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Abstract
This review focuses on phase-shift perfluorocarbon nanoemulsions whose action depends on an
ultrasound-triggered phase shift from a liquid to gas state. For drug-loaded perfluorocarbon
nanoemulsions, microbubbles are formed under the action of tumor-directed ultrasound and drug
is released locally into tumor volume in this process. This review covers in detail mechanisms
involved in the droplet-to-bubble transition as well as mechanisms of ultrasound-mediated drug
delivery.
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During the last decade, nanoparticles have attracted special attention as drug carriers with
multiple functionalities. The family of nanoparticles includes polymeric micelles, liposomes,
hollow particles, nano- or microemulsion droplets, as well as metallic nanospheres, rods,
shells and cages, and carbon based nanotubes and balls. Among various suggested drug
carriers, three types, namely liposomes, polymeric micelles, and emulsions are the most
extensively studied and developed drug carriers. These are spherical nanoparticles with a
core-shell structure. Liposomes have aqueous internal compartment sequestered by a
phospholipid shell, which allows encapsulation of water-soluble drugs in the inner core.
Polymeric micelles are characterized by hydrophobic cores and hydrophilic shells;
hydrophobic micelle cores serve as reservoirs of lipophilic drugs. Polymeric micelles are
formed by amphiphilic block copolymers composed of hydrophobic and hydrophilic blocks;
each block copolymer molecule spans both a core and a shell of a micelle. Emulsions are the
oldest drug carriers that have been used in clinical practice for decades; in emulsions, oil
droplets are stabilized by ionic or non-ionic surfactants or surfactant mixtures; in contrast to
polymeric micelles, oil droplets in emulsion form a separate phase and are usually
substantially larger than micelle cores. Size of emulsion droplets may be reduced to a
nanoscale by the application of external energy and selection of appropriate surfactants and
co-surfactants. Nanoemulsions formed by perfluorocarbon compounds present the main
topic of the current review.

Drug encapsulation in nanocarriers including nanoemulsions may dramatically increase the
effective aqueous solubility of highly potent drugs whose application has been hampered by
low solubility. Encapsulation also prevents drug degradation under the action of body fluids
and allows drug transport towards desired targets thus reducing side effects. Even highly
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toxic and unstable cytolytic peptide melittin was effectively targeted to murine tumors after
being incorporated into the lipid membranes of perfluorocarbon nanodroplets; effective
tumor regression without substantial systemic toxicity was observed 1, 2. The effectiveness
of tumor targeting may be substantially enhanced by ligand/receptor interaction. This
approach has been used to target perfluorocarbon nanodroplets to neovasculature and/or
tumor cells by conjugating or incorporating ligands to ανβ3 integrins that are over expressed
on the neo-endothelial vasculature, tumor cells, or inflamed tissues (see e.g. 3–5).

Various chemotherapeutic drugs, imaging agents, and targeting moieties may be
encapsulated in the same “teragnostic” nanocontainer. The ability to combine
chemotherapeutic and imaging agents is especially important for energy-related processes
such as ultrasound-mediated drug delivery because contrast-enhanced imaging can provide
for precise energy deposition, early assessment of response to treatment, and allow
personalized therapy 6–10.

The EPR effect as a basis of a passive tumor targeting of nanoparticles
Tumor tissue is characterized by poor vascularization, poorly organized vascular
architecture, irregular blood flow and reduced lymphatic drainage. Leaky blood vessels and
the lack of a lymphatic system result in an increased interstitial fluid pressure, which hinders
convectional transport of drug carriers across blood vessel walls. Nevertheless, nanoparticles
of appropriate size may accumulate in tumor tissue via the enhanced permeability and
retention (EPR) effect 11 based on defective tumor microvasculature. A characteristic pore
cutoff size range between 380 and 780 nm has been shown in a variety of tumors although in
some tumors the size may increase up to 2 µm. This allows extravasation of drug-loaded
nanoparticles through large inter-endothelial gaps 11–13, while the poor lymphatic drainage
of tumors results in longer retention of extravasated particles in tumor tissue. In contrast to
tumors, blood vessels in normal tissues have tight inter-endothelial junctions (characteristic
cutoff size of 7.5 nm) which do not allow extravasation of nanoparticles. However, tumors
demonstrate spatial heterogeneity in the distribution of inter-endothelial gaps, which results
in a focal distribution of delivered nanoparticles 12. This may have negative implications for
the outcome of tumor nanotherapy.

Effective tumor accumulation of nanoparticles via the EPR effect requires sufficient particle
residence time in circulation. To provide for this, nanoparticles are commonly coated with
poly(ethylene oxide) (PEG) chains that decrease blood protein adsorption and particle
recognition by the cells of the reticulo-endothelial system.

For effective therapeutic action, drugs should be released from carriers at the site of action.
This can be provided by developing stimuli responsive drug carriers that release their drug
load only in response to environmental or physical stimuli, such as pH, hyperthermia, light,
or ultrasound; for recent reviews, see refs. 14, 15. The state of the art in the application of
ultrasound for targeted drug delivery is discussed below, with special emphasis on the role
of triggered phase-shift transition inside of injected nanoparticles.

Ultrasound as a drug delivery modality offers a number of important advantages over other
physical modalities. Ultrasound is the most cost effective, accessible, and does not use
ionizing radiation (in contrast to CT/PET). Ultrasound imaging may be combined with
ultrasound-mediated drug delivery using ultrasound-responsive nanoparticles. Ultrasound
can be directed toward deeply located body sites, and tumor sonication with millimeter
precision is feasible. Sonication may be performed non-invasively or minimally invasively
through intraluminal, laparoscopic or percutaneous means. For extracorporeal sonication,
the transducer is placed in contact with a water-based gel or a water layer on the skin, and no
insertion or surgery is required.
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Ultrasound-mediated drug delivery: mechanisms
Several mechanisms of ultrasound action in drug delivery applications have been
discussed 16–20; both ultrasound-triggered localized drug release from carriers and biological
effects of ultrasound should be considered.

