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Ultrasound-mediated delivery facilitated by microbubbles provides a novel means for
intracellular drug and gene delivery and particularly a noninvasive strategy uniquely suitable
for clinical applications. Spatiotemporally controllable application of ultrasound energy
combined with microbubbles make it possible for site-specific delivery of therapeutic agents
to the region-of-interest with minimal undesirable systemic side effects. By inducing rapid
expansion/contraction and/or collapse of microbubbles, ultrasound application can
temporarily increase the cell membrane permeability (sonoporation) to create a physical
route for impermeable agents to enter the cells. Sonoporation is transient and dynamic,
involving complex processes of bubble physics, bubble—cell interactions, and subsequent
cellular effects that all affect the ultimate delivery outcome. This review summarizes the
studies on the important aspects of the mechanisms of ultrasound-mediated delivery,
provides illustrative examples of applications, and discusses the challenges and limitations
of the technigue. Microbubbles have been used for several decades as a contrast agent for
ultrasound imaging [1]. The small size of microbubbles allows them access to well-
perfused organs when injected into the vasculature, and their gas core efficiently reflects and
scatters the incident ultrasound field, thereby increasing image contrast between the
vasculature and the surrounding tissue. Recent developments in microbubble technology
have enabled molecular imaging via targeting of the microbubbles to molecular markers of
disease expressed on the surface of cells [2]. In addition to imaging, innovation in
microbubbles has opened new opportunities for targeted drug and gene delivery. Ultrasound
excitation of microbubbles has been exploited to increase vascular and cell membrane
permeability and facilitate the passage of therapeutic agents across the vascular barrier and
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cell membrane into the cytoplasm for drug and gene transfection [3-7]. The ultrasound
delivery technique, with the advantage of noninvasive, spatiotemporaly controllable
ultrasound application combined with functionalized micro-bubbles, holds great promise to
provide new therapeutic strategies.

However, even with recent progress in the field, challenges remain, including relatively low
delivery efficiency and large variation of delivery outcome. Better understanding of the
underlying mechanisms is thus of great importance to optimize this technique and promote
its translation towards clinical application.

Although the mechanisms of ultrasound- and microbubble-facilitated intracellular delivery
have not yet been fully understood, a direct physical route of transport often termed
sonoporation is most likely involved [8-10]. The dynamic response of the microbubbles
driven by ultrasound as well as the interaction between the microbubbles and the cell
membrane are key factors in determining delivery efficiency. Other factors such as the
cellular response, the kinetics and metabolism of therapeutic agents in the cytoplasm, also
play important roles in the ultimate outcome of ultrasound-mediated delivery. In this review,
we first summarize progress in these aspects and then discuss limitations and challenges that
the technique currently faces.

Responses of microbubbles to Ultrasound excitation

Due to the high compressibility of the gas core compared with the surrounding liquid
medium, micro-bubbles are highly responsive to ultrasound excitation and exhibit robust
dynamic behaviors under the influence of ultrasound [11]. The typical microbubbles used as
ultrasound imaging contrast agents are engineered microbubbles with a water-insoluble gas
core that is usually encapsulated with a thin layer made of lipid, polymer, or protein, with a
thickness in the range of 10-100 nm [12]. Fluorinated gases are often used in the core
because of their high permeation resistance into the surrounding fluid as compared with
gases with lower molecular weights [13]. The encapsulating layer for commercially
available microbubbles is typically composed of protein (e.g., denatured human albumin in
Optison™) or lipid (e.g., Definity™, Sonovue™, Micromarker™), although polymer-based
formulations have also been developed [14]. The encapsulating layer stabilizes the
microbubbles and prolongs their lifetime by limiting gas diffusion and reducing the surface
tension [15], therefore providing a reasonable time window for ultrasound imaging and
therapy. Although the encapsulation layer alters the characteristics of microbubbles such as
viscous damping and microbubble resonance frequency [16], encapsulated bubbles are still
highly responsive to ultrasound excitations, exhibiting generally similar behaviors as free
bubbles.

The most recent generation of microbubbles has been designed to target specific receptors
on the cell surface [2]. These targeted microbubbles are typically constructed by attaching
ligands to the encapsulating shell [17]. For example, in a lipid-based shell, small hydrophilic
ligands can be attached to the distal end of the lipopolymer molecule via covalent bonding.
Alternatively, a biotinylated ligand can be attached to a biotinylated microbubble via an
avidin bridge. Ligands can include antibodies, peptides, and vitamins, depending on the
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desired target and other immunogenic considerations [13]. In addition to targeting cells,
ligands can also be used to attach desired payloads such as nanoparticles loaded with drugs
or genes [18].

The dynamic activities of ultrasound excitation of microbubbles are critical in sonoporation.
Without ultrasound stimulation, stationary microbubbles themselves alone do not generate
any delivery, an observation that has been demonstrated by control experiments in numerous
reported studies. Below we summarize the typical microbubble responses to ultrasound
excitation.

During the alternating cycles of rarefaction and compression generated by an ultrasound
field, microbubbles repeatedly expand and contract due to the change in acoustic pressure.
The system is analogous to a driven mass on a spring, where the spring is the gas volume of
the bubble, the mass is the inertia of the fluid surrounding the bubble, and the alternating
acoustic pressure drives the system to oscillate. With low magnitudes of acoustic pressure,
microbubbles exhibit stable cavitation, oscillating with relatively small amplitude around
their equilibrium volume at the frequency of the ultrasound exposure, as modeled by the
Rayleigh—Plesset equation and its related formulations [11]. If the microbubble is attached to
a cell, then the expansion and contraction of the microbubble will push and pull on the cell,
potentially leading to membrane opening (Figure 1A & B).

The rapid expansion and contraction of a microbubble can also generate fluid flow near the
microbubble in the form of microstreaming. For example, in experiments performed with
cells in vitro, the microbubbles are adjacent to the cell and a solid surface. Under these
conditions, the acoustic pressure field induces a superposition of bubble volumetric
oscillations and oscillatory translational motion of a bubble’s center-of-mass [20]. This
motion, together with the no-slip boundary condition at the solid surface, results in vortical
bulk fluid flow (Figure 1D) [20,21]. This microstreaming results in shear stresses being
exerted on the adjacent cells that can be sufficient in some cases to cause sonoporation
[22,23].

