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Background: Gas-filled microbubbles have been used as ultrasound contrast
agents for some decades. More recently, such microbubbles have evolved
as experimental tools for organ- and tissue-specific drug and gene
delivery. When sonified with ultrasound near their resonance frequency,
microbubbles oscillate. With higher ultrasound energies, oscillation
amplitudes increase, leading to microbubble destruction. This phenomenon
can be used to deliver a substance into a target organ, if microbubbles
are co-administered loaded with drugs or gene therapy vectors before
i.v. injection. Objective: This review focuses on different experimental
applications of microbubbles as tools for drug and gene delivery. Different
organ systems and different classes of bioactive substances that have
been used in previous studies will be discussed. Methods: All the available
literature was reviewed to highlight the potential of this non-invasive,
organ-specific delivery system. Conclusion: Ultrasound targeted microbubble
destruction has been used in various organ systems and in tumours to
successfully deliver drugs, proteins, gene therapy vectors and gene silencing
constructs. Many proof of principle studies have demonstrated its potential
as a non-invasive delivery tool. However, too few large animal studies
and studies with therapeutic aims have been performed to see a clinical
application of this technique in the near future. Nevertheless, there is great
hope that preclinical large animal studies will confirm the successful results
already obtained in small animals.
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1. Introduction

Small air bubbles have been used since the late sixties to enhance ultrasound
contrast [1]. These air bubbles do not circulate systemically after i.v. injection, due
to their very short half-life and large size. Thus, new generation microbubbles (MB)
were developed with shells, stabilizing the gas-liquid interface and low diffusive
gases to increase the microbubble circulation time. Clinical ultrasound systems use
these microbubbles to opacify blood-filled cavities and to visualize tissue perfusion.
More recently, microbubbles have become an interesting tool in experimental
gene and drug delivery. When sonified with ultrasound in their resonance, near or
subresonance frequency (2-4], microbubbles oscillate. At higher ultrasound pressures,
high amplitude oscillations result in microbubble destruction. This phenomenon
can be used to locally and transiently increase cell membrane and capillary
permeability. Thus, a bioactive substance loaded on the microbubble shell or co-
administered with the bubbles can be selectively delivered to a target tissue. The
safety of ultrasound has been widely studied, resulting in guidelines designed to
control thermal and mechanical biological effects (5]. Given that ultrasonic destruction
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of microbubble contrast agents can result in permeabilisation
of surrounding membranes, insonification of these agents
requires additional safety considerations. This review article
will give an overview of various experimental and preclinical
applications of microbubbles as vehicles for drugs or genes
and will summarize the studies on safety aspects. Finally, we
will discuss the future options of microbubbles, including
their limitations as drug and gene carriers.

2. Properties of microbubbles

Using microbubbles as drug or gene delivery systems is a
challenging task. Many parameters can be varied that will
determine their successful therapeutic application, such as
shell material, core gas, type of microbubble production,
targeting ligand, the substance to be delivered and ultrasound
modalities. However, this wide range of variables also allows
different approaches to improve therapeutic microbubble
applications. Very good review articles have been published
on the physical behaviour of MBs and their dependence on
the used compounds [6-8]. Thus, we will give here only a
short summary on MB properties, and will concentrate
more on concepts of microbubble design and studies
delivering various substances to different tissues.

Microbubble composition: modern microbubbles have
diameters between 1 — 5 pm and consist of two parts: a
core with an inert and low soluble gas, such as perfluoro-
carbones, and a stabilizing shell that can consist of different
materials, such as phospholipids, proteins (especially albumin)
and polymers. Some microbubbles are pardally filled
with oil (soybean or coconut) to increase the payload of
lipophilic substances [9-10].

Microbubble preparation: a variety of methods have been
described to produce microbubbles. These comprise, among
others, the mechanical agitation method [10], mainly used
for the production of phospholipid-shelled microbubbles and
acoustically active lipospheres; the emulsification method [11]
for the production of polymer-shelled microcapsules and
some phospholipid-shelled microbubbles; the probe-type
sonication method, mostly used for protein-shelled micro-
bubble construction; and the spray-drying method [12],
which is a versatile approach to produce polymer-, protein- as
well as phospholipid-shelled microbubbles.