Thermal effects
Localized heating of tissues has been produced by various external stimuli, including
ultrasound. In general, the heat produced depends on the tissue absorption of the energy and
the rates of thermal diffusion and convection. Absorption of ultrasound is frequency
dependent and increases monotonically with frequency. Note that even a moderate
temperature increase may have serious biological consequences, e.g. significantly increase
permeability of blood capillaries 21–23 or lead to cell membrane fluidization 24, 25. These
effects may be accompanied by mechanical permeabilization (poration) of cell membranes.

Thermal effects of ultrasound have been used with temperature sensitive liposomes that
rapidly release their contents at physiologically tolerated tissue temperatures 22, 26–34.
Heating produces a gel-to-fluid phase transition in the phospholipid membrane that enhances
diffusion and releases drug in the target region. These nanoparticles, loaded with the
chemotherapeutic doxorubicin have been commercialized (ThermoDox®, Celsion Corp.),
and are undergoing clinical trials in combination with RF thermal ablation 28, 35. Ultrasound
as a heating modality is also being studied for release of drugs from these and similar low
temperature-sensitive liposomes 17, 32, 36–38. In fact, liposomes remain the most broadly
investigated ultrasound-responsive drug delivery vehicles.

Mechanical action of ultrasound: cavitation
This action can be substantially enhanced by the introduction of gas-filled microbubbles. In
current clinical practice, microbubbles have been used as ultrasound contrast agents for
cardiovascular imaging 39, 40 and for molecular imaging; see the review by Klibanov and
references therein 41. During the last decade, microbubbles have attracted attention as drug
carriers and enhancers of drug and gene delivery. Several research groups have concentrated
their efforts on developing microbubble-based drug delivery systems 18, 42–66.

In the ultrasound field, microbubbles grow and collapse in a process called inertial
cavitation. Inertial cavitation of microbubbles creates microjets and shock waves that can
create holes in blood vessels and cell membranes thus increasing their permeability for
drugs, genes, and their carriers. The ultrasound-induced creation of pores in cell membranes
is called sonoporation 17, 67–78.

At ultrasound energies that don’t induce inertial cavitation, microbubbles stably oscillate in
the ultrasound field; this process is called stable cavitation. Stable cavitation of systemically
injected microbubbles can induce alternating invagination and distention of blood vessel
walls, which in turn can cause damage of the endothelial lining and temporarily increase
blood vessel permeability 79–82. For blood vessels that are large in comparison to
microbubble sizes, invagination appears to be a major vessel damaging factor; for small
blood capillaries, both invagination and distension result in endothelial damaging and
increased permeability 80.

Ultrasound-induced cavitation has been used for opening liposomal membranes 19, 83, 84.
The development of ultrasound-responsive stable liposomes that manifest prolonged
circulation time and effective tumor targeting has been recently reported 85–87. Ultrasound
also manifests a potential to affect the intracellular drug distribution by overcoming the
barrier created by the nuclear membrane 88.
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Drug-loaded microbubbles would be attractive ultrasound-responsive drug carriers. This
approach may be very beneficial for drug targeting to intravascular targets 83, 84, 89–103.
However, the currently used contrast agents present a number of inherent problems as
tumor-targeted drug carriers. The ideal ultrasound-mediated tumor-targeted drug carrier
should satisfy a number of requirements: stability in circulation; drug retention until
activated; size that allows extravasation through defective tumor vasculature; ultrasound
responsiveness. The very short circulation time (minutes) of commercially available
microbubbles and their relatively large size (two to ten micrometers) do not allow effective
extravasation into tumor tissue, thus preventing effective drug targeting. Only a fraction of
the drug ultrasonically released from microbubbles into circulation is expected to reach
tumor tissue while other drug will circulate with blood flow and eventually reach off-target
sites. However the unexpectedly efficient therapeutic action of microbubbles combined with
low duty cycle ultrasound on subcutaneously grown glioma xenografts was recently
reported 104.

Mechanical action of ultrasound in the absence of cavitation
The most frequently discussed non-thermal and non-cavitation mechanisms are related to
acoustic streaming and ultrasound radiation forces. Sound propagating through a medium
produces a force upon the medium, resulting in translation of the fluid, called acoustic
streaming, and also on particles suspended in the medium, called the radiation force 44, 45.
Acoustic streaming and the radiation force each produce particle translation in the acoustic
field and their effects may be combined. It has been demonstrated that acoustic streaming
and/or radiation force presents a means to localize and concentrate droplets and bubbles near
a vessel wall, which may assist the delivery of targeted agents. The application of radiation
force pulses can bring the delivery vehicle into proximity with the cell for successful
adhesion of the vehicle or its fragments to cell membranes 105. Actively targeted
acoustically active lipospheres were used to deliver paclitaxel (PAX) to HUVEC cells
overexpressing ανβ3 integrins 106. Circulating particles were deflected by radiation force to
a vessel wall and could subsequently be fragmented by stronger pulses. Drug delivery was
limited to the focal area of ultrasound 44. A similar strategy was used for enhancing the
cellular interaction of targeted lipid-coated perfluorooctylbromide (PFOB) nanoparticles
with melanoma cells 107. Ultrasound (2 MHz at 1.9 mechanical index) applied in
conjunction with PFOB nanodroplets (both non-targeted and targeted) elicited no changes in
the cell survival, monolayer permeability or transendothelial electrical resistance and did not
disrupt cell monolayers. The authors hypothesized that ultrasound facilitated drug transport
from the perfluorocarbon nanoparticles into cells by direct cell/nanoparticle interaction that
stimulated lipid exchange and drug delivery rather than by cavitation-induced effects on cell
membranes.

