Chapter 12
Microbubbles as Theranostics Agents

Tuan Pham, Carl Beigie, Yoonjee Park, and Joyce Y. Wong

12.1 Introduction

Ultrasound (US) is among the most commonly used imaging modalities in the clinic.
In ultrasound imaging, high-frequency (>20-kHz) sound waves are emitted through
the skin. Portions of these waves are reflected back towards the transducer when
they encounter tissues, and these reflected waves are computed to generate images
based on sound attenuation, backscatter, and sound speed (Massoud and Gambhir
2003). Imaging contrast can be greatly improved (Blomley et al. 2001) through the
addition of agents with acoustic properties different from surrounding tissues.
Among the most commonly used US contrast agents are gas-filled microbubbles.

Microbubbles are gas-filled spheres with a shell that can be composed of phos-
pholipids, polymers, or a variety of other substances (Janib et al. 2010; Unger et al.
2004). When exposed to US, these microbubbles undergo alternating contraction
and expansion, a process known as cavitation, due to compressibility of encapsu-
lated gas when subjected to acoustic pressure (Phillips and Gardner 2004; Cosgrove
2004, Stride and Saffari 2003). These vibrations cause the microbubbles to return a
greater amount of US signal to the transducer, as compared to the practically incom-
pressible surrounding tissues. This difference in signal return accounts for the
majority of contrast provided by microbubbles in conventional grayscale ultrasound
imaging (Cosgrove 2006). Although there are many other methods of obtaining
contrast using microbubbles [Doppler (Harvey et al. 2001) and contrast specific
imaging (Phillips and Gardner 2004) among others], the physics underlying these
methods are beyond the scope of this chapter.
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Currently the only FDA-approved use of microbubble ultrasound contrast agents
is for left ventricle opacification. The albumin shelled microbubble, Albunex, was
first approved in 1994. Subsequently, only two commercial microbubbles remain in
clinical use: Optison™ (GE Medical Diagnostics, Princeton, NJ) and Definity®
(Lantheus Medical Imaging, Billerica, NJ), which were FDA-approved in 1997 and
2001, respectively (Castle et al. 2013). While microbubbles have only been used as
ultrasound contrast agents in the clinic, a significant amount of work has been
devoted to demonstrating the potential role of microbubbles as a complete theranos-
tic tool. Theranostics, or the combination of imaging and therapy, has gained
increasing amounts of attention because of its proposed goal of allowing clinicians
to diagnose and treat in real time with a single agent. The purpose of this chapter is
to highlight strategies and uses of microbubbles in the application of theranostic
cancer therapy. After a brief overview of microbubble fabrication and properties
affecting their stability, the concept of microbubble use for theranostics is further
developed with discussion of their potential for multi-modal imaging. In the remain-
der of the chapter, techniques for incorporation of drugs, genes, and proteins, and
factors that affect success of these payload types are presented from key literature.
The work presented here is by no means all-inclusive but merely attempts to intro-
duce these key concepts. We also examine targeting strategies and their use in
improving efficiency of microbubble accumulation at the tumor site. Finally, the
chapter summarizes future work required to bring theranostic microbubble plat-
forms to the clinic.

12.2 Microbubbles: Basic Fabrication Methods

Microbubbles can be made in a variety of ways, with the two most common meth-
ods being mechanical agitation (Fang et al. 2007; Klibanov 1999) and microfluidic
flow focusing (Hashimoto et al. 2008; Ganan-Calvo and Gordillo 2001; Hettiarachchi
et al. 2007). In mechanical agitation, a tip sonicator or vial shaker is used to vio-
lently mix the solution containing the shell components with a headspace of gas in
order to create a microbubble emulsion. Microfluidic flow focusing uses micron
sized flow channels in order to mitigate flow of immiscible fluids to emulsify one
phase into another immiscible phase. In the context of microbubbles, the gas phase
(microbubble core) flows into the liquid phase containing shell components (lipids,
polymers, etc.). These two phases are then focused at a small opening called the
orifice and pinch off to form gas-filled microbubbles (Hashimoto et al. 2008).
Figure 12.1 shows a general overview of these two techniques.

There are many things to consider when choosing which method of microbubble
fabrication to use. The sonication technique can produce a large number of micro-
bubbles within minutes; however, some issues may arise from resulting broad dis-
tributions of size and shell thickness (Xu et al. 2012; Lee and Lee 2010; Parhizkar
et al. 2013). In contrast, microfluidic flow focusing methods yield uniform size
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Fig. 12.1 Fabrication methods of microbubbles. (a) The microbubble starting materials (shell
materials and gas) are flowed through a microfluidic device designed to focus the two immiscible
phases at an orifice. The two colliding flows then pinch off and form microbubbles. (b) The shell
materials are placed into a vial with a gas headspace. Then, using mechanical agitation (shaking or
sonicating), the two phases are forced to partition into gas-cored microbubbles

distributions; yet different shell thicknesses and bubble sizes can still be created by
modifying fabrication parameters such as flow rates or device geometries (Lee and
Lee 2010; Parhizkar et al. 2013; Gunduz et al. 2012). The narrow microbubble size
distributions from flow focusing have been shown to improve echogenicity (Talu
et al. 2007). However, a major drawback of microfluidic-driven microbubble pro-
duction is the difficulty to mass-produce these bubble populations. To address these
concerns, there has been a growing literature of new methods for mass production
of bubbles that include increasing microbubble production speed (Castro-Hernandez
et al. 2011) and running multiple devices in parallel on a single chip (Nisisako and
Torii 2008; Romanowsky et al. 2012; Kendall et al. 2012).

12.3 Microbubble Stabilization

The visualization of blood flow in left ventricle opacification is a relatively brief
imaging technique and does not require long-term microbubble stability for sys-
temic circulation. However, with the expanding number of applications for which
microbubbles are being explored, long-term stability of these contrast agents has
become increasingly important. This section focuses on microbubble stability
against gas dissolution, coalescence, and under ultrasound.