The gas core: the first microbubbles were filled with
air [13-16]. Air is highly soluble and can thus easily diffuse
out of the microbubbles, leading to a short half-life after i.v.
injection. Using heavy gases with low solubility, such as
perfluorocarbones, increased the lifespan of MBs in blood
significantly [17-22]. Other gases like nitric oxide (NO) have
been tested as potential therapeutic gas cores, but did not
show any additional benefit in the context of MB stability
or drug and gene delivery [23].

The shell: many researchers use phospholipid shells. They
form stable monolayer coatings of the gas core and offer a
hydrophilic outer surface and a lipophilic inner surface.

Lipids can be chosen from a virtually unlimited library to
optimise the binding of substances, such as drugs, genes,
proteins and other compounds. Additionally, lipid shells
are highly compliant and allow microbubble dilation and
compression during ultrasound-induced oscillation. The
lipid shell readily expands, ruptures, reseals, compresses,
buckles and respreads with each acoustic cycle.

The first commercially available and approved MBs
were albumin-coated (Albunex®, Molecular Biosystems,
Inc., San Diego, USA and Optison™, GE Healthcare,
Buckinghamshire, United Kingdom). Protein-shelled micro-
bubbles have been developed to carry targeting ligands [24]
and DNA [25,26]. These MBs can easily be modified and
have a long half-life in the systemic circulation. They
can bind substances after MB assembly, but have the
disadvantage that only heat stable substances can be added
before microbubble production [27].

Recently, polymer shells have been developed as a
third shell type. Several investigators have used organic
solvents to dissolve and disperse the polymer, followed
by resuspension of lyophilized products to form hollow
polymer capsules. This method has produced microbubbles
with enhanced stability. However, chain entanglement and
covalent bonds inherent in the polymer shells reduce
microbubble compliance in the ultrasound field.

3. Drug delivery and drug loading
of microbubbles

Various concepts have been described to deliver bioactive
substances using ultrasound targeted microbubble destruction
(UTMD) (Figure 1): (a) microbubbles can be manufactured
together with a bioactive substance, thus potentially
incorporating it into the microbubble shell or lumen;
(b) microbubbles can be incubated with a bioactive
substance, thus attaching the substance to the microbubble
shell, presumably by electrostatic or weak non-covalent
interactions; or (c) microbubbles and the bioactive substance
can be co-administered, taking advantage of increased
cell and capillary permeability only after UTMD [as].
Incorporating and attaching a substance has the additional
advantage of protection against degradation or disintegration
(as one would expect, e.g., for DNA in serum) after i.v.
infusion [29,30].

On a more molecular level, various physicochemical
concepts can be used to load bioactive substances on
different MB types. Drug molecules can either be associated
to the MB shell by means of electrostatic or hydrophobic
interactions, or merely physical encapsulation (Figure 2).
(A) Charged therapeutics (e.g., DNA, RNA) can be coupled
electrostatically to the outer MB surface if cationic lipids
or denatured proteins are used. (B) Amphiphilic molecules
can penetrate into the monolayer of phospholipid—MBs.
(C) Acoustically active lipospheres incorporate highly
hydrophobic molecules in their inner oil layer. (D) Using