The frequency dependence of particle velocity is different for acoustic streaming and
radiation force, which allowed for the discrimination of the role of each factor in translation
of perfluorocarbon nanodroplets in the ultrasound field in Dayton et al.45. Experimental
results obtained in this paper led the authors to conclude that acoustic streaming dominated
in large blood vessels (with a magnitude of hundreds of micrometers per second for particle
displacement). Radiation force on the particles was expected to dominate in the
microvasculature because acoustic streaming decreases with decreasing vessel diameter.

The mismatch between acoustic impedances of water or tissue (1.4 MRayl) and
perfluorocarbon (apprx. 0.3 MRayl) may promote generation of sheer stresses in the
presence of microbubbles. Sheer stresses may increase inter-endothelial gaps and extra-
cellular space, resulting in increased extravasation and diffusion of drug carriers and drugs
in sonicated tissues 108–114. Acoustic streaming and radiation force can also push
nanoparticles through blood capillary walls thus enhancing extravasation of drug carriers or
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macromolecular drugs 18, 44, 45, 115, 116. In an interesting novel application, the ultrasound
radiation force was used to modulate ligand exposure on the surface of targeted contrast
agents 117. In the initial nanoparticle, the ligand had been hidden in the droplet shell; under
the action of ultrasound, the ligand was exposed to the cell receptor and the properties of the
contrast agent surface changed from stealth to sticky.

Ultimately, the thermal and mechanical action of ultrasound on drug carriers and biological
tissues enhance perfusion, increase extravasation of drugs and/or carriers, and enhance drug
diffusion throughout tumor tissue, facilitating drug penetration through various biological
barriers. The increased intracellular uptake of nanoparticles, genes, and drugs results in
significantly enhanced therapeutic efficacy of conventional drugs 52, 118–124.

Ultrasound as a component of drug delivery system may be coupled with a variety of drug
carriers. Local drug release may be activated using carriers that are sensitive to mechanical,
thermal, or both factors 18, 45, 46, 55, 63, 64, 85, 125–131. Ultrasound treatment has also been
associated with an induced immune response to tumors 132–135.

Ultrasound-Responsive Phase-Shift Nanoemulsions
The use of microbubbles as drug carriers is very attractive because it can allow combining
cost-effective ultrasound imaging with ultrasound-mediated therapy. Due to high acoustic
impedance, both PFP droplets (~0.3 MRayl) and bubbles (≪0.3 MRayl) manifest echogenic
properties 136; however bubbles manifest much higher echogenicity than droplets, which
creates better contrast in ultrasound images. Even more importantly, only bubbles undergo
inertial cavitation (growth and collapse of bubbles in an ultrasound field), which
concentrates ultrasound energy and substantially enhances ultrasound-mediated drug
delivery. Though drug delivery from micelles, liposomes, or emulsions may be
ultrasonically enhanced even without microbubbles 14, 45, 129, 130, 137, 138, presence of
microbubbles dramatically increases intracellular uptake of drugs or genes 56, 83, 139, 140.

Several research groups have concentrated their efforts on developing microbubble-based
drug delivery systems 18, 46, 62, 63, 83, 131, 141, 142. However, as mentioned above, these
systems present inherent problems for tumor targeting. Their very short circulation time
(minutes) and micrometer-range size do not allow effective extravasation into tumor tissue,
which is an essential prerequisite for effective tumor targeting.

The way to solve the above problem may consist in developing stable, drug-loaded, nano-
scaled microbubble precursors that would effectively accumulate in tumor tissue by passive
or active targeting and then convert into microbubbles in situ under the action of tumor-
directed ultrasound. With this in mind, Utah team has recently developed amphiphilic block
copolymer stabilized echogenic (i.e. ultrasound contrast generating) perfluorocarbon (PFC)
nanoemulsions that converted into microbubbles under ultrasound
irradiation 56, 122, 123, 143, 144. The nanoemulsions (droplet size range from 200 nm to 750
nm depending on the type of the copolymer and perfluorocarbon to copolymer concentration
ratio) were produced from drug-loaded poly(ethylene oxide)-co-poly(L-lactide) (PEG-
PLLA), poly(ethylene oxide)-co-poly(D,L-lactide) (PEG-PDLA), or poly(ethylene oxide-co-
polycaprolactone (PEG-PCL) micelles. Their important properties combine drug carrying,
tumor-targeting, enhancing intracellular drug delivery, and enhancing the ultrasound
contrast of tumors.

In what follows, we will focus on perfluorocarbon nanoemulsions that can release their drug
load in response to the ultrasound-induced phase shift.
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Droplet-to-bubble phase transition in dodecafluoropentane nanoemulsions
It has been known for more than a decade starting with a pioneering work by Apfel that
specially designed perfluorocarbon droplets can convert into microbubbles under the action
of ultrasound irradiation 145. This effect, called acoustic droplet vaporization, or ADV has
been thoroughly investigated for albumin coated micrometer-sized dodecafluoropentane
(DDFP) droplets in the works of the University of Michigan group 136, 146–156. Acoustic
droplet vaporization was tested for temporal and spatial control of tissue occlusion 149, as
cavitation nucleation agents for non-thermal ultrasound therapy 155, 157, for enhancing gene
transfer, and for phase aberration correction 148.

Kripfgans et al.136 observed that micrometer-sized PFP droplets can be vaporized into gas
bubbles with the application of short tone bursts in the diagnostic frequency range (1.5–8
MHz). The resulting bubbles were 20–80 µm in diameter. The threshold for vaporization
decreased with increasing ultrasound frequency and insonation time and by introducing
microbubbles 136, 151. The vaporization threshold was higher for smaller droplets 147. These
experiments were recently complemented with optical imaging of the droplet-to-bubble
transition using the ultra-high speed imaging camera 158.

