B) transfected with naked pDNA by means of ul-
trasound (US) and Optison (O). Arrows point out
holes created by sonoporation at different time
points. (Taniyama et al. 2002)
pression, the exact mechanism remains under inves-
tigation.
(4) In vitro applications of ultrasound in gene
delivery
Naked pDNA is the simplest non-viral vector.
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However, the phosphate group on the deoxyribose
rings of DNA presents a net negative charge to the
molecule, hampering its potential for electrostaticin-
teraction with the anionic lipidsin the cell membrane
and causing a very low cellular uptake. Disadvan-
tagesinsystemic genedelivery withnaked DNA have
also been found, since pDNA vector can be rapidly
degraded and neutralised by endogenous DNases.
Therefore, it is reasonable to combine naked pDNA
delivery with another methods to improve the trans-
gene efficiency. In 1987, Fechheimer et al. first
demonstrated that US had potential asatool of pDNA
delivery into murine fibroblasts®. The first major in-
vestigation in this field came in 1996. Kim et al.
studied the potential use of USE as a novel transfec-
tion method for laboratory use”. The maximal trans-
fection rate was 2.4% of surviving primary chondro-
cyteswhen cell killing was ~~50% of exposed cells.
Lawrieet al. used acustom-built UStransducer to ex-
poseculturesof porcinevascular smooth musclecells
(PVSMCs) and ECsto very low intensity 1 MHz US
(0.1M1, 0.4 Watts/cm?) ™. Theresult showed that USE
for 1 minute (min) enhanced LUC transgene expres-
sion 48 h post transfection by 7.5 fold and 2.4 fold in
PV SMCs, compared to naked plasmid transfection
and lipofection respectively.

In 2005, Feril et al. investigated the effect of US
(1 MHz) on liposome-mediated transfection, using
three types of liposomes (L1, L2 and L 3) containing
DC-6-14, DOPE and cholesterol at varying ratios”.
Hel a cells were treated with liposome (L1 or L2)-
DNA complexes containing LUC plasmid for 2 h be-
fore USE (0.5 Watts/cm’, 1 MHz for 1 min). LUC ex-
pression 24 h after USE were significantly increased
by 2.4 foldwith L1, and 1.7 fold with L2. The above
important results suggested that US, even without
adding MECA, could enhance gene delivery, possi-
bly via cavitation.
(5) Microbubble echo contrast agents and their
applications in gene delivery

The concept of US contrast imaging was intro-

duced in the 1960s. It has significantly extended the
use of US imaging during recent years thanks to a
dramatic improvement in the stability, circulation
time and echogenicity of microbubble echo contrast
agents (MECASs). MECAS, due to their capability to
increase the US backscatter signal from blood with
minimal toxicity, have been applied in combination
with conventional two-dimensional and Doppler
imaging for diagnosing diseases and creating better
images of the state of organs.

The ideal MECASs should be non-toxic, in-
jectable intravenously, capable of crossing the pul-
monary capillary bed after aperipheral injection, and
stable enough to achieve enhancement for the dura-
tion of the examination. They are typically gas-en-
capsulated microbubbles around 1-10 »#m in diame-
ter®™. Contrast agentshave agascorewhichisfilled
with air or a higher MW substance such as perfluo-
ropropane with lower aqueous solubility. The sur-
rounding shell can be stiff (e.g., denatured albumin)
or moreflexible(lipid or phospholipids), and the shell
thickness can vary from 10-200 nm.  Microbubbles
have been shown to lower the energy threshold for
cavitation by US energy and to have the potential of
enhancing cavitation”. When US interacts with the
MECAs leading to cavitation, pDNA and fragments
of themicrobubblesaredriven acrosscell membranes
into the target cells®. Therefore, acoustic cavitation
isimportant in US-assisted gene delivery.

(6) In vivo applications of ultrasound in gene
delivery

Recently, US gene delivery has been applied in
several tumour cell lines, andin ECsand VSMCs™".
Intermsof transdermal delivery of variousmolecules
in vitro and in vivo, US has shown an enhancing ef-
fect, including in vitro and in vivo delivery of in-
sulin™®, glucose™* and heparin®.

Although these are promising in vitro findings,
US-based gene delivery is still in its infancy. Since
1996, there have been several in vivo investigations
concerning US-assisted gene delivery with or with-

78-80
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Table 2.In vivo (or ex vivo) ultrasound-assisted transfection.