1122 Expert Opin. Drug Deliv. (2008) 5(10)

RIGHTS LI M Hiy



Mayer, Geis, Katus & Bekeredjian

Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.
(@)
©
+
©
©

Figure 1. Different delivery concepts of therapeutic substances. A. Co-formation of microbubbles together with a bioactive
substance: a. the substance adheres to the microbubble shell; b. the substance is incorporated into the microbubble shell; c. the
substance is part of an inner oil layer. B. Incubation of microbubbles with a bioactive substance leading to attachment onto the surface.
C. Co-injection of microbubbles and the bioactive substance.
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Figure 2. Molecular mechanisms of different loading concepts of therapeutic substances. A. Coupling of charged therapeutics
by electrostatic interaction. B. Penetration of amphiphilic molecules into the monolayer of phospholipid microbubbles. C. Incorporation
of hydrophobic molecules in an inner oil layer of acoustically active lipospheres. D. Secondary carrier-associated microbubbles binding
nanometer-sized particles with the payload. E. Double emulsification microbubbles encapsulating molecules into shells of biodegradable

polymer coated with a biocompatible material.

secondary-carrier associated MBs, the payload is attached to
nanometer-sized particles (e.g., liposomes, lipoplexes), which
on their turn can be associated with MBs. This approach
may increase both loading capacity and transfection
efficacy (311. (E) Encapsulation of drug molecules into shells
of biodegradable polymers coated with a biocompatible
material (e.g., gelatine) is a feasible approach relatively
irrespective of the nature of the drug. These MBs are also
referred to as ‘double emulsification microcapsules’.

The effective carrying capacity of MBs is limited to
their shell. Compared to phospholipid MBs (2 — 3 nm, [32])
polymer microcapsules (50 — 200 nm, [33]), protein-
shelled MBs (200 — 300 nm, Molecular Imaging and
Contrast Agent Database (34]) and especially acoustically
active lipospheres are endowed with rather thick shells.
For instance, Unger ez al has developed thick-shelled
lipospheres with a shell strength of up to 500 nm, offering
a much larger volume ([35. Other groups developed
partially oil-filled MBs with an even higher payload [10).

Borden er al. demonstrated an approach to increase the
loading capacity of MBs for plasmid DNA over tenfold
by a multiple layer technique [36]. By using a formulation
approach allowing entire shell volume loading, Frenkel ez 4/.
achieved about a 200-fold increased loading of pDNA on
albumin MBs [25].

In general, many different types of therapeutic substances
can be used in the context of UTMD: drugs, small
molecules and gene therapy vectors. Most studies that have
been performed with microbubbles as carriers for bioactive
substances have used gene therapy vectors. There are several
reasons for this. First, using a gene therapy vector, only
one application may be required to achieve a therapeutic
response, whereas most drugs would need repetitive
applications. Second, a rather low payload can suffice for
a therapeutic response, since expression of the transgene
will augment its effect. Third, while most drugs can be
systemically administered, gene therapy vectors mostly have
to be locally administered.
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Using drugs, proteins or small molecules, various aspects
have to be considered. The bioactive substance should be
chemically compatible with the microbubble shell, it should
have a sufficient effect in low concentrations and it should
suffice to deliver the substance only a few times (optimally
just once).

Since gene therapy vectors are most important in
experimental UTMD  studies we will briefly describe
the two most important groups of vectors that are used in
gene therapy.

Plasmid DNA can carry large genes (> 50 kB), is cheap
in production, has low immunogenic properties, low
toxicity, is heat stable and water soluble. Loading of
MBs with DNA is easy and efficient. However, this is
outweighed by low transfection efficiency due to the
inability to enter cells without help and only transient
expression due to intracellular degradation, limiting the
efficiency of the vector.

Viral vectors offer additional advantages compared to
plasmid DNA. Due to active targeting and cell penetration,
higher transduction efficiencies can be achieved. There are
primarily four types of viruses in use for gene therapy:
adeno-, adeno-associated-, lenti- and retroviruses, all with
different advantages and disadvantages. The first two of
these vectors have been predominantly used in UTMD
application. Adenoviral vectors are limited by their potential
to induce strong immune reactions and hepatic tropism.

Adeno-associated  virus vectors show only minimal
immunogenicity, no direct toxicity and long-term transgene
expression for up to 2 years. Different serotypes show
different cell tropism. Disadvantages include limitations in
high-titer vector production and limited packaging capacity
of only 4.8 kB [371.