When acoustic pressure is above a certain threshold, transient cavitation of microbubbles
occurs with significant volume expansion (typically to more than twice of their original
radius) and followed by collapse during compression. This transient cavitation is also called
inertial cavitation, as the volumetric changes of the microbubbles no longer follow the
frequency of incoming ultrasound but are dominated by the inertia of the surrounding liquid
[11]. During the collapse, extremely high temperature and pressure can be generated in the
center of the microbubble core, often accompanied by the generation of shock waves, high
speed fluid microjets, reactive free radicals, and sometimes even photons
(sonoluminescence) [8,24-27]. The existence of inertial cavitation in a volume can be
detected acoustically by the elevated broadband noise level that occurs during bubble
collapse [28-30]. Inertial cavitation has also been shown to be involved in the release of
micelle-encapsulated drugs [31].
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When a bubble is located near a solid surface, as when microbubbles are introduced near
cells invitro, induction of inertial cavitation by an acoustic wave can result in jetting [32—
34]. During collapse of the bubble, the presence of the solid surface causes the fluid at the
far side of the bubble from the solid surface to move differently from the fluid near the solid
surface. This asymmetric movement of fluid can cause a jet of fluid to move through the
center of the bubble toward the solid surface, resulting in a toroidal bubble, which
eventually collapses or fragments due to its inherent instability [35]. For macroscopic (mm
sized) bubbles, the high-speed of the jet can result in pitting or erosion of solid surfaces [36].
For microbubbles adjacent to cells, microjetting has been proposed as another mechanism
for sonoporation (Figure 1C).

The use of ultrafast cameras with frame rates up to millions of frames/s has enabled direct
optical observation of microbubble dynamics, greatly enhancing the understanding of the
transient process of interaction between activated microbubble and cells. For example,
imaging at 500 kframes/s showed that 4.5 um-diameter microbubble next to a flat surface
oscillated and imploded violently when exposed to ultrasound, forming a fluidic microjet
directed toward the cell membrane of a cell cultured in vitro (Figure 2A) [8]. Still, others
have argued that microjetting is not the dominant source of most sonoporation events based
on computational and experimental analysis relating jet length to pore size [37,38]. Other
studies showed that ultrasound could cause asymmetric oscillations, fragmentation, and
jetting of microbubbles; bending and displacement of cells; and delivery of the extracellular
agent propidium iodide (PI) [39,40]. Pl is a 668.4 Da marker molecule often used for
sonoporation studies because its fluorescence spectrum is shifted and significantly enhanced
when it enters the cell and binds with intracellular nucleic acids. In another study, ultrafast
photographs revealed that microbubbles underwent stable cavitation with the alternating
expansion and contraction repeatedly disturbing the cell membrane, subsequently resulting
in the intracellular uptake of PI (Figure 2B) [41]. A similar study with targeted microbubbles
showed that sonoporation was induced when the relative vibration amplitude of the
microbubbles was larger than 0.5 and with lower acoustic pressures than nontargeted
microbubbles [42]. Moreover, direct optical evidence has demonstrated that microstreaming
generated by a stably oscillating bubbles can entrain approaching lipid vesicles and later tear
them up due to the high shear stresses induced [20]. Studies using commercially available
nontargeted microbubbles (Optison™, Definity™) with passive acoustical cavitation
detection have suggested that microstreaming is a more plausible explanation for
sonoporation given that a significant level of sonoporation is observed when the peak
rarefactional pressure is below the threshold for inertial cavitation [43-45]. However, it is
important to keep in mind that measurements are often dependent on specific experimental
configurations and spatial relationship of microbubbles with regard to cells. Differences in
these aspects could lead to different values of ultrasound pressures responsible for
sonoporation and cavitation.

While sonoporation studies have shown that the most significant results occur in the
presence of microbubbles to initiate cavitation, it has also been hypothesized that ultrasound
may induce intramembrane cavitation (‘bilayer sonophore’) under some conditions without
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microbubbles, based on evidence from transmission electron microscopy (TEM) imaging
[48].

Microbubble behaviors affected by acoustic radiation forces

In addition to cavitation, acoustic radiation forces associated with the incident ultrasound
field also affect microbubbles and play a role in sonoporation. For example, we have
demonstrated that single laser-generated bubbles can be directed toward a Xenopus laevis
oocyte by use of the primary acoustic radiation force to push the bubble toward the cell prior
to induction of cavitation, thereby allowing for study of the range of cavitation impact on
cells [47]. More recently, a study has shown that microbubbles can be pushed into cells
using primary acoustic radiation force at a low mechanical index, without causing inertial
cavitation (Figure 1E) [19]. In addition, studies have shown that targeted microbubbles can
be pushed by acoustic radiation force towards the vessel wall during ultrasound molecular
imaging procedure, thus promoting binding of the targeted microbubbles and their retention
at the diseased area [48,49]. To efficiently cause micro-bubble translation without causing
bubble destruction, cavitation (volume expansion/contraction) of the microbubbles needs to
be minimized by lowering the acoustic pressure and/or using driving frequencies away from
the bubbles’ resonance frequency along with longer exposure time.

If two or more microbubbles exist in the ultrasound field, then these microbubbles are also
affected by secondary acoustic radiation forces, which result from the ultrasound scattered
from other microbubbles within the incident ultrasound field. Driven by the secondary
radiation force, microbubbles attract or repel from each other, depending on the phase of the
volumetric oscillation. The secondary acoustic radiation force has been used to
quantitatively investigate the binding force between receptors on a cell surface and the
ligands on the targeted microbubble surface [50]. When multiple microbubbles are present
in the vicinity of each other, secondary acoustic radiation force may cause them to move
toward each other and form aggregates; when the acoustic pressure is high enough,
microbubbles can fuse and form a large bubble [51]. Secondary acoustic radiation force can
also cause adjacent targeted microbubbles bound to a functionalized substrate to attract and
deform in a prolate shape with forces on the order of 1-2 nN, which is enough in some cases
to pull out the lipid binding anchors from the microbubble shell [52]. These changes of
microbubbles result in changes of their response and effects on cells, thereby significantly
affecting ultrasound mediated delivery.