Microbubble instability arises from a variety of physical properties. Microbubble
emulsions are thermodynamically unstable and have a tendency to minimize free
energy of the system by separating gas and liquid into two bulk phases. This energy
minimization leads to coalescence in which microbubbles aggregate together. These
patches of gathered microbubbles eventually undergo Ostwald ripening and fuse
into larger microbubbles, continuing this process until gas and liquid phases are
completely separated (Kwan and Borden 2012). Another form of instability is gas
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dissolution which occurs due to the difference between gas partial pressures within
and surrounding the microbubble. This difference causes an efflux of the gas core
into the surroundings, which leads to microbubble shrinkage and ultimately, dissolu-
tion (Sarkar et al. 2009; Kwan and Borden 2010). Other mechanisms for microbub-
ble instability have been explored, including microbubble shell collapse. However, a
complete discussion of microbubble collapse dynamics is beyond the scope of this
chapter and has been covered in detail elsewhere by Kwan and Borden (2012).

Although microbubble dissolution cannot be completely prevented, the literature
reports many techniques proposed to slow down the diffusional process. Gases with
low aqueous solubility, such as perfluorocarbons, have been used as microbubble
cores to decrease gas dissolution (Cui et al. 2005) and different microbubble shell
compositions have been explored in an effort to increase structural integrity
(Paradossi et al. 2003; Ferrara et al. 2007; Duncanson et al. 2010). Additionally,
researchers have added PEG to the microbubble shell to prevent aggregation and
subsequent Ostwald ripening (Duncanson et al. 2010; Park et al. 2012). By using
polymer-based shell compositions, increased shelf life, suspension stability, and
stability under ultrasound have been obtained. However, these microbubbles exhibit
decreased echogenicity and nonlinearity when compared with soft, lipid shelled
microbubbles (Sciallero and Trucco 2013).

A relatively new concept of microbubble formulation has been explored in which
a lipid-shelled microbubble is made using polymerizable diacetylene lipids. Park
et al. (2012) showed that by varying the amount of this polymerizable lipid, micro-
bubble stability could be tuned. Figure 12.2 shows that the 25 % polymerizable lipid
shell condition provided increased stability against microbubble dissolution
(Fig. 12.2a) as well as increased stability under ultrasound (Fig. 12.2b) when com-
pared with lower polymerizable lipid shell concentrations and commercially avail-
able microbubbles, Vevo MicroMarker (VMM).
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Fig. 12.2 (a) Normalized number of microbubbles remained with time. The stability against gas
dissolution of the different shell materials is informed: (diamond) 25 % DA; (circle) 15 % DA,
(triangle) non-polymerizable lipids; (square) VMM. (b) Ultrasound image intensity (at 7.5 MHz)
vs. time for a variety of microbubble shell materials: (diamond) 25 % DA; (circle) 15 % DA;
(triangle) nonpolymerizable lipids; (square) Vevo MicroMarker (VMM). The intensity in the ROI
was normalized by the initial intensity and then converted to dB. The vertical lines represent stan-
dard error [adapted with permission from Park et al. 2012). Copyright (2012) American Chemical
Society]



12 Microbubbles as Theranostics Agents 333
12.4 Theranostics

The advances made in improving microbubble stability have expanded the potential
applications of microbubbles to include triggered delivery of a therapeutic payload.
Many researchers envision the use of microbubbles as a theranostic particle that
both provides targeted image contrast to aid in diagnostic procedures and carries a
therapeutic agent to the intended target. Ideally, such theranostic particles would be
injected systemically and accumulate at the desired target through use of specific
targeting moieties, such as antibodies. Once at the intended target, a clinician could
image and identify the location of the target using clinical US. Finally, US of a fre-
quency specific to the microbubble, distinct from the frequency used for imaging,
can be applied to burst the microbubble and release the payload. Figure 12.3 gives
a simplistic overview of this concept, which remains the ultimate goal of the field.

Some early studies have shown microbubbles as a promising platform to
develop this theranostic concept. Leong-Poi et al. used microbubbles loaded with
plasmid DNA encoded for VEGF to induce formation of microvessels in hind limbs
of rats, which in turn increased microvascular blood flow (Leong-Poi et al. 2007).
Although these particular microbubbles were not used for imaging in the rats, but
merely as DNA delivery vehicles, it could be reasoned that acoustic contrast
enhancement of these particles would be ideal for visualization of increased micro-
vascular blood flow (Kiessling et al. 2012). Rapoport et al. used doxorubicin-loaded
nanobubbles which collected at tumor sites and coalesced into microbubbles. These
in vivo-formed microbubbles were then imaged using US and destroyed to release
the drug, which led to tumor growth inhibition (Rapoport et al. 2007). Although
these studies and others show potential of microbubbles as theranostic tools, the
field is still relatively young, and much more work is needed before true clinical
translation can be achieved. While the role of microbubbles in ultrasound contrast-
ing has already been elucidated, combinations of microbubbles with other contrast-
ing agents allow for a more complete diagnostic tool. In the following section we
review further enhancements to the imaging aspect of theranostics. Beginning from
Sect. 5, we will discuss current efforts in the literature that address drug delivery
aspects of theranostic function.
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Fig. 12.3 (a) Drug-loaded, targeted microbubbles are injected into the bloodstream and only
attach to diseased tissues that exhibit specific targets. (b) Using a low powered ultrasound, this
diseased area is located via ultrasound for diagnostic purposes and then (c) switching to a higher
powered ultrasound, the bubbles in the specified area will burst and locally deliver therapeutic
agents to the diseased tissue
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12.4.1 Combined Imaging Modalities to Enhance Diagnostic
Imaging