4. Targeting

Molecular ultrasound imaging uses targeted microbubbles
to selectively enhance ultrasound contrast of specific
endothelial structures. Current developments in this field
have been recently reviewed by Dyton and Rychak (3s].
These ideas have been implemented to increase specificity
in UTMD. The basic strategy to target MBs is to couple
covalent or non-covalent targeting ligands to the shell [39-42].
Specific ligands, such as monoclonal antibodies, receptors,
glycoproteins, carbohydrates, peptides or peptidomimetics
have been used. For successful targeting of a disease-related
molecule, several factors have to be considered. The targeted
molecule should be sufficiently specific for the disease
process and should not be expressed constitutively in
significant amounts. Also, the target should be found at
the inner blood vessel surface. Attachment of microbubbles
happens in the face of vascular flow, and thus factors
like shear rate in the tissue of interest, ligand density on
the microbubbles, bond affinity of the ligand and target

molecule density have to be considered.
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Coupling of a targeting ligand to the MB surface
can either be achieved by a direct covalent bond or
through biotin—avidin linkage (Figure 3). Due to immuno-
genic properties the latter is primary useful for proof-
of-concept and preclinical targeting studies. With regard
to possible clinical applications, covalent attachment is
more desirable. Coupling strategies include binding of
an amino group of the ligand to a carboxyl group on
the MB shell. Alternatively a thiol group of the ligand
can be coupled to a maleimid group on the MB shell,
forming a strong thioether bond. By applying a separating
flexible spacer arm (e.g., polyethylenglycol, PEG) between
the targeting ligand and the MB surface, bubble affinity
and shear resistance can be improved [43). To account for
immunogenic effects of ligand-labelled MBs, Borden ez al.
presented a very sophisticated targeting surface model
concealing the ligand by a polymeric overbrush of, for
example, PEG. By applying ultrasound radiation force, local
revelation of the targeting ligand can be achieved [44].

5. Safety

During normal diagnostic ultrasound, thermal and non-
thermal effects can be observed, without any confirmed
adverse biological effects on patients. Diagnostic ultrasound
is therefore considered to be a safe technique. With the
introduction of MBs as ultrasound contrast agents in the
1980s, new safety concerns emerged and the effects of
ultrasound in combination with contrast agents were
extensively evaluated after intracoronary and i.v. injection.
No clinically relevant side effects were detected under
diagnostic conditions [15.45]. Nevertheless, safety concerns
of diagnostic MB applications are a present issue with
the US FDA.

Haemorrhages [46-49], haemolysis (50, opening of the
blood—brain barrier (BBB) [51] and endothelial cell death [52]
could be induced in animal models by MB destruction with
high acoustic energies. These effects showed to be strictly
dose and ultrasound energy dependent and are part of the
mechanisms proposed for a successful gene or drug delivery.
Nevertheless, they have to be monitored for possible side
effects in a therapeutic concept.

6. Targets

A new drug delivery system has to compete with
current drug delivery approaches. Ultrasound targeted
microbubble destruction could be an interesting option
for drug delivery of highly toxic substances, thus having
high local concentrations in the target organ, while keeping
systemic concentration low. Furthermore, it may be used
for the penetration of capillary barriers to access pharmaco-
logical sanctuaries in organs like the brain and testes. Finally,
it could be used to deliver substances non-invasively that
would normally be unable to reach their destination (such as
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Figure 3. Different concepts for coupling of a targeting ligand to the microbubble surface. A. Biotin—avidin linkage: a biotinylated
ligand is coupled to a biotinylated microbubble via an avidin bridge. B. Covalent coupling: (a) by binding of a thiol group of the ligand to
a maleimid group on the microbubble shell; or (b) an amino group of the ligand to a carboxyl group on the microbubble shell.

in gene therapy). Taking these aspects into account, a
few main target organs emerged as the focus of UTMD
applications: i) the cardiovascular system with a focus
for gene therapy; ii) the central nervous system for small
molecule delivery; and iii) tumour therapy to reduce
systemic side effects of cytotoxic drugs.