Ultrasound parameters & experimental setup affecting bubble activities & sonoporation

Investigation of single bubble dynamic behaviors in the microsecond time scale using
ultrafast videomicroscopy has greatly increased our understanding of the transient cavitation
process and its effect on sonoporation. However, the response of isolated microbubbles
under highly controlled experimental conditions may differ significantly from the conditions
that exist in realistic scenarios of practical applications, where the larger number of
microbubbles, different ultrasound parameters (e.g., longer exposure times, diverse pulse
repetition frequencies), and various geometries may all affect the bubble activities.
Understanding of microbubble responses in such circumstances will be important to develop
strategies to optimize the delivery outcome.
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Microbubbles can exist and oscillate for thousands of cycles when driven by ultrasound
pulses at low pressures (e.g., up to 20,000 cycles at 0.1 MPa), but they can also rapidly
disappear when higher pressures are applied (e.g., lasting only up to 100 ps or 100 cycles at
0.4 MPa) [53]. In our recent study, we used a high speed camera (20 kframe/s) to
continuously record microbubble dynamic activities driven by 1 s of pulsed ultrasound to
examine the responses of a population of microbubbles to ultrasound application [54]. We
observed diverse dynamics of microbubbles subjected to a wide range of ultrasound
parameters. However, systematic analysis based on the rate of change of the bubble radius
and the total bubble movement allowed us to identify three characteristic types of bubble
dynamic behaviors including stable cavitation, translation and aggregation, and inertial
cavitation (Figure 3). Inertial cavitation, which occurred when ultrasound pulses are short
with high acoustic pressures (e.g., 8 us pulse duration, 0.4 MPa acoustic pressure, 20 Hz
pulse repetition frequencies, and 1 s total exposure), led to the highest rate of delivery and
lowest cell death.

In addition to ultrasound parameters, geometrical configuration is another factor that can
strongly influence microbubble response. Experiments in vitro have been conducted in
centrifuge tubes or petri dishes, enclosed thin chambers (such as Opticell™), and cellulose
tubes or vessels. In a centrifuge tube or petri dish, microbubbles were typically freely
floating in the bulk solution. The random locations of micro-bubbles relative to cells may
require long durations of ultrasound application (e.g., 0.1 to several seconds) to allow the
direct interaction of microbubbles with cells to occur [55-57]. In experiments where a thin
chamber was used, the cells were attached on the upper surface facing down, allowing the
microbubbles to float up to be in close vicinity of cells. In this scenario, short ultrasound
pulses (us—ms time scale) may be sufficient to induce intracellular uptake [10,40-41]. For
experiments where microbubbles were inside a microvessel with inner diameter comparable
to the microbubble diameter, even a single short ultrasound pulse excitation (2 pus) was
enough for the microbubble to exert influences on the vessel wall [58].

Transient delivery processes across the cell membrane

Pore size

It has been repeatedly illustrated that one of the main routes for ultrasound-mediated
intracellular delivery is the formation of reversible and nonspecific pores on cell membrane.
The transient disruption of the cell membrane generates a physical pathway for impermeable
extracellular agents to enter the cell cytoplasm.

Direct physical evidence of membrane perforation has been obtained using scanning
electron microscopy (SEM), which revealed the presence of pores with diameters from 100
nm to several micrometers [40,56,59-61,56]. Atomic force microscopy (AFM), TEM, and
confocal fluorescence microscopy have confirmed plasma membrane discontinuities on
ultrasound-treated cell surfaces, although the diameter of the disruption varies over a wide
range, from several nanometers to scores of micrometers [8,9,60-62]. Representative images
of pore formation captured using various techniques are shown in Figure 4. Higher acoustic
pressures and longer exposure times have also been shown to generally create larger pores
as measured by SEM and AFM [63,64]. Significant changes in surface topography changes
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have been observed via AFM with peak-to-peak variation and surface roughness increasing
after ultrasound treatment in the presence of microbubbles [62].

Care must be taken when interpreting results from imaging using these methods. As cells are
typically fixed and prepared for imaging long after ultrasound exposure, pores may have
already resealed completely or partially at the time of examination. Thus the images may not
reveal the full or actual distribution of the pores generated during sonoporation for
intracellular delivery.

Efforts have been made to estimate the pore size assuming that the pore is circular with a
single ‘effective’ diameter and that passive diffusion is the predominant mechanism for
transport into cell. Based on experimentally measured uptake of different-sized molecules at
different times after ultrasound exposure, a model was constructed that predicted 150-300
um pores closing with half-lives of 20-50 s [65]. Applying a quasi-steady electro-diffusion
model to the measured transmembrane currents of single cells under a voltage clamp [66],
our laboratory has estimated that the effective pore diameter was 110 £ 40 nm in Xenopus
laevis oocytes using free microbubbles and ultrasound pulses of 0.1 s [66] and 15.7 + 2.6 nm
in HEK-293 cells using targeted microbubbles with ultrasound pulses of 8 us [67]. We have
also determined effective pore size by fitting a 2D diffusion model to the evolution of 2D
fluorescence intensity of PI in cytoplasm over time (Figure 5B-E) [67]. Using this method,
the maximum pore diameter was estimated to be from several nanometers to 100 nm.

Ultrasound conditions determine bubble behaviors, which in turn, determine the size of
pores generated during sonoporation. In addition, different cell types may respond
differently to the same ultrasound conditions both in terms of the poration and resealing
processes, although there has been limited systematic study in this regard. In the studies
using a postultrasound assay (such as SEM, TEM, AFM), the time point when the sonicated
cell was fixed becomes another element that may induce variation in the pore size observed.
Evidence also exists that ultrasound may be able to induce endocytosis, such that the
intracellular uptake may not be due to physical pore formation entirely, particularly for
transport of larger molecules (see the section “Nuclear membrane transport and gene
expression for additional discussion”).

The dynamic process of pore formation & resealing

Due to the transient and microscopic nature of sonoporation, it is challenging to obtain real
time information of pore formation and resealing. We have employed voltage-clamp and
patch-clamp techniques as an novel strategy for real-time monitoring of sonoporation by
measuring the transmembrane currents generated in single cells under voltage clamp [67-
70]. When ultrasound was applied to generate sonoporation, the inward transmembrane
current of a cell under voltage clamp increased as a result, indicating pore formation on the
cell membrane. The recovery of the transmembrane current to its previous level indicates the
resealing of the pore (Figure 5).

Our earlier studies using Xenopus laevis oocytes as a model system revealed two resealing
processes (fast/early and slow/late processes) with different time constants, 0.11-0.21 s™1
for slow resealing and 0.79-1.19 s™1 for fast resealing [70]. Our recent study of HEK293
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cells using targeted microbubbles confirmed that the dual exponential mathematical model
can describe the resealing process, with the time constants for slow and fast process as 0.17
+0.05s 1 and 4.21 £ 0.26 s, respectively (Figure 5G & H) [67]. The similarity of slow
time constants and difference in fast time constants may indicate cell-independent and cell-
dependent mechanisms involved in pore resealing. The detailed origin of the two time scales
is not entirely clear, but may reflect multiple different biophysical mechanisms acting during
the resealing process, as discussed in the section “Mechanisms of cell membrane resealing”
below.