While US is the primary mechanism for both imaging and triggering therapeutic
release, others have further developed these particles to provide greater diagnostic
practicality by combining them with other imaging modalities. For example, there
have been microbubbles developed that are infused with contrast agents for mag-
netic resonance imaging (MRI) to provide a theranostic agent with both imaging
capabilities. MRI is a non-invasive and widely clinically used technique that pro-
vides excellent soft tissue contrast with high morphological and spatial resolution.
Superparamagnetic iron oxide nanoparticles (SPIONs) alter transverse (72) relax-
ation times of water protons, providing dark negative signal intensity in images that
can be used to visualize tumors (Lee et al. 2006). Additionally, SPIONs are non-
toxic, biodegradable, and have a wide degree of versatility in biomedical applica-
tions. Current research of SPION applications includes drug delivery, bio-sensing,
and molecular targeting (Laurent et al. 2008). By combining SPIONS with micro-
bubbles, clinicians can optimize use of two imaging modalities through only one
injectable contrasting agent. Using polymer-coated microbubbles, SPIONs can be
incorporated into the shell of ultrasound contrast agents during synthesis steps and
released upon microbubble rupture. Using a double emulsion solvent evaporation
interfacial deposition (water-in-oil-in-water emulsion) process, SPIONs can be
incorporated into an internal shell layer of polymer and then further encapsulated
within a second shell layer all while maintaining a gas core (Yang et al. 2009).
Incorporation of SPIONs into the inner shell increased MRI relaxation time as
SPION concentration increased but reached a maximum in ultrasound contrast,
after which additional SPIONs reduced the response of the microbubble. Thus,
there exists a trade-off between MRI and ultrasound signals that must be optimized
for an effective contrast agent. Using a similar oil-in-water emulsion technique, Liu
et al. (2011) demonstrated significant image contrast observed in vascularized areas
of a myxoid liposarcoma (MLS) ovarian carcinoma in rats upon i.v. injection of
their hybrid contrast agent. Additionally, this study demonstrated a significant
increase in longitudinal and transversal relaxivities after US-induced bubble
destruction, which demonstrated triggerable MR imaging properties.

While MRI/US contrast combination continues to be evaluated as a future clini-
cal technique, microbubbles are also being investigated in combination with other
imaging modalities. Specifically, photoacoustic imaging can be coupled with ultra-
sound to provide enhanced spatial and temporal resolution (Xu and Wang 2006).
Photoacoustic imaging uses nonionizing waves, such as short laser or radio-
frequency pulses, of electromagnetic energy to excite ultrasound waves in biologi-
cal tissues. A promising biomedical application lies in the detection of breast cancer
by near-infrared light or radio-frequency—wave-induced photoacoustic imaging,
which has important potential for early detection (Pramanik et al. 2008). Dove et al.
demonstrated that binding of avidin-conjugated gold nanoparticles to a biotinylated
microbubble shell provided stoichiometric control over nanoparticle surface density
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and optical absorption, while still retaining essential acoustic properties of the
microbubble. Furthermore, the acoustic efficiency was 8.9-fold higher for micro-
bubbles with conjugated nanoparticles than for nanoparticles alone, suggesting a
potential for beneficial coupling between microbubbles and nanoparticles for
enhanced photoacoustic response (Dove et al. 2013).

12.5 Microbubbles as a Therapeutic Delivery Device

To achieve a fully integrated theranostic particle, various techniques are employed
to specifically tailor microbubble properties for payload incorporation and release.
Microbubbles with a therapeutic payload have been used for a number of therapeu-
tic strategies including delivering drugs across the blood—brain barrier (Hynynen
et al. 2001; Mesiwala et al. 2002; Mesiwala and Mourad 2002), gene delivery
(Martinez et al. 2002; Urban-Klein et al. 2005; Kinoshita and Hynynen 2005;
Carson et al. 2012; Li et al. 2009), and targeted drug delivery (Willmann et al. 2008;
Borden et al. 2008; Pochon et al. 2010; Tardy et al. 2010). As shown in Fig. 12.4,
the methods to incorporate drugs into a microbubble can vary depending on the
properties of the therapeutic payload.
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Fig. 12.4 Different ways that drugs can be incorporated into a microbubble. The drugs can be
attached to the outer shell of the bubble (a), incorporated into the bubble’s shell (b), bound nonco-
valently to the surface of the microbubbles (c¢), and entrapped within the microbubbles (d), or
hydrophobic drugs can be incorporated into a layer of oil within the microbubble (e). Reprinted
with permission from Elsevier (Unger et al. 2001, 2004)
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Therapeutic agents can be attached to the outer shell of the microbubble either as
a free drug bound to the surface or within another carrying vehicle (micelles or
liposomes) that is in turn bound to the microbubble (Fig. 12.4a) (Lentacker et al.
2007). Hydrophobic drugs, such as paclitaxel and doxorubicin, can also be incorpo-
rated into the shell layer of the microbubble (Fig. 12.4b) (Cochran et al. 2011;
Tinkov et al. 2010a; Kang et al. 2010). For gene therapy applications, genetic mate-
rial can potentially be electrostatically bound to the microbubble surface using shell
components that give an overall positive shell charge (Fig. 12.4c) (Chen et al. 2006).
Therapeutic agents can also be encapsulated directly within the microbubble itself
(Fig. 12.4d). For lipophilic drugs that require a larger payload than microbubble
surface binding can provide, an additional oil layer can be introduced within the
microbubble between the gas core and bubble shell (Fig. 12.4e) (Fang et al. 2007,
Lentacker et al. 2010; Shortencarier et al. 2004). Due to numerous drug loading
options and manipulations of the microbubble itself, there has been much work
done in exploring possible clinical uses for these drug-loaded microbubbles. The
following sections will discuss current literature in regard to payload categories of
small molecule drugs, gene delivery, or protein therapeutics and application of these
loading techniques.