6.1 Cardiovascular system

Ultrasound targeted microbubble destruction is a promising
method for the cardiovascular system. Cardiac applications
have been among the first and most intensively studied
in this field of research [28. This is due to the origin of
this technique (myocardial contrast echocardiography), the
accessibility of the heart, the high capillary density of the
myocardium, the availability of appropriate echocardiography
machines and the isolation of the heart by surrounding
lung tissue (that would not be accessible for UTMD). In
addition, cardiovascular diseases are the leading cause of
mortality and morbidity in developed countries. Advances
in pharmaceutical, interventional and surgical therapies have
already improved the survival and quality of life of patients

suffering under cardiac diseases, but due to the medical and
economical significance, further improvements are necessary
and motivate new therapeutic options in cardiology.

In the cardiovascular set-up, drugs play an important
role but systemic toxicity is a minor issue. Therefore, there
is little interest in establishing targeted drug therapies for
the heart.

Gene therapy has been considered as a promising
new therapeutic concept for these patients. However, so
far only highly invasive techniques have been able to
deliver gene therapy vectors with high local concentrations
and transfection rates to the heart. Ultrasound targeted
microbubble destruction could meet these needs by
combining low invasiveness with higher gene transfer
efficiency, as well as high organ specificity.

Protein delivery could bypass the complex processes of
gene therapy such as transfection, regulation and expression
by direct application of the therapeutic protein. Again a
targeted release with a high local concentration and capillary
permeability would be beneficial, but the low duration of
the protein effect would limit their application.

1126 Expert Opin. Drug Deliv. (2008) 5(10)

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

6.1.1 Gene delivery

Around 2000 first experiments with reporter gene constructs
targeting cardiovascular tissue have been published (53,54].
These demonstrated that plasmid DNA or adenovirus in
combination with UTMD can significantly increase gene
expression in the targeted organ (Table 1). After these first
encouraging experiments, a series of different approaches
have been performed in rodents to further increase
transfection efficiency by varying experimental parameters,
such as wultrasound conditions, vector and MB type.
All experiments showed the superiority of UTMD compared
to simple vector (plasmid DNA, virus, siRNA) injection.
While some researchers could detect mild tissue damage,
such as haemorrhages, no permanent damage was seen.
The next generation of experiments used potentially
therapeutic constructs, thus moving closer to preclinical
studies. Angiogenesis is one of the most interesting
clinical targets in the field of cardiovascular diseases and
several groups tried to induce growth of a new vessel.
Taniyama ez al. used hepatocyte growth factor (HGF) as
plasmid DNA bound to Optison in a rat ischemic skeletal
muscle model and could induce collateral development [55].
Kondo et al. could reduce infarct size and enhance angio-
genesis in a rat myocardial infarction model with the same
approach (s6]. Similar results were shown by Li er al [57).
Different forms of vascular endothelial growth factor (VEGEF)
plasmid DNA in combination with UTMD transiently
induced angio- and arterio-genesis in rat hearts (5859 or
limbs (60]. Other targets were inhibition of neointimal
growth [61-63] or heart failure [64,65].

Despite this range of therapeutic experiments, most
studies were limited to small animal models and suboptimal
vectors. Future efforts have to include large animal models
and improved vector systems for efficient gene therapy.

6.1.2 Protein delivery

Applying active proteins to the cardiovascular system would
bypass the difficulties of vector delivery and transgene
expression. Albumin MB bound VEGF was successfully
delivered to the heart. A 13-fold augmentation of cardiac
VEGF uptake was seen compared to systemic VEGF
administration [66]. Another study using lipid microbubbles
with luciferase protein demonstrated a sixfold to sevenfold
augmented cardiac uptake of luciferase, compared to
systemic administration, in rats [67]. Iwasaki er 4/ showed
that recombinant HGF could be co-injected with Optison,
improving heart function in a heart failure mouse model (6s).
The repetitive application could even further improve
cardiac contractility. However, due to the high costs for
recombinant proteins and their short half-life, protein
delivery by UTMD is rather irrelevant in a clinical setting.