Real-time spatiotemporal fluorescence measurements have also been used to directly relate
pore formation with intracellular transport of an exogenous agent (e.g., PI). Typically
intracellular fluorescence increases after ultrasound exposure, then decreases over 2—-3 min,
suggesting an initial permeation followed by efflux or metabolism of the PI [41]. In some
experiments, intracellular fluorescence initially increases after ultrasound exposure but
reaches a plateau, suggesting pore resealing without efflux of Pl [10,41,67]. Unfortunately,
the frame rate for fluorescence imaging is usually insufficient to resolve the multiple time
scales observed in the electrophysiological recording. However, total PI fluorescence
intensity has been shown to be correlated with the net electric charge across the membrane,
supporting the hypothesis of diffusion-driven PI transport (Figure 51) [67].

Mechanisms of cell membrane resealing

Different mechanisms may be involved for pore resealing depending on pore size generated
in sonoporation. It has been proposed that exocytic events can facilitate the self-sealing
potential inherent in a locally disordered lipid membrane as a result of wounding [71,72].
However, when large parts of the membrane must be replaced, a more complicated
‘patching’ processes, such as lysosome-mediated exocytosis or repair via specialized
proteins and organelles, may be necessary. For example, after ultrasound treatment
immunostaining has clearly shown that the lysosome specific protein, LAMP-1, was
extended within the interior of insonated cells, and the cells closer to ultrasound-treated zone
exhibited stronger LAMP-1 staining [73]. Another study showed similar results wherein
disruption of the cell membrane evoked local exocytotic response utilizing lysosomes, as
indicated by LAMP-1 staining [64].

Calcium ions (Ca2*) have also been shown to play an important role in cell repair. The
resealing process appears to require a minimum threshold of extracellular Ca2*. The
resealing process took longer at lower extra-cellular [Ca2*] concentration, and cells failed to
reseal when the extracellular Ca2* was depleted [9,40,70,74]. Moreover, as shown by
voltage-clamped current measurements of Xenopus laevis oocytes, the amplitude of the slow
recovery process was unaffected by the extracellular [Ca2*], whereas the amplitude of the
fast process increased with increasing extracellular [Ca2*], suggesting that the fast process is
regulated by Ca2*-dependent factor [70]. The corresponding rate constants for both the slow
and fast processes were relatively unaffected by the extracellular [Ca2*].
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Nonspecific, size-dependent, bi-directional transport

Many studies have shown that sonoporation results in transport across the cell membrane
that is nonspecific and driven by the concentration gradient. A wide range of agents have
been observed to transport across the cell membrane, from ions to macromolecules, although
with different characteristics depending on the size of the agents [9,65,75—-76]. Molecules
with smaller molecular weight (e.g., calcein, 623 Da; PI, 668 Da; fluorescein isothiocyanate
(FITC)-dextran, 4400 Da) and physical size (e.g., calcein, 0.6 nm) were homogeneously
distributed throughout the cytoplasm as well as in the nuclei after entering the cells,
achieving concentrations comparable to the extracellular level. In contrast, molecules with
larger molecular weight (150-2000 kDa, e.g., FITC-BSA, FITC-dextrans) and larger
physical size (e.g., dextran-464, 18.5 nm) generally achieved lower concentrations compared
with the extracellular concentration. The distribution inside the cells was less homogeneous
with limited access to the nuclei. Reduced uptake of these agents with larger molecular
weight is likely due to their lower diffusivity.

Bi-directional transport is another feature of sonoporation. Experiments have shown that the
intracellular delivery of extracellular calcein is proportional to its extracellular concentration
[9] and that cells preloaded with calcein and FITC-dextran will have reduced fluorescence
levels of these dyes after sonication due to efflux of these molecules [9,76]. Loss of a
preloaded calcium dye (fura-2) after single-pulse ultrasound exposure has also been
observed [40]. We have reported real-time measurements showing that cells preloaded with
fura-2 exhibited simultaneous intracellular dye depletion and PI uptake from the
extracellular space [10], confirming that the pores were not specific to a particular molecule
and transport was driven by the concentration gradient across the pore.

Intracellular transport & kinetics

Therapeutic agents have to overcome various diffusive and metabolic barriers to achieve
eventual success. After agents are delivered into the cells via sonoporation, they need to
move through the interior of the cell to interact with organelles or other molecular targets to
generate their therapeutic effect. For example, in applications using sonoporation to enhance
nonviral gene delivery to cells, the therapeutic agent or vector (e.g., plasmid DNA) must
transport through the cytoplasm after internalization and enter the nucleus for successful
gene expression.

Cytoplasmic transport after uptake through plasma membrane pores

As an example of intracellular transport, consider the sonoporation-mediated delivery of
plasmid DNA in nonviral gene transfection [77]. In this study, plasmid delivery was
generally enhanced by the simultaneous use of pulsed ultrasound with microbubbles. For
direct observation of intracellular kinetics, plasmid DNA can be labeled using fluorescent
intercalating agents. In contrast to lipofection, sonoporation results in a more homogenous
distribution of plasmid DNAs into the cell cytoplasm (Figure 6) [54,78-79]. Protein
expression of the introduced DNA was also much faster for sonoporation (reaching
maximum at 5-6 h after ultrasound application) than for lipofection (reaching maximum
after ~24 h) [78]. Moreover, the fluorescence signal diminished much faster after ultrasound
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application (within ~4-8 h) than after lipofection (>24 h) [54]. The rapid decrease of
fluorescence after sonoporation is likely the result of degradation of unprotected plasmid
DNAs by intracellular DNases, indicating possible challenges of nonviral gene delivery to
achieve high level of transfection.

One TEM study has suggested that sonicated cells (both with and without microbubbles)
showed chromatin condensation in the nucleus in some cases and a lightened appearance of
the cytoplasm, suggesting a loss of cytoplasm viscosity, which could affect the rate of
intracellular transport of delivered agents [61]. More investigation is needed to elucidate the
entire process of therapeutic agents inside the cell, so that strategies can be developed to
improve the fate of these agents.