12.5.1 Drug Therapies

Microbubbles have been explored as potential drug carriers for numerous oncologi-
cal drugs including doxorubicin, paclitaxel, and docetaxel (Cochran et al. 2011;
Tinkov et al. 2010a; Kang et al. 2010). The allure of using these microbubbles is due
in part to their ability to facilitate reduction of in vivo toxicity (Unger et al. 1998),
potential for targeted drug delivery, and combination of therapy and imaging in a
single platform. Additionally, triggered release of the microbubble payload can
potentially ensure that chemotherapeutic agents are only released at the tumor site,
thereby reducing systemic effects.

12.5.2 Drug Loading

Depending on drug characteristics (size, hydrophobicity, charge) and microbubble
properties, one method of incorporation into the microbubble may be more suitable
than others. Although hydrophobic drugs can be incorporated directly to micro-
bubble shells through hydrophobic interactions, there are many instances in which
this method alone does not provide the necessary effective payload. Unger et al.
(1998) circumvented this problem by solubilizing paclitaxel into soybean oil and by
using the drug-loaded oil as a medial layer between the gas core of the microbubble
and the lipid shell. Hettiarachchi et al. (2009) used a double emulsion microfluidic
device design to create a gas-in-oil-in-water microbubble with paclitaxel dissolved
in the oil phase. Each of these methods increased the payload of drug per micro-
bubble, allowing for release of a more effective dose from the microbubble.
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Hydrophilic drugs are less amenable to such methods of loading, as they generally
prefer to leave hydrophobic spaces and solubilize into the surrounding water-based
solution. Various approaches have been used to encapsulate the hydrophilic drug,
doxorubicin. One common technique is through tethering of smaller drug carrying
particles to the microbubble instead of through hydrophobic interaction between the
drug and microbubble shell, as with hydrophobic drugs. Lentacker et al. loaded
doxorubicin into aqueous cores of liposomes. Then, by using an avidin—biotin
linkage, they tethered these drug loaded liposomes onto gas-filled microbubbles
(Lentacker et al. 2010). Geers et al. (2011) performed a similar experiment, but teth-
ered doxorubicin-loaded liposomes to microbubbles using a thiol-maleimide link-
age. Once microbubbles are ruptured, these drug-loaded liposomes are released, and
the drug payload is released either by diffusion or through being endocytosed by
target cells. Other research has attempted fabricating microbubbles in high concen-
trations of drug solution to load the microbubble through use of a concentration
gradient. Villa et al. (2013) used a polyvinyl alcohol (PVA) shelled microbubble with
a chitosan brush coating to load doxorubicin by dialyzing microbubbles in the pres-
ence of high concentration. Once microbubbles were removed from the drug solu-
tion, the chitosan brush acted as a physical barrier to diffusion, slowing down drug
leakage from the microbubble. Fabiilli et al. dissolved drugs into water and created a
water-in-gas emulsion by mixing drug-doped water with gas. This gas was then used
to form the core of a microbubble, creating an acoustically active microbubble, with
drug loaded into the gas core of the microbubble (Fabiilli et al. 2010).

Other properties, such as charge, have also been used to incorporate drugs into
microbubbles. Tinkov et al. (2010b) used anionic phospholipids to form microbub-
bles and electrostatically bound doxorubicin, which has a positive charge in physi-
ological conditions, to the surface of the microbubbles. With the wide variety of
possible characteristics to manipulate for drug incorporation, microbubbles offer a
versatile palette for incorporation and delivery of drugs.

12.5.2.1 US-Triggered Anti-cancer Drug Delivery

Most anti-cancer drug delivery techniques use US to trigger drug release through
microbubble collapse. Cochran et al. used scanning electron microscopy to compare
the morphology of drug containing polymer-shelled microbubbles after fabrication
(Fig. 12.5a) to the morphology after ultrasound destruction (Fig. 12.5b). The change
in morphology confirmed microbubble destruction due to ultrasound. They also
found that with destruction of these drug-loaded microbubbles, there was an increase
in the amount of drug released (Fig. 12.5¢) (Cochran et al. 2011).

Additionally, US sonoporation increases effectiveness of the chemotherapy
agent by increasing drug accumulation in nearby cells. Lin et al. showed that by
adding microbubbles with focused ultrasound and freely dissolved drug, the ability
of doxorubicin to reduce tumors in mice was enhanced. With doxorubicin alone,
tumor size was consistently larger than when treated in conjunction with micro-
bubbles and ultrasound (Fig. 12.6a). They found that addition of US and microbubbles
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Fig. 12.5 Scanning electron images of drug loaded microbubbles before (a) and after (b) ultra-
sound exposure. (¢) The graph shows that the insonated drug-loaded microbubbles [diamond]
released more drugs than non-insonated microbubbles [cross] (¥p<0.0374). Reprinted with
permission from Elsevier (Cochran et al. 2011)
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Fig. 12.6 (a) Effect of initial size of treated tumors on tumor growth response for treatments with
5 mg/kg of DOX. The arrows indicate schedule for treatments (Lin et al. 2012). (b) 4T1-tumor
bearing mice were treated with PBS (squares, PBS only control), unloaded MBs (circles, unloaded
MBs+US), PLMC (upwards triangles, PLMC without US), PL (downwards triangles, PL+US),
and PLMC (diamonds, PLMC+US) on day 10, day 13, and day 16 after tumor cell injection.
Systemic therapy with PLMC resulted in significantly greater tumor growth inhibition vs. PBS
control, PLMC without US, unloaded MBs, and PL under US exposure. The results represent the
mean+SD, n=6. *p<0.05, **p<0.01. PTX =paclitaxel. Reprinted with permission from Elsevier
(Yan et al. 2013)
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led to nearly a tenfold more effective treatment over free drug alone. This indicated
that the combination of ultrasound and microbubble significantly increased the
amount of drug that accumulated in tumor tissues (Lin et al. 2012). Using drugs that
were actually attached to the microbubble itself, Yan et al. showed that using PTX-
liposome—microbubble complexes (PLMC) for breast tumor treatment reduced
tumor sizes in mice. When using just PLMC, the tumor was able to grow to
872.46+125.82 mm?>. However, addition of ultrasound reduced final tumor size to
only 360.01+131.24 mm? in volume, indicating that ultrasound could be used to
trigger localized release of paclitaxel even when anchored to the microbubble (Yan
etal. 2013). Figure 12.6b summarizes in vivo work done and shows effectiveness of
these PLMCs when ultrasound is applied in addition to PLMCs alone. We will fur-
ther discuss the mechanism by which sonoporation increases effectiveness of drug
delivery later in the chapter.