In the works by Rapoport et al., droplet-to-bubble transition in DDFP droplets was shown to
be catalyzed by pre-existing droplets; DDFP droplets were inserted into the gel matrix. The
observed catalytic effect was stronger for lower ultrasound frequencies (Figure 1) 124, 144.
The core of nanodroplets used in the above studies was formed by DDFP that has a boiling
temperature of 29 °C at atmospheric pressure and therefore manifests high propensity for
vaporization at heating. However, for small droplets stabilized by elastic copolymer shells,
the Laplace pressure (i.e. the pressure difference between the inside and the outside of
droplet) may substantially increase boiling temperature. This effect is caused by the surface
tension at the interface between droplet and bulk liquid.

The Laplace pressure is given by

(1)

where Pinside is the pressure inside a droplet, Poutside is the pressure outside a droplet, σ is
the surface tension, and r is droplet radius.

Excessive pressure inside a droplet results in increase of DDFP boiling temperature. This
phenomenon has important consequence for drug delivery. Because Laplace pressure is
inversely proportional to droplet size according to eq.1, smaller droplets have higher boiling
temperatures than larger droplets. The surface tension at the DDFP/water interface for
“naked” (i.e. not surfactant coated) DDFP droplets is 56 ± 1 mN/m.

Using the known parameters of the Antoine equation for the pressure dependence of the
DDFP vaporization temperature 159, the dependence of the DDFP droplet vaporization
temperature on droplet size presented in Figure 2 144 was calculated for two values of the
interfacial tension, 30 mN/m and 50 mN/m, that are typical for PEG-coated colloid
particles 160.

As indicated by Figure 2, even for low values of the surface tension, droplets smaller than 4
µm will remain in the liquid state at physiological temperatures while larger droplets will
evaporate. However, droplets of these sizes are not present in initial nanoemulsions.
Therefore nanodroplets would be expected to circulate as liquid droplets, which is beneficial
for their extravasation into tumor tissue. However temperature increase is not the only factor
that may induce droplet-to-bubble transition. Other factors include nanoemulsion injections
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through small diameter needles and ultrasound (i.e. ADV) 124, 144. The droplet-to-bubble
transition upon injection through needles was first observed for the Echogen
microemulsions; its clinical implications have been discussed in ref. 39. Upon nanoemulsion
injection, some generation of microbubbles in the vascular bed may be beneficial because
microbubble/ultrasound/endothelial lining interaction may result in increased vascular
permeability 79, 80, 82, 116, 161–164. However massive transition of drug-loaded PFP
nanodroplets into microbubbles inside blood vessels should be prevented because only
nanosized particles extravasate into tumor tissue. To prevent excessive droplet-to-bubble
transition in vasculature, systemic injection of PFP nanoemulsions should be performed
either by infusion or injection through low-gauge needles. On the other hand, after
extravasation into tumor tissue, massive droplet-to-bubble transition may be very beneficial.
The latter may be initiated by tumor sonication with therapeutic ultrasound.

DDFP bubbles observed after the vaporization of DDFP nanodroplets in
refs. 123, 124, 136, 143, 144, 151 were undoubtedly secondary bubbles formed from primary
bubbles. Ignoring secondary mechanisms, maximum increase of the droplet diameter upon
complete DDFP vaporization cannot exceed a five-fold increase 47, 56, 136. Therefore for a
500-nm diameter droplet, the expected bubble size upon complete vaporization would be 2.5
µm. However, bubbles of much larger sizes (tens and even hundreds micrometers) have been
observed upon DDFP droplet vaporization. There are at least three different mechanisms of
bubble growth: (1) transition of the preserved liquid into the gaseous phase inside a confined
particle space resulting in a maximal 5-fold increase in droplet diameter as explained above;
(2) droplet coalescence with bubbles or bubble coalescence between themselves; and (3)
diffusion of dissolved air and/or DDFP from small bubbles into larger bubbles (i.e., Oswald
ripening). Oswald ripening may play a significant role in gel or solid matrices where droplet
and bubble diffusion and collisions are restricted or stalled.

The increase of bubble size upon ultrasound-induced vaporization was tested for the
embolotherapy. Experiments performed on the externalized rabbit kidney using albumin-
coated DDFP microdroplets with initial diameter less than 6 micrometers showed perfusion
reduction of more than 70% following the ADV. The authors hypothesized that this effect
may be sufficient for cell death and possible tumor treatment via ischemic necrosis. It was
also suggested that radiofrequency ablation of tumors might also benefit from ADV due to
reduced perfusion and heat loss. These experiments were later extended to externalized
canine kidneys 154. Substantial reduction of cortex perfusion was achieved in some cases.

To elucidate physical mechanisms behind acoustic vaporization of DDFP droplets, Fabiilli
et al. studied the relationship between ADV and inertial cavitation (IC) thresholds by
probing the effects of fluid properties (gas saturation, temperature, viscosity, and surface
tension), and droplet and ultrasound parameters that are known to affect inertial
cavitation 146. In all of these experiments, the ADV threshold was lower than the inertial
cavitation threshold, indicating that the droplet-to-bubble transition preceded inertial
cavitation.

The aim of the recent experiments by Schad and Hynynen 165 was to simultaneously
measure the thresholds for vaporization and inertial cavitation of lipid encapsulated DDFP
droplets of a clinically relevant size. The dependence of these thresholds on droplet size and
exposure duration was investigated at room temperature and 37 °C at acoustic frequencies in
the therapeutic range of 0.578 MHz to 2.855 MHz; the mean sizes of the droplets varied
from 1.19 µm to 5.77 µm. The vaporization threshold was found to decrease with increasing
droplet size and ultrasound frequency. In contrast, the inertial cavitation threshold was not
significantly dependent on the droplet size and increased with increasing sonication
frequency. At 37 °C, all droplets vaporized without inertial cavitation. The authors
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underlined that the results were obtained for insonation times of 10 ms or shorter and that
longer insonation times may yield different results. These results do not rule out the role of
inertial cavitation in promoting droplet vaporization.