Nuclear membrane transport & gene expression

Small molecules (<40 kDa) can diffuse through nuclear pores, but larger molecules such as
plasmid DNA may not be easily transported across the nuclear envelope efficiently by
passive diffusion due to restriction of the nuclear pore complex [80]. Interestingly, it has
been observed that plasmid DNA appeared inside the nucleus after extended (up to 30 min)
exposure to pulsed ultrasound [62,81], suggesting that transfection enhancement occurred
because either more cells were sonoporated and/or more plasmids were delivered to the
cells. However, in general, it has been challenging for nonviral methods to achieve efficient
gene transfection due to factors such as intracellular degradation of DNA and limited
nuclear transport.

A recent study reported experiments that first internalized plasmid DNA to the intracellular
space using calcium phosphate co-precipitates (‘calfection’ [82]), and then used ultrasound
to significantly enhance transfection of the plasmids already existing inside the cells [83].
As the nuclear pore complex is controlled in part by Ca2* and ultrasound exposure is known
to affect the calcium ion concentration in the cell [73] (see further discussion in the section
“Change of intracellular calcium ion concentration”), ultrasound may be indirectly inducing
the enhanced uptake to the nucleus. As microbubbles were not present inside the cytoplasm,
additional work is needed to elucidate the detailed mechanisms involved in ultrasound-
enhanced gene delivery, which is dependent on multiple processes from uptake to eventual
gene transfection.

Cytoplasmic transport after uptake via endocytosis

Formation of nonspecific pores, or physical disruption in the plasma membrane, may not be
the only route for intracellular delivery. It has been reported that endocytosis occurred with
ultrasound application at low acoustic pressure (0.22 MPa) and long exposure time (30 s
with 6.2% duty cycle, 20 Hz PRF) [76]. This study showed that after ultrasound treatment,
155 kDa and 500 kDa FITC-dextrans were present in distinct vesicles, no uptake of 500 kDa
dextran was observed after ATP depletion, and co-localization of 500 kDa dextran with
caveolin-1 and clathrin, which are markers for endocytosis (Figure 7A). Another study
showed that after sonoporation, fluorescent-labeled plasmid DNA (~4.95 MDa) was
localized in individual vesicles and gradually approached the nucleus as time progressed
(Figure 7B) [38]. However, whether endocytosis is always involved after sonoporation for
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large macromolecules is still under debate. Experiments of ultrasound mediated plasmid
delivery (gWiz-GFP; 5757 bp) at a reduced temperature (4°C), which significantly lowered
membrane fluidity and the endocytic process, showed sonoporation at slightly reduced
levels (5-10%) [78]. In addition, a recent study also showed that ultrasound application did
not result in gene expression from a viral vector that can only achieve gene expression via
endocytosis, suggesting the absence of endocytosis in these experiments [84]. Thus further
study is needed to clarify these important issues relevant to ultrasound-mediated delivery.

Applications of ultrasound mediated drug delivery & gene therapy

A wide range of applications using ultrasound delivery have been reported. Ultrasound has
been used to enhance drug and gene delivery in a variety of contexts [38,85-86] with
emphasis on delivery to the brain [87,88], cardiovascular system [89,90], and solid tumors
[91]. A full discussion of these applications is beyond the scope of this review. Here we aim
to describe some recent studies to illustrate successful applications of the technique.

Ultrasound-mediated drug delivery for cancer treatment

One of the major goals of cancer research is to develop more effective drug treatments. The
major mechanism of anticancer drugs is to inhibit cell proliferation or promote programmed
cell death (apoptosis) of the cancer cells. Anticancer drugs are also often severely toxic to
healthy cells. Compared with conventional drug-delivery methods, such as intravenous
injection or oral administration, targeted-drug delivery using ultrasound and microbubbles
can substantially reduce undesirable systemic side effects. Compared with using the anti-
cancer drug bleomycin alone, a combination of ultrasound and microbubbles successfully
inhibited cancer cell growth at a much lower dosage, demonstrated by the shrinkage of
tumor in an in vivo melanoma tumor model in mice [92]. For brain cancer treatment, the
intact blood-brain barrier (BBB) often prevents cytotoxic levels of anticancer drugs such as
doxorubicin (DOX) from being achieved. Much effort and success have been obtained
developing techniques of focused ultrasound application with microbubbles to transient
permeate the BBB for targeted-drug delivery [93,94]. Using a MRI-guided ultrasound with
microbubbles to locally disrupt the BBB, a therapeutic level of DOX concentration was
achieved in brain tissue [95]. To efficiently suppress DOX systemic toxicity, especially in
the heart, kidney and liver, DOX-liposome-loaded microbubbles were designed and
fabricated for targeted ultrasound mediated local release of DOX to cancer cells without
affecting other cells [96]. A recent study focused on ultrasound exposure with microbubbles
and magnetic nanoparticles loaded with epirubicin has shown delivery across the BBB [97].
After using an inhomogeneous field to target the nanoparticles to the tumor region in a
murine model, the deposition of the nanoparticles in brain tumors with ultrasound treatment
showed significant increases in concentration relative to control regions in the contralateral
hemisphere.

Ultrasound mediated nonviral gene transfection

Efficient and safe delivery methods for genetic materials has long been a major challenge
for gene therapy. Most genetic materials are macromolecules and negatively charged,
resulting in difficulty for them to spontaneously transport across the negatively charged,
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lipophilic plasma membrane. Viral vectors, based on the naturally evolved ability of viruses
to efficiently transfer genetic material into host cells, are superior to their nonviral
counterparts in gene transfection [98]. However, the possibility of viral vectors to evoke
inflammatory and adverse immunogenic responses has hindered clinical translation
[99,100]. Numerous studies have shown the feasibility of ultrasound-and microbubble-
mediated gene transfection for nonviral gene delivery with great potential to be a safe
alternative of gene transfection [38,86]. For example, a study showed that with ultrasound
exposures (1 MHz, 25% duty cycle, 1-4 W/cm? intensity) combined with microbubbles,
18% gene transfection efficacy was achieved in vitro, and prolonged functional gene
expression in mouse hind leg muscle and in tumors was demonstrated in vivo [101]. In
another study, short antisense androgen receptor oligodeoxynucleotides were loaded on the
lipid shell of cationic microbubbles by ion charge binding, and were released into cells by
bursting the microbubbles with ultrasound [102]. The study showed that 49% of prostate
tumor cells were transfected and showed a decrease in androgen receptor expression
compared with untreated control cells, with the result confirmed in vivo in a murine model.
Another recent study of glioblastoma cells showed a transfection rate of 70% in vitro with
cell mortality at less than 15% using smaller microbubbles (Vevo Micromarker™:;
VisualSonics, Amsterdam, The Netherlands), corresponding to a 1.5-fold improvement over
larger microbubbles [103].