12.5.3 Gene Therapy

Gene therapy is a promising alternative for treatment of a diverse array of cancers.
Through targeting and suppression of oncogenes or insertion of apoptotic genes,
gene therapy has become an intense area of research due to the possibility of avoid-
ing severe side effects associated with traditional chemotherapy agents. However,
naked nucleic acids are quickly degraded by nuclease activity or cleared from the
tumor area, posing a difficult challenge to delivery (Roth and Cristiano 1997). In an
attempt to improve gene transfection and prolong circulation, both viral and non-
viral vectors have been evaluated for gene delivery. Viral vectors, such as retrovirus
and herpes simplex virus (HSV), delivered systemically result in transduction of
non-target tissues leading to adverse side effects. Additionally, viral vectors also
elicit an immune response that can limit their effectiveness and prevent repeated use
of the vectors (El-Aneed 2004). Non-viral vectors currently suffer from low trans-
fection efficiency, where the amount of genetic material delivered fails to result in
a functional effect (Niidome and Huang 2002). As a result of these difficulties,
current gene therapy treatments remain in clinical or preclinical testing.

12.5.3.1 Gene Therapy Loading

Incorporation of oligonucleotides directly into the microbubble not only protects
genetic material from degradation but also improves spatial targeting of the genetic
payload through selective microbubble bursting. The most common method of
incorporating oligonucleotides to the microbubble is through electrostatic interac-
tions. Because of the negative charge of DNA, inclusion of positively charged spe-
cies into or on the microbubble shell can aid in loading a nucleotide payload. In a
comparison of cationic and control neutral charged microbubbles, Panje et al. (2012)
showed that cationic lipid microbubbles were able to bind plasmid DNA with a
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Fig. 12.7 Binding of plasmid DNA to cationic MBs and DNase protection assay. (a) Direct bind-
ing of YOYO-1-labeled plasmid DNA (10 pg) to cationic MBs (1x108) but not neutral MBs
(1x108) was confirmed visually by confocal microscopy (1,000x, scale bar=10 pm). (b) Gel
electrophoresis confirmed partial protection of plasmid DNA bound to cationic MBs (lane 4) from
DNase degradation. Plasmid DNA mixed with and not bound to neutral MBs (lane 5) were com-
pletely degraded after DNase treatment. Lane 2 represents control samples containing only plas-
mid DNA without MBs that were not exposed to DNase. Lane 3 shows complete DNase degradation
of plasmid DNA not incubated with either MB type. Original figure from Panje CM, et al.
Ultrasound-Mediated Gene Delivery with Cationic Versus Neutral Microbubbles: Effect of DNA
and Microbubble Dose on In Vivo Transfection Efficiency. Theranostics 2012; 2(11):1078-1091.
http://www.thno.org/v02p1078.htm. Reprinted with permission from Theranostics Publishing
(Panje et al. 2012)

capacity that was 7.5-fold higher than neutral microbubbles. As shown in Fig. 12.7,
this DNA binding by cationic microbubbles shielded DNA from DNase activity
better than neutral microbubbles or free plasmid, as indicated by gel electrophoresis.

As an alternative to including cationic lipid in the microbubble shell, cationic
polymers can also be used to coat the surface of the microbubble with complexed
oligonucleotides. By using the layer-by-layer (LbL) assembly technique to attach
multiple layers of DNA and poly-L-lysine (PLL) onto preformed lipid-coated micro-
bubbles, Borden et al. (2007) showed that a tenfold increase in DNA loading capac-
ity was possible. Similarly, Lentacker et al. coated albumin-shelled microbubbles
with poly(allylamine hydrochloride) (PAH) and showed minimal changes in micro-
bubble size distributions and ultrasonic function. Additionally, the cationic coating
yielded increased binding of DNA to microbubbles and helped to protect bound
DNA from nuclease degradation (Lentacker et al. 2006).

12.5.3.2 Gene Therapy Treatment

Two major types of gene therapies involve use of either DNA or short interfering
RNA (siRNA). The delivery of DNA seeks to up-regulate expression of an immune
response marker or suicide gene in tumor cells. Cells expressing HSV thymidine
kinase (TK) are easily targeted and eliminated by treatment with ganciclovir.
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Fig. 12.8 Demonstration of prolonged luciferase activity in mouse hind leg muscle tumors after
delivery of luciferase reporter, pEIP-1-Luc, following ultrasound-mediated and MB101®-assisted
transfection in vivo. (a) The signal obtained from an animal at day 4 following transfection and (b)
the same animal at day 20 following transfection. (¢ and d) The luminescent signal generated by
the skin overlying the tumor and excised tumor, respectively. Reprinted with permission from
Elsevier (Li et al. 2009)

Using a mouse model of squamous cell carcinoma, tumors sonoporated in the
presence of microbubbles loaded with TK displayed longer doubling times
(»<0.02), and TK-treated tumors displayed increased apoptosis (p <0.04) and more
areas of cellular dropout (p <0.03) (Carson et al. 2011). Further studies additionally
demonstrated effective in vivo delivery of DNA genes to cancer tumors. Using a
commercially available microbubble, Sonide]l MB101 microbubble (Sonidel Ltd,
Ireland), Li et al. optimized cell transfection in vitro and demonstrated transfection
efficiencies of up to 18 % using ultrasound. After optimization, the group used epi-
somal plasmid-based gene with a luciferase reporter to deliver DNA in mouse hind
leg muscle tumors. Luciferase activity, indicating gene expression, did not diminish
during tumor growth and suggested plasmid replication during tumor expansion
(Fig. 12.8) (Li et al. 2009).