Earlier, Gieseke and Hynynen 166 showed that the cavitation threshold pressure was linearly
dependent on the frequency (0.74–3.30 MHz) and not strongly dependent on the burst
lengths of 20, 50 or 100 ms. Later Lo et al. 151 measured the dependence of the cavitation
threshold on the pulse duration for micrometer-sized albumin-coated DDFP droplets at the
pulse duration range from 20 µs to 20 ms at 1.44 MHz; cavitation threshold was found to be
significantly increased for shorter pulses in this pulse duration range.

Furthermore, Gieseke and Hynynen 166 measured the inertial cavitation threshold for
micrometer sized albumin-shelled droplets containing various PFC cores including those
with higher boiling temperature than that of DDPF (i.e. perfluorohexane and
perfluoromethylcyclohexane). The authors found that inertial cavitation thresholds did not
noticeably depend on the perfluorocarbon molecular weights and boiling temperatures and,
thus, the droplets did not need to be in a superheated state to be cavitated by ultrasound
bursts. This was later confirmed in experiments with nano-sized perfluoro-15-crown-5-ether
(PFCE) droplets that effectively converted into bubbles at ultrasound pressures that were
only slightly higher than those for DDFP nanodroplets 123. However the mechanism of
bubble formation from nanodroplets with high boiling temperature is most probably
fundamentally different from the droplet vaporization (see below).

Kawabata et al. 167 showed that nanometer-sized droplets containing a mixture of
perfluoropentane (DDFP) and 2H,3H-perfluoropentane can be vaporized at diagnostic
ultrasound frequencies (4 MHz - to 7.8 MHz) and that vaporization threshold could be
changed by altering relative concentrations of the two PFCs in the droplet 168. The authors
hypothesized that the vaporization of a higher boiling temperature 2H,3H-perfluoropentane
may have been caused not only to the directly delivered ultrasound energy but also by the
energy deposited by ultrasonically induced bubbles of DDFP. “Catalysis” by the pre-
existing microbubbles of the ultrasound-induced droplet-to-bubble transition of nanoscaled
DDFP droplets inserted in the gel matrix was also observed by Rapoport et al. 124, 144, as
illustrated above in Figure 1. This suggests that the droplet-to-bubble transition in
nanoscaled droplets can be effectively catalyzed not only by mixing PFCs of various boiling
temperatures but also by using a broad (or bimodal) size distribution of the initial PFC
droplets because larger droplets conversion threshold is lower for larger droplets.

In vitro studies with a clinical high intensity focused ultrasound system showed a 2.5 times
increase in temperature elevation when nanodroplets were present 169. Similar results were
later obtained by Rapoport et al.; droplet-to-bubble transitions and bubble oscillations in
Agarose gels resulted in enhanced absorption of ultrasound energy and sample heating 123.

Droplet-to-bubble phase transitions in perfluoro-15-crown-5-ether nanoemulsions
Ultrasound-induced vaporization of perfluoro-15-crown-5-ether (PFCE) nanodroplets was
studied by Rapoport et al. 123. The PFCE has a boiling temperature of 146 °C at atmospheric
pressure. However, initiating droplet-to-bubble transition in PFCE nanodroplets required
only slightly higher ultrasound energies than those for DDFP 123 confirming the data by
Gieseke and Hynynen 166. The droplet-to-bubble transition in PFCE nanodroplets was
induced by both, continuous wave or pulsed ultrasound 123 confirming that the droplet-to-
bubble transition had a non-thermal mechanism. A possible mechanism of ultrasound-
induced droplet-to-bubble transition in PFCE has been recently suggested by Rapoport et
al. 123. One possible factor involved in acoustically triggered droplet-to-bubble transition in
PFC nanoemulsions is a high solubility of gases, particularly oxygen. This feature has
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allowed using perfluorocarbon emulsions as blood substitutes 170. According to Henry’s
law, the solubility of gases increases with pressure. It has been hypothesized that during the
rarefactional phase of ultrasound, the evolution of dissolved oxygen into a gas phase
occurred inside the nanodroplet shell, followed by rectified diffusion of dissolved gases
from the surrounding liquid into the resulting nanobubble. According to this hypothesis,
PFCE bubbles contain predominantly a mixture of oxygen and other ambient gases (as well
as a low fraction of PFCE vapor in equilibrium with the PFCE liquid phase). The bubbles
formed were transient in nature; when the ultrasound was turned off, equilibrium between
nanodroplets and surrounding medium was restored and gases with super-equilibrium
concentrations diffused out of bubbles, thus restoring PFCE nanodroplets that precipitated to
the bottom of the test tube. The mechanism suggested has been corroborated by the fact that
degassing PFCE nanoemulsions inhibited the droplet-to-bubble transition; the droplet-to-
bubble transition was restored after the contact with air was re-established.

The mechanism of the bubble formation described above is different from true vaporization
of droplets. However, independent of the specific mechanism of droplet-to-bubble transition,
the effects associated with microbubble cavitation in the ultrasound field will be exerted on
the nanodroplets and biological tissue.

Bubbles formed from either DDFP or PFCE nanodroplets were shown to oscillate and
cavitate in the ultrasound field, as manifested by the generation of harmonic, sub-harmonic
frequencies and broadband noise in the fast Fourier transform (FFT) spectra of the scattered
ultrasound beam 123, 124, 143.

The material presented above implies that drug-loaded, nano-scaled droplets could serve as
microbubble precursors that have a prospect of accumulating in tumors due to their
nanoscale sizes and then convert into microbubbles in situ under tumor sonication.