In addition to facilitated pore opening, microbubbles have also been engineered to serve as
gene carriers. For example, one study showed that under ultrasound exposure (1 MHz, 0.3
MPa pressure, 50 cycles), cationic microbubbles, which were electrostatically coupled with
plasmid DNA, resulted in approximately 1% gene transfection efficiency to rat vascular
smooth muscle cells with 40% viability in vitro [5]. We obtained 6.9% gene transfection to
the same cell line by employing a novel ultrasound exposure protocol [54]. Multi-functional
microbubbles have also been employed, as demonstrated in a study where endothelial-
targeted cationic microbubbles carrying cDNA resulted in selective attachment to the
microvasculature and successfully achieved gene transfection [6]. Microbubbles bearing a
luciferase plasmid, which were molecularly targeted for gut endothelial cell inflammation,
resulted in strong ultrasound contrast intensity at the diseased region from accumulated
microbubbles, and luciferase expression was detected 48 h later [104].

Bioeffects generated by ultrasound excitation of microbubbles

In addition to the intracellular transport of therapeutic agents across the membrane,
ultrasound exposure in the presence of microbubbles can generate bioeffects that may also
have important applications. Here we highlight three classes of bioeffects: intracellular
calcium changes, apoptosis, and membrane/cytoskeletal changes.

Change of intracellular calcium ion concentration

The calcium ion plays important roles in regulating many physiological processes, including
healing of wounds, controlling the automatic rhythmic contraction of cardiomyocytes,
evoking action potential in neurons, and triggering apoptosis [105-107]. Hence, studying the
changes in intracellular calcium concentration by ultrasound and microbubbles may be
important to gain a complete assessment of the technology [73].
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Transient Ca2* influx has been reported in several studies using fluorescence microscopy to
investigate cells pre-loaded with calcium-sensitive dyes [40,67,74108-111]. In some cases,
change in the intracellular concentration of Ca2* ([Ca2*]) occurred immediately after
application of the ultrasound exposure. In many cases, the [Ca2*] change was due to influx
of Ca2* diffusing through pores into the cells, along with concurrent influx of another cell-
impermeant extracellular marker (e.g., PI) [10]. However, in brain endothelial cells, we have
also observed that smaller but still significant [Ca%*] increases can occur immediately
without any detectable influx of PI, suggesting that the ultrasound application generated:
release of intracellular stores such as the endoplasmic reticulum, mitochondria, or buffering
proteins; or stretch-activated channels that are specific to Ca2*[110]. Interestingly, when
endothelial cells (Bend.3, HUVEC) are cultured in microfluidic channels under the shear
stress of continuous fluid flow, the increases of both Pl and Ca2* due to ultrasound exposure
were reduced compared to cells in static culturing, suggesting a possible adaptive
‘hardening’ effect under these more realistic conditions [111]. In other cases, [Ca2*]
changes, including oscillations, occurred seconds to minutes after ultrasound exposure,
revealing the presence of intercellular calcium waves propagating away from cells triggered
at the time of ultrasound exposure [74,108]. These ultrasound-induced waves may have
resulted from the mechanical stimulation of ultrasound excited bubbles, as in direct
mechanical contact and fluid flow, which are mediated by intracellular [112] or extracellular
messengers [113].

Ultrasound-induced apoptosis

While ultrasound-induced cavitation can cause various kinds of wounding, which may result
in necrosis [114], it also has been shown that apoptosis (programmed cell death) can also be
triggered [115]. Components or fragments from apoptotic cells can be cleared by phagocytic
cells without causing inflammatory responses or damage to surrounding cells. Using
ultrasound to achieve controlled and targeted triggering of apoptosis has the potential to
provide an efficient way to treat cancer, by inducing death of the rapidly proliferating cancer
cells via the apoptotic pathway.

Cell changes associated with apoptosis such as cell shrinkage, cell membrane roughening/
ruffling, appearance of vacuoles and blebs, nuclear fragmentation, and DNA fragmentation
have been observed after ultrasound treatment in the presence of microbubbles [116-120].
This apoptosis has been attributed to a generation of free radicals [116] and reactive oxygen
species [117], the influx of Ca2* [117], and undetermined sonomechanical effects [118]. A
recent study of leukemia cells has indicated that sonoporation of resealed viable cells can
result in cleavage of certain proteins that affect DNA repair functionality and can interfere
with mitochondrial signaling pathways that affect the cell-cycle progression, thereby
increasing the likelihood of apoptosis [119]. We have demonstrated that it is possible to
cause localized cell death that is primarily apoptotic within a larger cell population using an
aqueous two-phase system to targeted microbubbles of selected areas on a cell culture [120].
The ultrasound-induced apoptosis increased with higher extracellular [Ca%*], with cells
showing characteristic apoptotic responses including loss of mitochondrial membrane
potential, caspase activation, and changes in nuclear morphology. The opposite condition of
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targeted calcium chelation after sonication has been shown to significantly reduce the
incidence of apoptosis [115].

Changes in transmembrane potential & cytoskeleton

Both fluorescence microscopy using the voltage sensitive dye (di-4-ANEPPs) [121] and the
whole-cell current clamp technique have indicated that hyperpolarization of the cell
membrane occurred during ultrasound exposure of cells in the vicinity of microbubbles
[122-124]. Activation of BKc, channels has been suggested to be the cause of the
hyperpolarization. Such changes of transmembrane potential of the cells due to ultrasound
application might affect the ion transport in the cells, which in turn can affect cellular
function. These observations may be particularly relevant for excitable cells such as
myocytes and neurons, although the mechanisms of ultrasound-induced excitation of
neuronal cells are still under investigation [97].

Ultrasound exposures have also been shown to generate changes in cytoskeletal F-actin
stress fibers. Transient increase and rearrangement after ultrasound exposure without
microbubbles have been observed, with enhanced effects in the presence of microbubbles
[109]. Since the low diffusion coefficient of large DNA molecules in the cytoplasm may
severely limit the ability of these molecules to reach the nucleus [125], there is an intriguing
possibility of using ultrasound to induce changes of the cytoskeleton, either to transiently
increase the apparent diffusion coefficient or to even induce the active transport machinery
of the cells to increase ultrasound-mediated gene transfection efficiency.