Short interfering RNA (siRNA) are double stranded RNA oligonucleotides of
approximately 20-25 kb in length and are complementary in sequence to an area of
a gene of interest. sSiRNA bind to a protein called RISC (RNA-induced silencing
complex) which uses RNase to cleave mRNA strands that match the complementary
siRNA strand (Martinez et al. 2002). Delivery of siRNA targeted to oncogenes can
be used to stop expression of key proteins and reduce tumor sizes (Urban-Klein
et al. 2005). Using a GFP expressing rat C166 cell line, Kinoshita and Hynynen
showed that 11 % of cells showed reduced GFP expression 48 h post-sonoporation
with continuous wave ultrasound (Kinoshita and Hynynen 2005). Delivery of
microbubbles loaded with epidermal growth factor receptor (EGFR) directed siRNA
to murine squamous carcinoma cells in vivo resulted in three to fivefold increase in
the doubling time of treated tumors compared with controls (Carson et al. 2012). No
EGFR knockdown was observed in non-sonoporated tissues (i.e., heat, lungs, etc.),
and there was no detectable increase of cytokines 24 h post-injection, demonstrating
selectivity of the treatment to the targeted area. While the types of tumors suitable
for targeting by siRNA/microbubble therapy can be limited due to US scattering by
various tissues, further effectiveness of siRNA transfection may be achieved through
optimization of acoustic parameters and bubble response.
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12.5.4 Protein Therapy

Even though the majority of the literature using microbubble delivery of a payload
pertains to drugs smaller than 2,000 Da or genetic material, there are several studies
using microbubbles for protein delivery by exploiting their unique ultrasound-
responsive property. Bekeredjian et al. incorporated luciferase enzyme as a model
protein drug into the lipid shell of a microbubble for ultrasound-mediated delivery
to the heart (Bekeredjian et al. 2005) or testes (Bekeredjian et al. 2007). They
showed that protein delivery into the organ is augmented due to ultrasonic destruc-
tion via in vivo studies.

12.5.4.1 Therapeutic Protein Loading

Because of their size and availability of potential linkages, protein loading com-
monly involves covalent attachment between protein and the surface of micro-
bubble. An amide bond between an amino group on the protein ligand can be
formed between a carboxyl group or a maleimide on the microbubble shell with a
protein thiol group to load the microbubble surface. The required moieties on the
microbubble shell are generally incorporated via functionalized end groups of
poly(ethylene glycol).

12.5.4.2 Current Protein Therapy Uses

As an alternative to traditional drug action, protein-conjugated microbubbles can
act to modulate cell activity. For antigen delivery during vaccination, adjuvants are
required to promote immunogenicity. Microbubbles coated with surface proteins
can act as an antigen delivery system without the need for ultrasound application.
Bioley et al. (2012) used covalent bonds between maleimide molecules on the
microbubbles and thiol groups from the antigen to coat the microbubble surface.
Microbubbles could have a direct effect on structural and immune cells of the lymph
node, which are primary sites of adaptive immunity induction, because they have
been shown to directly drain from peripheral administration sites to afferent lymph
node (Sever et al. 2012).

12.6 Targeted Therapies Using Microbubbles

Microbubbles have been used in the clinic as ultrasound imaging contrast agents for
echocardiography since 1997 in the United States. In combination with ultrasound,
microbubbles have shown potential for molecular level imaging and delivery of
drugs or genes to cells or tissue. While these advances are promising, microbubbles
for molecular imaging or therapeutic purposes for the most part remain in the pre-
clinical stage of development.
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12.6.1 Targeting Methods

Tissue and cell specificity can be achieved by using passively or actively targeted
microbubbles. Passive targeting refers to taking advantage of the body’s intrinsic
mechanism, phagocytosis, and inherent properties of the microbubble shell to use
their affinity for a specific cell type or tissue. For example, albumin-shelled micro-
bubbles were shown to bind to adherent leukocytes via cell-surface integrins or
complement-mediated opsonization solely due to their shell composition (Ferrara
et al. 2007; Kiessling et al. 2009; Deshpande et al. 2010). On the other hand, active
targeting refers to covalent or noncovalent attachment of specific targeting moieties
to the microbubble shell, to allow for binding to specific receptors. Most micro-
bubble shell composition consists of lipid; thus, by using polymer-attached lipid,
targeting moieties can be tethered at the end of the polymer brush. The polymer
brush plays a role as a spacer between the ligand and monolayer shell for the ligand
to bind its receptor efficiently (Kim et al. 2000). The method of linking targeting
agents to the polymer brush is analogous to tethering of drug-carrying particles,
which we discussed in the previous sections. For non-covalent attachment of ligand,
the biotin—avidin linkage is the most widely used technique (Fig. 12.9).

Covalent attachment includes creating an amide bond between an amino group
on the ligand and a carboxyl group on the microbubbles or, alternatively, using a
maleimide on the microbubble shell to react with a thiol group on the ligand.