Block copolymer stabilized perfluorocarbon nanoemulsions as drug
carriers

Amphiphilic block copolymer stabilized PFC nanodroplets were used as drug carriers in
works by Rapoport et al. 47, 56, 122–124, 143, 144. To form block copolymer stabilized
nanodroplets, perfluorocarbon (PFC) compounds, e.g. DDFP or perfluoro-15-crown-5-ether
(PFCE) are introduced into micellar solutions of amphiphilic block copolymers (i.e. PEG-
PDLA or PEG-PCL) and emulsified 47, 56, 123, 124. At low PFC concentrations, PFC is
dissolved in micelle cores. When the PFC concentration exceeds the limit of solubility in a
micelle core, the PFC evolves into a separate nanodroplet phase so that former micelle core
turns into a droplet shell; in some range of the PFC concentrations, micelles coexist with
nanodroplets; at still higher PFC concentrations, all block copolymer is used for droplet
stabilization and micelles disappear. The phase diagram of the PFC/copolymer system is
presented schematically in Fig. 3 47, 56, 123.

Droplet shells contain two layers: the inner layer formed by a hydrophobic block of a block
copolymer (e.g. polylactide or polycaprolactone) and the outer layer formed by a
hydrophilic block, usually PEG, as shown schematically in Figure 4A. If a lipophilic drug
has been encapsulated in micelle cores, the drug is transferred from micelles onto the droplet
surface and gets localized in the inner hydrophobic layer of the shell, as exemplified by the
laser confocal imaging of doxorubicin (DOX) encapsulating droplets (Figure 4B).

An important advantage of phase-shift perfluorocarbon nanoemulsions as drug carriers is the
ultrasound-induced generation of highly echogenic microbubbles as manifested by the
formation of highly echogenic specks in ultrasound images 56, 123, 124, 143, 144;
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perfluorocarbon nanodroplets are actually theragnostic agents that may allow monitoring
nanodroplet-based therapy by ultrasound imaging.

Therapeutic outcomes and anticipated mechanisms of drug delivery with
perfluorocarbon nanodroplets

In vitro, successful ultrasound-triggered delivery of paclitaxel (PTX) to monolayers of
prostate cancer cells was reported by Dayton et al. for a phospholipid-coated
perfluorohexane nanoemulsion developed by ImaRx 45. Promising in vitro results were also
obtained for delivery of a chemotherapeutic drug camptothecin to melanomas and ovarian
cancer cells using ultrasound-activated perfluorocarbon nanodroplets stabilized by
phospholipids and/or Pluronic F68 5. The formulations manifested a mean droplet diameter
of 220–420 nm; confocal laser scanning microscopy confirmed nanoemulsion uptake into
cells.

Fabiilli et al. tested in vitro albumin/soybean oil coated DDFP microdroplets as delivery
vehicles for the lipophilic drug chlorambucil 152. Application of ultrasound almost doubled
cell killing by the drug.

Strong therapeutic effects using drug loaded perfluorocarbon nanoemulsions and ultrasound
were also reported in vivo. Tumor treatment with drug-loaded lipid-stabilized PFOB or
PFCE perfluorocarbon nanoemulsions was studied in works by the Lanza and Wickline
group in the Washington University 1, 171–173. The mechanism of ultrasound-mediated drug
delivery proposed by the authors was based on the radiation force enhanced droplet/cell
contact resulting in efficient drug delivery. According to this mechanism, ultrasound
application enhances contact and fusion of cell membranes and phospholipid coated
nanodroplets, resulting in the transfer of drug from nanodroplet shells into the interior of the
cell. This mechanism can be operative for lipid-coated nanodroplets but would be hardly
functioning for nanodroplets stabilized with PEG-containing block copolymers. The
mechanism proposed by Rapoport et al. 124, for block copolymer stabilized perfluorocarbon
nanodroplets is based on the droplet-to-bubble transition as presented schematically in
Figure 5. Upon droplet-to-bubble transition, the particle volume increases dramatically,
which is accompanied by a decrease of the thickness of the droplet shell. This is expected to
favor the release of encapsulated drug, especially under the ultrasound action that “rips off”
drug from the droplet surface. In addition, the increase of surface area decreases copolymer
concentration on the surface and may even create “naked” patches that would also facilitate
drug release.

Drug transition from bubbles to cells under the action of ultrasound was observed in model
experiments presented in Fig. 6 56. DOX-loaded microbubbles were prepared by injections
of drug-loaded nanodroplets into the capillary through the high-gauge needle (Figure 6A).
Without ultrasound, breast cancer MDA MB231 cells incubated with microbubbles for 30
minutes did not develop visible fluorescence indicating the DOX was tightly retained in the
microbubble shells. A 30-s exposure to 3-MHz ultrasound resulted in bubbles loosing
fluorescence or being popped while cells acquired strong fluorescence (Figure 6B).

Drug retention by nanodroplets and microbubbles in vivo was confirmed in experiments
with bi-lateral ovarian carcinoma tumors inoculated in a nude mouse were used (Figure 7).
This mouse was treated by four systemic injections of nanodroplet encapsulated PTX (20
mg/kg as PTX) given twice weekly; only one (the right) tumor was sonicated by 1-MHz CW
ultrasound at a nominal output power density 3.4 W/cm2 with exposure duration of 1 min.
The unsonicated left tumor grew with the same rate as control tumors. In contrast, the
sonicated tumor appeared completely resolved after the treatments. This data suggested that
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without ultrasound, the drug (paclitaxel) was tightly retained inside the DDFP droplet walls
formed by a PEG-PLLA block copolymer, but was effectively released under the action of
tumor-directed therapeutic ultrasound. Tight drug retention by the nanodroplet carrier in
vivo is expected to provide protection for healthy tissues. On the other hand, effective
ultrasound-induced PTX release into the tumor volume results in efficient localized tumor
regression.