Model Frequency/mode Intensity (Watts/cm2)/MI Enhancement MECA Reference

Mouse melanoma  -/lithotripter shock wave -/- 8 fold compared to control - Miller et al. 1999
MC38 murine colon 1 MHz/CW 20/- 3fold compared to control - Manome et al. 2000®
cancer

Rat prostate tumour 118 MHz/PW 0.3-833/0.01- 0.46

Rat myocardium 1.3 MHz/PW -/15
Rabhit femoral 2 MHz/PW 50/-
artery

Porcinecoronary ~ 2.2- 44 MHz/CW -/1.2
artery (ex vivo)

Rabhit skeletal 1 MHz- 2.5/-
muscle

Rat caroticartery 1 MHz/- -I-
Rat kidney(ex vivo) 2 MHz/- 2.5/-
Mouse skeletal 1 MHz/PW 3-
muscle

Rat skeletal muscle  1.75 MHz/PW -/1.9
Rat carotid artery 1 MHz/- 2.5/-
Adult rat brain 1 MHzICW 5/-
Rat myocardium 1.3 MHz/CW -I15
Porcine saphenous 1 MHz/PW -/1.8
vein graft

(ex vivo)

Rat myocardium 1.6 MHz/CW -/1.6
Mouse femoral artery 1 MHz/PW V-

10fold - 15 fold compared Huber et al. 2000”

to control

10 fold compared to control  Albumin- Shohet et . 2000
coated gas-
filled MECA

12 fold compared to control - Amabile et al. 2001%

Significantly ledto aincrease  DNA-loaded

in the expression of eNOS abumin MECA
Significantly led to aincrease  Optison

in capillary density

Significantly led to a50% Optison
reduction in intima/megdiaratio

Significant prolongationof ~ Optison

graft survival

50 fold compared to control ~ Optison

Teupe et al. 2002°
Taniyamaet al. 2002”
Taniyamaet a. 2002*
Azumaet al.2003"
Luetal. 2003°
200 fold compared to control  DNA-loaded ~ Christiansen et a.
Lipid-stabilised 2003”
MECA

Significantly led to a50% Optison
reduction in intima/mediaratio

Hashiyaet al. 2004

10 fold compared to control ~~ Optison Shimamuraet a.
2004*

6 fold compared to control Lipid-stabilised Bekeredjianetal.
MECA 2005°

Lumen and total vessel areas  BR14 Akowuah et a.
were significantly greater in 2005

the TIMI-3 group

Significantly increase capillary Lipid-stabilised Korpanty et .
density MECA 2005
Neointima/mediaareaswere  MECA Inagaki et al. 2006
significantly reduced

out microbubbles. The in vivo studies of US-assist-
ed gene delivery are summarised in table 2.

Conclusion

There are two main reasons why gene therapy
has not globally succeeded in the clinical setting:
firstly, inefficient delivery of gene of interest to their
correct sites of action, and secondly, safety concern
of some viral-based vectorswhich are 1 - 3 orders of
magnitude more efficient than conventional non-vi-
ral techniquesin gene delivery invivo. Many trans-

fection methods are much less efficient in vivo than
invitro (such asliposome-mediated transfection). US
has several potential advantages over other tech-
niques, especialy that it can be focused and in turn
targeted to specific and, if necessary, to deep loca-
tions within the body. US gene delivery has been
urged as an applicable tool through its bioeffects,
especialy cavitation.

Last but not least, in efforts to further improve
the level of transgene expression, targeted gene de-
livery may be one of the promising methods that will
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work through US. In thisregard, it would be feasible
to design atargeted MECA that can selectively bind
to the areas of interest in the tissue/body, either for a
diagnostic or therapeutic purpose. These active tar-
geting strategies can be achieved by the devel opment
of targeted microbubbles - by attaching antibodies or
peptidesto microbubble shells™®. Therefore, thetar-
geted microbubbles with a specific ligand to the tar-
get receptors that are expressed in the diseased area
can be applied either for the purpose of attaining US
imaging or for a potentially therapeutic purpose via
US-induced cavitation. Thereis also the theoretical
potential to load microbubbles with genetic material
that is already condensed by polymers or liposomes,
and also to modify the surface of the microbubbles.
Theimportant step required to devel op thistechnique
will betoload theligand-modified MECA with poly-
mer/liposome-condensed genetic material (such as
pDNA) without compromising its stability and by
eliminating the cytoxicity invitro and invivo. These
"smart" microbubblesmay be applied as specific con-
trast agentsfor USto improve diagnosis, and also as
therapeutic agentsin US-based gene delivery in clin-
ical settings.
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