Biotin

Neutravidin

Drug encapsulated liposomes
Targeting ligand

DSPC

PEG-DSPE

Fig. 12.9 Targeted drug-loaded microbubbles via noncovalent biotin—avidin linkage
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12.6.2 Preclinical Applications of Targeted Microbubbles

There are 52 targeted ultrasound agents up to date (June 27, 2013) in the Molecular
Imaging and Contrast Agent Database (MICAD) collected by the National Center
for Biotechnology Information (NCBI), at the National Institutes of Health (NIH).
Twenty-one of these have been developed for diagnosing and treating tumor angio-
genesis, while 18 have been developed for inflammation in preclinical models.
Table 12.1 summarizes targeted microbubbles that are currently involved in clinical
trials. The most used molecular markers for assessment of tumor angiogenesis are
vascular endothelial growth factor receptor 2 (VEGFR2) and o, 3; integrin. Willmann
et al. (2008) studied the effect of VEGFR2-targeted microbubbles on quantitative
video intensity of ultrasound contrast enhanced molecular imaging in angiosarcoma
and malignant glioma mice models. The average video intensity was significantly
higher when using VEGFR2 targeted microbubbles vs. control immunoglobulin G2
antibody microbubbles (p<0.001).

Commonly used targets for detecting and treating diseases by inflammation, such
as atherosclerosis or myocardial ischemia, are VCAM-1 (vascular cell adhesion mol-
ecule 1), ICAM-1 (intercellular adhesion molecule 1), E-selectin, and P-selectin. Yan
et al. studied the degree of myocardial inflammation and levels of ICAM-1 protein
using ultrasound molecular imaging with ICAM-1 targeted microbubbles, as well as
routine non-invasive methods including electrocardiography, echocardiography, and
plasma troponin I levels (Yan et al. 2011). The video intensity of ICAM-1 molecular
images of the ischemic anterior wall was almost three times greater than that in the
non-ischemic posterior wall during the late phase (824 h) of reperfusion. In con-
trast, routine methods yielded only weak evidence of ischemia, suggesting the
ultrasound molecular imaging with targeted microbubbles provides reliable evidence
of a recent myocardial ischemic event in the late phase of reperfusion. Also they
investigated binding efficiency and rate of ICAM-1-targeted microbubbles in vitro
(Fig. 12.8). In preclinical research, ligands are predominantly coupled to microbub-
bles via an avidin—biotin linkage. However, this can be problematic because of inher-
ent immunogenicity of avidin in humans. Biotin-conjugated lipopolymer present on

Table 12.1 Typical targeted ultrasound contrast agents tested in vivo (from MICAD list)

Target Application PubMed ID
Vascular endothelial growth factor receptor Tumor angiogenesis 22787696
2 (VEGFR2)

Alpha(v)beta(3) integrin Tumor angiogenesis 21204315
Endoglin Tumor angiogenesis 21977535
Vascular cell adhesion molecule-1 (VCAM-1) Atherosclerosis 20641951
Intercellular adhesion molecule-1 (ICAM-1) Atherosclerosis 20641950
P-selectin Inflammation, tissue injury, 20641954

and other endothelial responses

Matrix-metalloproteinase-2 (MMP-2) Myocardial ischemia 22132430

Glycoprotein IIb/ITla receptor (GPIIb/IIIa receptor) | Thrombosis 20641949
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microbubbles activates the complement system in humans and mice (Borden et al.
2008). The first formulation for clinical application is BR55, that is, avidin—biotin-
free soft shell microbubbles that target mouse and human VEGFR2. BRS5 was found
to strongly bind to the tumor endothelium of breast (Pochon et al. 2010) and prostate
cancer xenografts in rodents (Tardy et al. 2010).

12.7 Mechanisms for Delivery of Therapeutic Agents Using
Microbubbles and Ultrasound

As discussed previously, drug-loaded microbubbles are more effective when in com-
bination with US. Therefore, optimization of the mechanical response for stable
microbubble cavitation under sonoporation is a key factor in increasing the potential
of therapeutic delivery. Traditional systemic drug delivery of small molecules and
passive drug delivery particles rely on tumor enhanced permeability and retention
(EPR) effect to perfuse tumor tissues (Maeda 2001). Due to increased angiogenesis
and nutrient demand of tumor aggregates, high molecular weight molecules and par-
ticles are trapped in the defective vascular architecture near the tumor and remain
there due to impaired lymphatic drainage/recovery system. This effect is commonly
referred to as the EPR effect. However, small molecules are able to diffuse away from
the tumor site and are unaffected by EPR (Maeda et al. 2000). Additionally, some
tumors are as far as 100 pm from vasculature or are located in hypoxic regions, which
remain difficult to reach from systemic delivery (Helmlinger et al. 1997). Stable
microbubble cavitation is able to increase extravasation of small molecules from the
vasculature to tumor sites. Using a flow-through tissue-mimicking phantom com-
posed of a biocompatible hydrogel with embedded tumor cells, luciferase expression
was shown to increase by 60-fold even for modest microbubble concentrations
undergoing inertial cavitation (bubble collapse) when delivering a non-replicating
luciferase-expressing adenovirus (Arvanitis et al. 2011). Using commercially avail-
able SonoVue, none of the insonation conditions induced cell death under ultrasound
alone. However, extravasation from the tissue phantom vessel was shown to exhibit
short-range vessel disruption during stable cavitation and formation of micro-chan-
nels during inertial cavitation. The findings suggest that enhanced drug delivery
extravasation of anticancer agents through the use of microbubbles is possible.
Sonoporation alone has been shown to increase therapeutic retention in cells,
indicating the role of acoustic energy in effecting cell permeability. In gene therapy,
sonoporation of various cancer cell lines (U937, HeLLa, PC-3, Meth-A, and T-24) in
the presence of a reporter gene was shown to significantly increase reporter gene
expression over both electrotransfection and liposomal transfection without ultra-
sound (Feril et al. 2006). In vivo ultrasound stimulation of prostate tumor cells
implanted subcutaneously in rats induced a tenfold increase of a (-galactosidase
reporter measured via histology and a 15-fold increase of p-galactosidase protein
expression via ELISA (Huber and Pfisterer 2000). However, at these low frequencies
(<20 kHz), prolonged ultrasound exposure has been demonstrated to result in cell
death and tissue damage (Miller et al. 2002). Furthermore, these low frequencies are
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not in the range of clinical use ultrasound. Increasing the applied frequency to the
clinical range of 1-3 MHz or using pulse-mode ultrasound reduces tissue damage
but also results in lowered transfection (Hallow et al. 2006). One way to increase the
efficiency of high frequency ultrasound sonoporation is through combination with
microbubbles.