The therapeutic properties of drug-loaded DDFP and PFCE nanodroplets combined with 1-
MHz ultrasound were reported by Rapoport et al. 123, 124. The effects of the empty (i.e. not
drug loaded) and PTX-loaded PFCE nanodroplets were compared in experiments with
pancreatic tumor bearing mice. Tumors were transfected with red fluorescence protein
(RFP) in order to allow intravital imaging. Cell survival monitoring was based on the fact
that dead cells lose fluorescence. Tumors were sonicated using a focused ultrasound
transducer under the MRI control with temperature monitored during treatment using MRI
thermometry 123.

In this and similar experiments, no trace of tumor cell death was observed in mice injected
with empty nanodroplets. In contrast, tumor cell death was clearly manifested in mice
injected with PTX-loaded nanodroplets (Figure 8, compare tumor fluorescence images
before (A) and after (B) focused ultrasound treatment). The dark area of non-viable cells
(approximately 4 mm diameter “crater”) corresponded to the area treated with focused
ultrasound. Despite the fact that only a fraction of the total tumor volume was treated by
ultrasound, a significant delay of tumor growth was observed in a mouse treated with PTX-
loaded nanoemulsions combined with focused ultrasound 123. These and similar results
suggest that: (i) the therapeutic action results from the action of drug rather than mechanical
or thermal cell killing by ultrasound; (ii) the therapeutic action of nanodroplet-encapsulated
drug is substantially enhanced by ultrasound whether this results from enhanced nanodroplet
extravasation, ultrasound-triggered drug release from nanodroplets, hyperthermia effect
caused by a 10 °C additional heating, enhanced intracellular droplet and drug uptake, or all
of the above; (iii) the delayed tumor growth in the PTX-treated mouse suggests that under
ultrasound, drug was spread from sonicated areas throughout the tumor volume by enhanced
convection or diffusion. A strong therapeutic effect was also observed for a breast cancer
treatment with PFCE nanodroplet-encapsulated PTX and focused ultrasound 123.

In the experiments by the Lanza and Wickline group, a technology was developed to impart
active targeting properties to lipid coated nanodroplets. Integrin-targeted perfluorocarbon-
based nanoparticles (250 nm diameter) were used for imaging ανβ(3) integrin receptor
expression in tumors. The tumor-to-muscle droplet accumulation ratio was found to be 7 for
targeted nanodroplets and 3 for non-targeted nanodroplets. Targeted nanodroplets were used
for diagnosis and therapy of atherosclerosis 3, 174, 175. This group also used molecularly
targeted lipid-coated perfluorocarbon-based nanoparticles for in vivo delivery of a highly
toxic amphipathic cytolytic peptide, melittin, to tumor bearing mice. Melittin was
incorporated into the outer lipid monolayer of a perfluorocarbon nanoparticle. The authors
observed a dramatic reduction in tumor growth without any apparent signs of toxicity.
Furthermore, it was demonstrated that molecularly targeted nanocarriers selectively
delivered melittin to multiple tumor targets, including endothelial and cancer cells,
supposedly through a hemifusion mechanism. The review paper on using liquid
perfluorocarbon nanoparticles as 19F molecular imaging and targeted drug delivery agents in
cancer and cardiovascular diseases has been recently published by this group 171.

For delivering water soluble compounds (fluorescein or thrombin), a double emulsion
technique has been developed 153.
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A step forward in enhancing contrast and delivery properties of perfluorocarbon
nanodroplets has been recently made by Emelianov’s group176. The authors manufactured
so called photoacoustic nanodroplets by dispersing plasmonic nanoparticles in liquid
perfluorocarbon nanodroplets as shown schematically in Figure 9. Pulsed laser irradiation
triggered a liquid-to-gas phase transition in liquid perfluorocarbon droplet generating giant
photoacoustic transients while the gaseous phase provided ultrasound contrast enhancement.
It was demonstrated in phantom and animal studies that via optically triggered vaporization,
photoacoustic nanodroplets acted as dual-contrast agents for both photoacoustic and
ultrasound imaging (Figure 10).

A new approach to the generation of highly acoustically active prefluorocarbon droplet was
recently suggested by Sheeran et al.177. The authors formulated droplets from a highly
volatile decafluorobutane (DFB) (boiling point about -2 °C). The micrometer size droplets
were generated from the condensed DFB gas by extrusion with a lipid formulation in
HEPES buffer. The nanoscale droplets (200 nm to 300 nm diameter) were generated by
condensation of preformed DFB microbubbles. Nanodroplets were stable at physiological
temperatures but were activated by ultrasound using pressures within the FDA guidelines for
diagnostic imaging, which may minimize the potential for bioeffects in humans. Acoustic
characterization of submicrometer perfluorocarbon droplets studied by Reznik et al. also
suggested that vaporization may be induced by diagnostic 7.5 MHz ultrasound at a
mechanical index in diagnostic range (MI < 1)178.

Taken together, these results suggest that drug loaded perfluorocarbon nanoemulsion in
combination with ultrasound treatment can provide efficient therapy of a broad spectrum of
diseases.

Conclusions and Outlook
Controlled drug delivery has been a goal of the bioengineering community ever since the
‘magic bullet’ concept was introduced by Paul Ehrlich over a century ago. By combining
tissue targeting with active release mechanisms, this formerly illusive goal is turning into
medical reality. An unprecedented opportunity to localize drug delivery is associated with
developing stimulus responsive drug carriers, particularly ultrasound-responsive
perfluorocarbon nanoemulsions. This novel technology has demonstrated excellent
therapeutic potential in murine cancer models. Phase-shift nanoemulsions can be
functionalized as actively targeted agents or as therapy-plus-imaging (theragnostic) probes.