Ultrasound-mediated cytoskeleton rearrangement has attracted increasing attention for
various applications, including tissue engineering and mechano-transduction applications.
For example, a recent study reported significant effects of ultrasound stimulation on the
cytoskeleton organization of chondrocytes in a 3D matrix [126]. In our recent study, we
used ultrasound pulses and targeted microbubbles to exert mechanical stimulations on a
subcellular area where the microbubble was attached to the cell. The force exerted by the
ultrasound on the microbubble subsequently lead to intracellular cytoskeleton contractility
enhancement. Our results demonstrated that this ‘ultrasound tweezing cytometry’ has a great
potential for biomechanical stimulation of cells [127].

Challenges & limitations

The noninvasive nature, low toxicity, targeted and local application, versatility, cost-
effectiveness, and potential to achieve imaging-guided therapy are significant advantages of
ultrasound-mediated delivery with microbubbles. However, important challenges still face
its application, including relatively low delivery efficiency and variation in delivery
outcomes compared with viral vectors or nonvirus counterparts, such as lipofection and
electroporation [78,120,128].

Ultrasound-mediated delivery facilitated by microbubbles is a complex, multistep process,
involving the physical process of ultrasound-excited microbubbles and their interaction with
the cells, the internalization of the therapeutic agents either from diffusion or endocytosis,
the biochemical processes in cytoplasm, and the drug activation or gene expression. While
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great progress has been made in understanding each of the steps in the process, the complete
mechanism remains to be clearly elucidated. Optimization of outcome has largely relied on
empirical approaches [57,129130] and there is a lack of rational design, which is dependent
on improved understanding of the underlying mechanisms.

Pore size may be a limiting factor hindering the transport of therapeutic agents across the
cell membrane, especially macromolecules, such as plasmid DNA. Plasmid DNA usually
has a molecular weight on the order of MDa, and its diameter is on the 100 nm scale [131].
Electrophysiology measurement and postultrasound microscopic images of fixed cells have
shown that disruptions on cell membrane can generate pores with a diameter from several
nanometers to several 100 nm [8-9,40,60,63]. However, it has not been clearly
demonstrated whether the large pore size generated by ultrasound exposure will induce cell
death or alter cell functions affecting successful gene expression, as these larger pores on
cell membrane may compromise cell viability. It is also unclear what percentage or types of
cells can sustain pores larger than 100 nm. Our recent study found that the percentage of
pores with diameters larger than 25 nm increased from 5.0 to 16.4 to 29.3% as more
powerful ultrasound stimulations were applied, while the cell viability decreased from 94.6
to 72.0 to 62.2%, respectively [120].

Depending on ultrasound conditions, two routes have been suggested for internalization of
therapeutic agents into cells: physical pores and endocytosis. If the agent (plasmid DNA or
other large molecules) enter the cytoplasm through pores, some protective measures against
natural metabolism (e.g., DNase hydrolysis) and/or strategies for facilitating the transport
the agent to its target destination may increase the agent’s efficacy. If endocytosis is
involved, methods to protect the agent against the acidic environment in the late endosomes
and the lysosomes, or methods to promote escape from the endosome, could help to improve
efficacy. In general, ultrasound-mediated gene transfection faces similar challenges as other
nonviral strategies with limited transfection efficiency. Much effort is needed to overcome
this difficulty in order to develop the ultrasound technique as a viable clinical technique.

Future perspective

While much has been learned about how ultrasound can induce microbubble-facilitated
sonoporation, future development of the field will depend on additional research to translate
the insights gained from controlled laboratory experiments to clinical application. For
example, more studies will need to be performed under conditions more similar to the
environment in vivo. Geometric configurations of microbubbles with regard to cells, the
effects of culturing conditions (e.g., fluid stresses, 3D arrangement, chemical environments),
and effects of ultrasound on delivery in cells in 3D or bulk tissue will all be important
factors to consider. In addition, a more detailed mechanistic understanding of the bioeffects
of ultrasound on cell organelles and cell’s internal environment, and the longer term effects
on cell reproduction and growth, will be important and useful to understand the safety of the
technique. For example, a recent study of cells in vitro has confirmed that while low
intensities of ultrasound (<0.1 W/cm?2) were safe, intermediate intensities of ultrasound (0.3—
0.4 W/cm?) can give rise to a genotoxicity (DNA double-strand breaks) of comparable
magnitude to ionizing radiation, suggesting dose studies should be performed to minimize
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such undesirable side effects in vivo [132]. We expect that the trend to develop targeted
microbubbles for visualizing the molecular markers of disease, such as thrombosis,
inflammation, ischemia/reperfusion injury, angiogenesis and related conditions will continue
[17,133]. Moreover, microbubbles will continue to be engineered as vehicles to carry
therapeutic payloads, such as DNA [5,6], thereby giving rise to an increasingly large class of
hybrid “‘theranostic’ agents. However, many questions and challenges remain in this regard.
For example, will microbubbles be able to carry sufficient amount of payload? Will the pay-
load be able to be released from microbubbles without damage to the payload and nearby
tissue? Will there be any effects on the physiochemical properties of the therapeutic payload
by the high temperature and pressure induced by inertial cavitation? Further studies will be
required to address all of these questions while continuing to study the efficacy and safety of
ultrasound-mediated drug and gene delivery. Although much work lies ahead, ultrasound-
mediated delivery facilitated by microbubbles presents a promising and attractive strategy
for in vivo applications, leveraging the advantages of affordable and worldwide nature of
ultrasound technology.
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Microbubble Micrometer-size gas-filled cavity; modern versions are typically

encapsulated microspheres with a radius of 0.5-3.5 um, a water-
insoluble gas core (such as a perfluorocarbon gas), and a stabilizing
thin (nm) shell. Targeted microbubbles have special coatings that
allow the microbubbles to attach to cells via chemical ligands (e.g.,
avidin-biotin binding)

Ultrasound Wave of pressure (or density) changes at frequencies above the range

of human hearing, typically more than 20 kHz, but often more than 1
MHZz in clinical systems for imaging and therapy

Sonoporation Transient and reversible increase in cell membrane permeability

usually due to membrane disruption induced by ultrasound, often in
conjunction with microbubbles

Cavitation Inception or response of gaseous cavities (bubbles) by ultrasound,

stable cavitation describes the periodic volume expansion and
contraction of microbubbles without destruction, while transient
(inertial) cavitation occurs when the bubble rapidly expands to more
than twice of its preultrasound radius followed by collapse driven by
the inertia of surrounding fluid

Microstreaming Bulk motion of fluid caused by cavitation of a microbubble under the

influence of ultrasound exposure
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Acoustic Net forces generated by an ultrasound field. Primary acoustic
radiation force radiation force is associated with the incident ultrasound field and

can cause translation of microbubbles; secondary acoustic radiation
force is generated by scattering by the microbubbles in the primary
incident ultrasound field. Secondary acoustic radiation force is often
attractive among bubbles and can lead to microbubble aggregation or
coalescence

Lipofection Method of introducing genetic material into a cell by means of

vesicles (liposomes) consisting of a phospholipid bilayer that can
easily merge with the cell membrane; often used for in vitro gene
transfection.
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Executive summary
Microbubbles & sonoporation

»  Engineered microbubbles under ultrasound exposure have been used to cause
sonoporation and increased permeability of cell membranes to desired agents
such as drugs or genes.