Furthermore, US and microbubbles have been used as tools to increase blood—
brain-barrier permeability of drugs and drug delivery vehicles. Sheikov et al. showed
that when US is applied in the presence of microbubbles, the acoustic energies stim-
ulate active vesicular transport and temporarily disrupt tight junctions to allow pre-
viously size occluded drugs to pass and treat the diseased areas (Sheikov et al. 2004,
2008). Treat et al. (2012) used liposomal doxorubicin and focused US to increase
permeability of the blood—brain barrier and showed a greater decrease in brain tumor
size when compared with administration of free doxorubicin alone. Some groups
have even used the microbubble cavitation phenomenon to accelerate lysis of throm-
bus and blood clots (Porter and Xie 2001; Porter et al. 1996; Culp et al. 2003).

12.8 Summary

There is a large body of literature for use of various microbubble formulations in
imaging and treatment of oncological diseases. The purpose of this chapter was to
introduce the reader to the basic form and function of microbubbles and to discuss
current work that have laid the foundation for the use of microbubbles as contrast
agents, drug delivery vehicles, and theranostic particles. The articles reviewed here
only constitute a small fraction of the literature on this topic, and there is still work
being done in order to move these technologies toward clinical use. More advanced
studies in vivo need to be performed, and methods of optimization of acoustic
parameters of the ultrasound contrast agents in vivo are being developed to aid in
truly realizing the full potential of microbubbles in the clinic. Through the combina-
tion of these hybrid drug-loaded contrast agents and molecular targeting, a complete
theranostic tool may be developed that would allow a clinician to potentially image,
locate, and treat localized tumors with just one injection of these multipurpose par-
ticles. Furthermore, the spatial control given to clinicians over the delivery of thera-
peutic agents directly to the tumor site will minimize damage done to surrounding
healthy tissues and has the potential to prevent side effects that currently plague
chemotherapy. Using specific targeting agents and combination of multi-image
modalities, microbubble platforms may one day have the capability of reaching the
tumor site regardless of its location in the body. The further development of these
systems could have a considerable impact on treatment and diagnosis of not only
cancer but also on numerous other diseases and disorders.

Acknowledgments J. Y. W. acknowledges support from Boston University’s College of
Engineering Distinguished Faculty Fellowship, T. P. acknowledges support from the NIH/NIGMS
T32 GMO008764 and the NIH/NIAID T32 AI089673, and C. B. acknowledges support from the
National Science Foundation Graduate Research Fellowship Program.



12 Microbubbles as Theranostics Agents 347

References

Arvanitis CD et al (2011) Cavitation-enhanced extravasation for drug delivery. Ultrasound Med
Biol 37(11):1838-1852

Bekeredjian R et al (2005) Augmentation of cardiac protein delivery using ultrasound targeted
microbubble destruction. Ultrasound Med Biol 31(5):687-691

Bekeredjian R et al (2007) Ultrasound-targeted microbubble destruction augments proteins deliv-
ery into testes. Urology 69(2):386-389

Bioley G et al (2012) Gas-filled microbubble-mediated delivery of antigen and the induction of
immune responses. Biomaterials 33(25):5935-5946

Blomley MJ et al (2001) Microbubble contrast agents: a new era in ultrasound. BMJ
322(7296):1222-1225

Borden MA et al (2007) DNA and polylysine adsorption and multilayer construction onto cationic
lipid-coated microbubbles. Langmuir 23(18):9401-9408

Borden MA et al (2008) A stimulus-responsive contrast agent for ultrasound molecular imaging.
Biomaterials 29(5):597-606

Carson AR et al (2011) Gene therapy of carcinoma using ultrasound-targeted microbubble destruc-
tion. Ultrasound Med Biol 37(3):393-402

Carson AR et al (2012) Ultrasound-targeted microbubble destruction to deliver siRNA cancer
therapy. Cancer Res 72(23):6191-6199

Castle J et al (2013) Ultrasound-mediated targeted drug delivery: recent success and remaining
challenges. Am J Physiol Heart Circ Physiol 304(3):H350-H357

Castro-Hernandez E et al (2011) Microbubble generation in a co-flow device operated in a new
regime. Lab Chip 11(12):2023-2029

Chen SY et al (2006) Efficient gene delivery to pancreatic islets with ultrasonic microbubble
destruction technology. Proc Natl Acad Sci U S A 103(22):8469-8474

Cochran MC et al (2011) Doxorubicin and paclitaxel loaded microbubbles for ultrasound triggered
drug delivery. Int J Pharm 414(1-2):161-170

Cosgrove D (2004) The advances are significant improvements in both the microbubbles used as
contrast agents and in the software that allows their selective detection. Eur Radiol 14(Suppl 8):
P1-P3

Cosgrove D (2006) Ultrasound contrast agents: an overview. Eur J Radiol 60(3):324-330

Cui W et al (2005) Preparation and evaluation of poly(L-lactide-co-glycolide) (PLGA) microbub-
bles as a contrast agent for myocardial contrast echocardiography. J Biomed Mater Res B Appl
Biomater 73(1):171-178

Culp WC et al (2003) 