Much in vivo work remains to be done for introducing phase-shift nanoparticles into clinical
practice. Transition to experiments on larger animal models is a critical task. Passive
targeting of nanoparticles may be more challenging in larger animals and human than in
small animal models due to much smaller tumor-to-body volume ratio in large animals.
Identifying more selective surface receptors is also a crucial task for active targeting. Design
of optimal clinical drug delivery systems involves the identification of targets and tracking
delivery systems in the body, guidance of therapy, and monitoring of immediate and delayed
therapeutic response. These problems remain to be addressed in future translational studies.
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Figure 1.
DDFP/PEG-PLLA microbubbles inserted into a plasma clot (A) – before; (B) and (C) - after
1-min sonication at room temperature; ultrasound parameters: (B) – 1 MHz, 3.4 W/cm2
nominal power density; (C) – 90 kHz, 2.8 W/cm2.
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Figure 2.
Calculated dependence of the DDFP vaporization temperature on the droplet size for two
values of the surface tension, 30 mN/m and 50 mN/m.

Rapoport Page 24

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Schematic representation of the phase diagram of PFC/copolymer formulation in aqueous
environment: points – micelles; circles – droplets. The dotted line corresponds to critical
micelle concentration of copolymer below which neither micelles nor droplets can be
formed. Zone 1 corresponds to micellar solutions with PFC dissolved in micelle cores; zone
2 corresponds to micelle/droplet mixtures; finally, zone 3 corresponds to droplets only. At a
fixed copolymer concentration, transition proceeds from zone 1 to zone 2 to zone 3 upon
increasing PFC concentration. Adapted from ref. 56 with permission.
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Figure 4.
(A) – The scheme of the nanodroplet structure. In nanodroplets, perfluorocarbon compounds
form droplet cores while amphiphilic block copolymers form droplet shells that contain two
layers. The inner layer is formed by the hydrophobic block of the block copolymer (e.g.
polylactide or polycaprolactone) while the outer layer is formed by the hydrophilic block,
PEG. Lipophilic drugs are encapsulated in the hydrophobic inner layer. (B) - laser confocal
images of the PFCE/PEG-PCL droplets with encapsulated DOX. Some micrometer-scale
droplets presented in panel (B) have been specially generated for better visualization of
DOX distribution. DOX localization on the droplet surface is manifested by fluorescence.
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Figure 5.
Schematic illustration of drug transfer from droplets to bubbles to cells under the action of
ultrasound. Adapted from ref. 124 with permission from Elsevier.
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Figure 6.
(A) - The doxorubicin-derived fluorescence (red) of the microbubbles was clearly localized
in the bubble walls formed by the bubble-stabilizing copolymer. (B) – upon a 30-s exposure
to 3-MHz ultrasound at 2 W/cm2 power density, the cells incubated with DOX-loaded
microbubbles acquired strong fluorescence while bubbles lost fluorescence or were popped.
Modified from ref. 56.
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Figure 7.
A mouse bearing bi-lateral ovarian carcinoma tumors was treated by four systemic
injections of nanodroplet encapsulated PTX (20 mg/kg as PTX) given twice weekly; only
one (the right) tumor was sonicated by1-MHz ultrasound at a nominal output power density
3.4 W/cm2, exposure duration 1 min; ultrasound was delivered 4.5 hours after the injection
of the drug formulation. The left tumor grew at the same rate as untreated controls tumors
while the right tumor appeared completely resolved. Adapted from ref. 124 with permission
from Elsevier.
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Figure 8.
Intravital fluorescence images of subcutaneous pancreatic tumors before (A) and 3 days
after focused ultrasound treatment (B). A mouse was injected with PTX-loaded droplets 1%
PFCE/5%PEG-PDLA droplets six hours before ultrasound treatment; DOX dose was 40 mg/
kg. Conditions of ultrasound treatment: Ultrasound beam was steered for 50 s in a circle of 4
mm diameter (8 “points”, 200 ms/point, 30 circles per treatment resulting in a total 6 s
sonication of each “point” with a maximum power density in the focal zone of 54 W/cm2).
MRI thermometry showed tumor heating by about 10 °C. Adapted from ref. 123 with
permission from Elsevier.
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Figure 9.
Photoacoustic nanodroplets (PAnD) concept and mechanisms. (a) Diagram depicting the
dual-contrast agent concept – photoacoustic droplet consisting of plasmonic nanoparticles
suspended in encapsulated PFC (a super-heated liquid at body temperature) and capped with
a BSA shell. PAnDs may further contain therapeutic cargo and be surface functionalized for
molecular targeting and cell-particle interactions. (b) Step-by-step diagram of remote
activation of PAnDs, providing photoacoustic signal via two mechanisms: vaporization of
PAnDs (steps 2–3) and thermal expansion caused by plasmonic nanoparticles (steps 4–5).
The resulting gas microbubble of PFC (step 6) provides ultrasound contrast due to acoustic
impedance mismatch between gas and the surround environment. Adapted from ref.176 with
permission.
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Figure 10.
Ultrasound contrast enhancement in vitro. (a) Depiction of the gas phase of a PAnD after
laser triggered vaporization has occurred. These microbubbles provide significant acoustic
impedance mismatch between the PFC gas and the surrounding environment. (b) Optical
images of a hydrogel with PAnDs before laser exposure and after laser exposure. Individual
droplets are expected to create bubbles approximately 5 time the diameter of the original
droplet. The larger bubbles are due to rapid coalescence of smaller bubbles. Scale bars
represent 50 µm. (c) Sequential US frames captured as the laser irradiation produced desired
pattern in the phantom. The image before laser irradiation illustrates that the ultrasound field
alone does not activate PAnDs (i.e., does not initiate the liquid-to-gas transfer of the PFC).
As PAnDs are irradiated with laser beam at corresponding positions, the microbubbles are
locally triggered, resulting in ultrasound contrast enhancement. Each individual spot is
approximately 1 mm, with the final letters standing 1.2 cm tall and 0.5 cm wide. Images are
in 20 dB scale. Adapted from ref.176 with permission.
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Figure 11.
Schematic representation of the generation of lipid-encapsulated decafluorobutane (DFB)
nanodroplets based upon condensation of preformed DFB microbubbles. Adapted from
ref.177 with permission.
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