Responses of microbubbles to ultrasound excitation

»  Shear stresses and microstreaming induced by microbubble oscillation and
microjetting induced by microbubble collapse have been proposed as
mechanisms for sonoporation.

» Acoustic radiation forces, the choice of ultrasound parameters, and geometrical
configuration of an experiment can also affect microbubble response and
sonoporation outcomes.

Transient delivery processes across the cell membrane

«  Pore size has been estimated from the nanometer to the micrometer range using
direct imaging techniques (e.g., scanning electron microscope, transmission
electron microscopy, atomic force microscopy), electrophysiological techniques,
and fluorescence microscopy.

«  Sonoporation typically results in pores that are nonspecific to particular
molecules and exhibit bi-directional transport driven by concentration gradients.

Intracellular transport & Kinetics

» During gene transfection, sonoporation results in a more homogeneous
distribution of plasmid DNAs in the cytoplasm and faster protein expression as
compared with lipofection.

e Longer durations of ultrasound exposure may induce endocytosis of large
macromolecules.

Applications of ultrasound-mediated drug delivery & gene therapy

e Ultrasound has been shown to improve drug delivery to tumors, cause
temporary disruption of the blood-brain barrier, and perform non-viral gene
transfection in vitro and in vivo.

Bioeffects generated by ultrasound excitation of microbubbles

«  Ultrasound excitation of microbubbles can cause changes of [Ca2*] in adjacent
cells, induce calcium waves in surrounding cells, generate apoptosis, and induce
changes in the transmembrane potentialand cellular cytoskeleton.

Challenges & limitations

e More studies are needed to improve delivery efficiency, reduce variation in
outcomes, and better understand ultrasound-mediated uptake, transport, and
bioeffects.
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Figure 1. Potential mechanisms for sonoporation
(A) Pushing induced by stable cavitation. (B) Pulling induced by stable cavitation. (C)

Jetting induced by inertial cavitation. (D) Microstreaming induced by stable cavitation. (E)
Translation induced by primary acoustic radiation force.
Reproduced with permission from [19].
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Figure 2. Microbubbles undergo cavitation in contact of cells
(A) Formation of microjet. Before ultrasound exposure (left), the arrow points to a

microbubble held in place by an optical trap. During ultrasound exposure (4 ps later; right),
the microbubble collapses, and the arrow points to a microjet directed toward the cell
attached to the surface on the right. (B) Series of high-speed images show (i) microbubbles
(arrows) experience stable cavitation (oscillations) during ultrasound exposure that (ii) led to
cellular uptake of the cell impermeable reagent propidium iodide.

US: Ultrasound.

(A) Reproduced with permission from [8]; (B) Reproduced with permission from [41].
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Figure 3. Three typical types of bubble dynamics in application circumstances driven by
different ultrasound conditions

These are featured by (A) stable cavitation, (B) translation, and (C) inertial cavitation. The
Pl images show delivery from the extracellular space, while the post-US calcein images
show cellular viability. (D) When characterized by change in bubble radius per unit time
(AR/Tys) versus total length of bubble displacement, the three groups are fairly well-
distinguished. (E & F) The third type, inertial (transient) cavitation, driven by short pulse
and high pressure, led to the highest delivery efficiency with the highest delivery rate and
reasonably high viability.

US: Ultrasound.

Reproduced with permission from [54].
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Figure 4. Direct observation of pore formation after sonoporation
Observations used (A) scanning electron microscopy, (B) atomic force microscopy, (C)

transmission electron microscopy and (D) confocal fluorescence microscopy. (A) The
magnification is 10,000 x. (B) The white arrow passes through the pore; the cross-sectional
plot over the line is given in [8]. (C & D) The scale bar is 1 um, and the arrows point to the
areas of cellular membrane disruption.

(A) Reproduced with permission from [56]; (B) Reproduced with permission from [8]; (C &
D) Reproduced with permission from [9].
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Figure 5. The entire dynamic process of pore opening and closing was monitored by
transmembrane current in real-time using patch clamp technique and confirmed by the cell-
impermeable fluorescent dye influx, diffusion inside the cell and stabilization

(A) Cell with round microbubble on left and patch clamp tip on right. (B-E) After
ultrasound exposure, fluorescence imaging shows influx of propidium iodide (red) from
extracellular space, while (F) green viability assay shows cell is alive. (G-H)
Transmembrane current changes at the time of ultrasound exposure corroborating delivery.
() Propidium iodide is proportional to the change in total charge suggesting diffusion-
driven transport.

Reproduced with permission from [67].
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Figure 6. Intracellular kinetics of plasmids after sonoporation
(A & B) Fluoresently labeled plasmid DNAs show homogeneous distribution in rat

mammary carcinoma cells (MAT B I11) after sonoporation suggesting diffusion through
pores while (C & D) the plasmids are concentrated in vesicles after lipofection, suggesting
endocytosis. (E & F) At different time points after sonoporation, plasmid DNAs with
fluorescent labels are homogenously distributed inside human embryonic kidney (HEK-293)
cells after ultrasound exposure in the presence of microbubbles. (A-D) Reproduced with
permission from [78]; (B & F) Reproduced with permission from [79].

Ther Deliv. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Fan et al. Page 31

Brightfield

30
Time post-sonoporation (min)

Figure 7. Large macromolecules may enter cells by endocytosis after ultrasound treatment
(A) Co-localization of 500 kDa dextran and endocytosis markers (clathrin and caveolin)

after sonoporation. (B) Fluorescent-labeled plasmid DNA distribution and trafficking at 10,
30 and 45 min after sonoporation show that the vesicles move closer to the nucleus over
time.

(A) Reproduced with permission from [76]; (B) Reproduced with permission from [38].
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