6.2 Central nervous system
The BBB protects neurons of the central nervous system by
a tight layer of endothelial cells from pathogens and toxins.

Mayer, Geis, Katus & Bekeredjian

At the same time, this eludes neurons from many drug
therapies [68]. A lot of effort has been undertaken to increase
the permeability of the BBB to facilitate delivery of drugs
into the brain without a clinically applicable method being
produced [69-73].

Ultrasound is an important tool to assess intracerebral
blood flow in humans, and the addition of contrast agents
helps to increase its diagnostic potential (74]. Thus, studying
the therapeutic potential of UTMD in the central nervous
system is warranted.

Vykhodtseva ez al. demonstrated 1995 that high power
ultrasound could open the BBB in rabbits [75]. However,
haemorrhage and tissue damage was also observed in this
first experiment. They used a rabbit model, with partial
removal of the skull to get a free acoustic path for
UTMD with Optison. The head of the animal was
positioned on a magnetic resonance imaging (MRI) coil
and BBB permeability was detected by extravasation of
an MRI contrast agent. The ultrasound parameters have
been varied during multiple subsequent experiments with
the aim of reducing tissue damage and haemorrhage
while obtaining an optimal BBB opening (Table 2).
Different ultrasound thresholds were identified for BBB
disruption and tissue damage. The optimal parameters
seemed to be around 1 MHz and peak pressures were
between 0.2 and 1 MPa [76-79]. Various studies proved that
BBB opening would allow deposition of macromolecules,
such as immunoglobulins and horseradish peroxidase [80-82).
Furthermore, four mechanisms were identified as likely
mechanisms for macromolecule passage through the BBB
after UTMD: i) transcytosis; ii) transendothelial fenestration;
iii) widening of tight junctions; and iv) passage through
destroyed endocytes [76-83]. Recently, targeted deposition of
doxorubicin in a rat brain tumour model demonstrated a
possible therapeutic approach [s4].

Other groups have demonstrated comparable results for
BBB opening through UTMD with Sonovue® (Bracco, Milan,
Italy) (85] and in a mouse model with intact skull (86,87

The concept of opening the BBB by UTMD is intriguing.
However, suboptimal accessibility in humans due to the
skull will remain a major problem. Only with invasive
strategies, such as partial removal of the skull, will unlimited
access to the brain be possible. Again, large animal experiments
are necessary for future preclinical studies.

6.3 Tumour targeting
Over the last decades, the survival of patients with cancer
has steadily increased. One of the major aspects leading to
this development has been the successful combination of
different therapeutic modalities, such as surgery, radiation
and adjuvant or neoadjuvant chemotherapy. The aggressiveness
of chemotherapeutic strategies is mainly limited by side
effects, due to the systemic application of these drugs.
Ultrasound targeted microbubble destruction is an
interesting and promising tool to increase the organ or
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tissue specificity of chemotherapy by increasing vascular
permeability in the tumour and releasing the drug at high
local concentrations.

Four concepts have primarily been used to combine
chemotherapeutics with MBs: i) coadministration of a drug
with MBs [84,88-90); ii) modified MBs with a thick lipid
shell or partial lipid core loaded with a drug [9.103591-93];
iii) MBs linked to drug-loaded lipospheres [94]; and
iv) drugs incorporated inside the non-permeable shell of
a biodegradable polymer [95-98].

The first studies with drug-loaded MBs were made by
Unger ez al. with Paclitaxel, a hydrophobic drug with a strong
mitosis-inhibiting effect. Soybean oil-filled phospholipid
MBs loaded with Paclitaxel were tested for cytotoxicity with
Hela cells and for toxicity in mice. The results showed a
100-fold lower toxicity in mice with a comparable cytotoxic
effect in Hela cells compared to free Paclitaxel [35]. The
commercially available contrast agent Sonovue was used to
reduce the LD, of camptothecin on Hela cells by 70% when
co-administered and irradiated with ultrasound of 1 MHz and
270 J/em? [99). The effect of ultrasound targeted microbubble
destruction was investigated with Evans Blue, demonstrating
a significant but transient increase in vascular permeability
for small molecules [100] and for large 8.5-nm diameter
fluorescein isothiocyanate-labelled dextran molecules [101].

Various 77 vive studies showed the potential of ultrasound
targeted microbubble destruction in tumour therapy (Table 3):
Tartis et al. used a similar type of MBs as Unger ¢t al. but
combined them with ligands targeting the owP3 integrin.
Ultrasound and molecular targeting was successfully used to
deliver Paclitaxel to the endothelium and interstitium of
chicken chorioallantoic membrane vasculature iz vivo [93].
Sonoda ez al. co-injected bleomycin (BLM) with Optison in
two mouse tumour models. The combination of bleomycin
and ultrasound alone could reduce the dose for tumour
regression to 0.5 mg/ml and with the addition of MBs
to 0.06 mg/ml in a murine eyelid tumour model [102].
Iwanaga et al. found a complete regression of gingival
squamous carcinoma cell tumours in nude mice treated with
BLM and sonoporation [90]. A complete inhibition of
tumour progression in a murine breast cancer model was
induced by Gao et al. using copolymer MBs encapsulating
Doxorubicin in combination with ultrasound [96].

These studies clearly demonstrate the therapeutic potential
of UTMD-mediated chemotherapy delivery to tumours.
Basically, any solid, ultrasound accessible and well perfused
tumour can be used for this approach. An evaluation of
systemic side effects due to microbubbles that have not
been destroyed in the tumours is still missing in most
experiments. This is one of several aspects that remains to
be investigated before advancing to preclinical studies.

6.4 Gene delivery to other systems
The outlook of UTMD in cardiovascular gene therapy
motivated the first experiments in other organ systems with

Mayer, Geis, Katus & Bekeredjian

green fluorescent protein (GFP) and Luciferase (Luc) as
reporter constructs (Table 4). Shimamura er a4l increased
Luciferase expression by tenfold in the brain [103] and 60-fold
in the spinal cord [104] of rats, which was also found by
Takahashi ez al. [105]. Increased GFP and Luc gene expression
could be induced in ocular models [106,107], the liver [10s],
intervertebral discs [109], kidney [110], the intraperitoneal
cavity (with Smad 7 as transgene) [111] and even lung [112].
Although different organs were targeted, the experiments
showed similar characteristics. All of them used plasmid
DNA, mainly in combination with the albumin MB
Optison. Only a few publications describe an ultrasound-
enhanced gene transfer in a disease model. Ka ez al. was
able to improve proteinuria, renal function and pathology
in a murine autoimmune glomerulonephritis model by
Smad 7 gene transfer [113]. Chen e al. targeted the pancreas
with betacellulin and pancreatic duodenal homeobox-1
plasmid DNA to restore insulin production in a diabetic rat
model [114]. These studies demonstrate that UTMD can
be universally applied for various organs, diseases and with
various bioactive substances.

7. Expert opinion

7.1 State of the art

Nearly a decade has passed since the first experiments were
successfully performed, using microbubbles and ultrasound
to deliver bioactive substances to specific organs. During
this time, a considerable number of experimental studies
have been published, targeting nearly any ultrasound
accessible organ, delivering drugs, proteins, nucleotides and
viruses as bioactive substance and using different microbubble
types, as well as different loading/co-administration strategies.
In addition, a remarkable number of review articles has been
written, one of which being this very article, demonstrating
the fascination and importance of this evolving technology.
Why has ultrasound targeted microbubble destruction
become such a prospering research field? The technique
combines several unique aspects that have been demanded
by increasing knowledge of basic science. While classic
drug therapy, mainly using systemic administration of the
therapeutic substance, will still form the major part of
non-invasive treatment, basic research has come up with
thousands of potentially therapeutic substances that cannot
be administered as pills or injections. For those substances,
targeted delivery systems are necessary, due to the toxic
effects in non-target sites and/or very high production costs,
making it unaffordable to systemically administer those
new drugs. In addition, many of these new potentially
therapeutic substances cannot enter the target sites unaided.
This applies to naked DNA or inhibitory oligonucleotides
and RNA. But even with some conventional drugs, local
but non-invasive delivery would be beneficial, as in
tumour therapy. Looking at these demands in modern
pharmaco- and gene therapy, microbubbles seem to be an
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optimal candidate for organ- or tissue-specific delivery.
Microbubbles can be produced with various shell materials,
are established for diagnostic procedures in humans, can be
visualized by ultrasound with lower energies and can be
locally destroyed by ultrasound with higher energies. In
addition, the complicated process of acoustic reaction to the
ultrasound field, such as non-linear oscillations and the
development of high velocity fluid microjets, can transiently
increase cell membrane or capillary permeability in the
close vicinity of sonified microbubbles. Taking all these
characteristics into account, ultrasound targeted destruction
of loaded microbubbles seems to be an optimal technique
for local drug and gene delivery. This has been shown by
many proof of principle studies, especially in rodent models.
However, several limitations of this technique have to be
discussed. First, microbubbles are gas-filled microspheres.
Thus, the payload of microbubbles is very limited. Bioactive
substances can adhere to the shell or can form part of the
shell. Both loading strategies are characterized by very low
loading capacities. These can be increased if multilayers or
additional oil layers are used. However, such microbubbles
may significantly change their size and acoustic behaviour.
Insufficient loading capacities can be circumvented by
co-administration of the therapeutic substance with
microbubbles. With this method, no limitations exist for the
amount of bioactive substance. However, this strategy
can only take advantage of transiently increased local
permeability and not of local delivery. The second major
limitation is related to potential side effects. While
increased capillary permeability can be a therapeutic aim,
excessive permeabilisation may lead to tissue damage and
haemorrhage. Many studies have investigated potential
side effects. Overall, side effects are a real risk but can
be controlled by limiting microbubble concentration and
ultrasound energy. This will have to be further investigated
in large animal models.

7.2 Future prospects

Reviewing the literature, we can note that many proof
of principle studies have been performed, mainly in
small animals, demonstrating the potential of ultrasound

targeted microbubble destruction as a site-specific, non-
invasive therapeutic tool. However, large animal studies
and studies in disease models are very rare. This fact is
representative for the present state of UTMD. The difficulty
in advancing this technique to preclinical studies lies in
its low efficacy. While reporter gene assays are easy to
perform and highly sensitive, therapeutic experiments,
especially in large animals, need very efficient delivery of
the therapeutic substance. There are two main strategies
that can further improve this technique. First, new drug-
specific microbubbles have to be designed that can load
optimal amounts of the bioactive substance without
losing their acoustic behaviour. Many researchers have
shown activities in this field. Our improved understanding
of microbubble behaviour helps in this process of pharma-
ceutical microbubble development. Second, optimal ultra-
sound modalities and machines have to be designed to
improve the efficiency of microbubble destruction. Most
studies have used ultrasound systems that are suboptimal
for sonication of a whole organ. New three-dimensional
ultrasound systems could destroy microbubbles in a larger
portion of an organ, thus achieving more homogenous
delivery and a higher rate of destroyed microbubbles per
target organ. This would be an attractive challenge for the
ultrasound industry.

In conclusion, ultrasound targeted microbubble destruction
has been used in various organ systems and in tumours
to successfully deliver drugs, proteins, gene therapy vectors
and gene silencing constructs. Many proof of principle
studies have demonstrated its potential as a non-invasive
delivery tool. However, too few large animal studies and
studies with therapeutic substances have been performed to
see a clinical application of this technique in the near future.
Nevertheless, there is great hope that preclinical large animal
studies will confirm the successful results already obtained in
small animals.
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