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Abstract

Ultrasound mediated drug delivery using microbubbles is a safe and noninvasive approach for

spatially localized drug administration. This approach can create temporary and reversible

openings on cellular membranes and vessel walls (a process called “sonoporation”), allowing for

enhanced transport of therapeutic agents across these natural barriers. It is generally believed that

the sonoporation process is highly associated with the energetic cavitation activities (volumetric

expansion, contraction, fragmentation, and collapse) of the microbubble. However, a thorough

understanding of the process was unavailable until recently. Important progress on the mechanistic

understanding of sonoporation and the corresponding physiological responses in vitro and in vivo

has been made. Specifically, recent research shed light on the cavitation process of microbubbles

and fluid motion during insonation of ultrasound, on the spatio-temporal interactions between

microbubbles and cells or vessel walls, as well as on the temporal course of the subsequent

biological effects. These findings have significant clinical implications on the development of

optimal treatment strategies for effective drug delivery. In this article, current progress in the

mechanistic understanding of ultrasound and microbubble mediated drug delivery and its

implications for clinical translation is discussed.
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INTRODUCTION

Ultrasound has been widely applied in the clinics for biomedical imaging because it is a

safe, cost-effective, non-invasive, and non-ionizing modality. Medical ultrasound imaging

most often uses a frequency range of 1 to 20MHz. This range allows ultrasound to penetrate

several (up to 15) centimeters deep into the body without significant signal attenuation and
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distortion. Body images can be formed with good image quality and spatial resolution for

diagnostic purposes. The spatial resolution of the image is approximately 0.1 to 1.5 mm,

depending on the ultrasound pulse parameters and transducer geometry [1].

While low energy (0.1 – 100 mW/cm2) ultrasound is used for diagnostic imaging, higher

energy ultrasound (100 – 10,000 W/cm2) is investigated for non-invasive therapies [2]. In

ultrasound therapy, the acoustic energy is deposited in a small (1 to 10 millimeters) focal

region, causing various therapeutic effects, such as thermal tissue coagulation [3], kidney

stone comminution (lithotripsy) [4], mechanical tissue disruption (histotripsy) [5], bone

healing [6], modulation of neural activities [7], and many other therapeutic effects [8–10].

The focusing capability allows for treatment in a localized region, minimizing damage to the

surrounding healthy tissues. The non-invasive procedure significantly reduces possible

complications that may occur in other more invasive surgical procedures. These advantages

make therapeutic ultrasound a favorable alternative when applicable.

Among the various therapeutic applications, ultrasound mediated drug delivery has drawn

much research attention in the past few decades. Ultrasound mediated drug delivery can be

achieved via thermal (hyperthermia) or mechanical mechanisms. Hyperthermia has been

shown to cause increased tumor blood flow [11, 12] and increased vascular permeability

[13–15], which may assist therapeutic delivery into tumors [16]. Cho et al. demonstrated in

vitro that ultrasound induced hyperthermia enhanced the permeability of hydrophobic

molecules into bovine brain microvessel endothelial cells on culture plates [17]. In vivo,

Watson et al. further demonstrated in tumors established on mice that ultrasound induced

hyperthermia enhance nanoparticle accumulation by decreasing the intratumoral pressure

and increasing the vascular permeability [18]. Additionally, ultrasound hyperthermia can be

combined with temperature sensitive liposomes to further enhance therapeutic effects

[11,19,20]. Temperature sensitive liposomes can stably carry drugs in the bloodstream and

are triggered to release the drugs in the targeted region when the local temperature is

increased by ultrasound hyperthermia. This combination can significantly enhance drug

delivery compared to using ultrasound or liposome alone, and has been tested in vivo to

show enhanced localized drug delivery in rabbit muscles [21], tumors on rabbits [22], and

tumors on rats [23]. Although enhanced drug delivery using hyperthermia was observed in

the above studies, contradictory results were reported in other studies [24, 25].

A more widely investigated approach of ultrasound mediated drug delivery is achieved

using mechanical mechanisms. This approach uses ultrasound and gas-encapsulated

microbubbles to induce openings on a nearby surface, allowing for increased permeability

across natural barriers such as the cell membrane, vessel wall, and the blood brain barrier

(Fig. 1). This phenomenon is termed sonoporation. The permeability change caused by

sonoporation can be temporary and reversible, allowing for restoration of physiological

defense mechanisms after successful drug delivery.

Feasibility of therapeutic use of this technique in vivo has been investigated in preclinical

animal studies, many of which have demonstrated effective treatment outcomes. For

examples, Fujii et al. used this technique to suppress tumor angiogenesis for cancer therapy

[26]. The vascular endothelial growth factor receptor-2 (VEGFR2) short hairpin (sh)RNA
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was delivered to knock down vascular endothelial growth factor (VEGF) for anti-angiogenic

treatment. Following ultrasound guided targeted knockdown of VEGF, reduced tumor blood

flow could be observed. Tsai et al. used this technique to deliver an angiogenic inhibitor,

endostatin, into hepatocellular tumors established on mice, and observed substantial tumor

growth suppression [27]. Chen et al. investigated the potential of using this technique for

treatment of diabetes in a rat model [28]. The authors manufactured lipid-shelled

microbubbles loaded with therapeutic plasmids, rat insulin 1 promoter (RIP)-human insulin

or RIP-hexokinase I plasmids. While RIP was used to achieve specific targeting to the islet

beta cells, successful delivery of the human insulin and hexokinase I could help regulate

blood glucose levels. Following treatment with the infusions of plasmid loaded

microbubbles and exposure to 1.5-MPa 1.3-MHz ultrasound pulses for 20 minutes, a

significant increase in serum insulin and decrease in serum glucose was observed at days 5

and 10 in that study [28]. Another important application of this technique is drug delivery

across the blood brain barrier for treatment of central nervous system diseases, since

alternative treatments are rather invasive or ineffective [29]. Treat et al. demonstrated that

sonication with microbubbles may enhance delivery of antitumor drugs, doxorubicin, into

brain tumors established on mice, resulting in reduced tumor growth and prolonged survival

time [30]. Ting et al. further demonstrated that the use of drug bearing microbubbles can

achieve the same antitumor effects shown by Treat et al, i.e., reduced tumor growth, while

minimizing systemic drug toxicity [31]. More comprehensive summaries of preclinical

studies on ultrasound mediated drug or gene delivery can be found elsewhere [32–36].

This review article focuses on ultrasound and microbubble mediated drug delivery using

mechanical effects of ultrasound. Despite encouraging results in preclinical in vivo

experiments, the underlying mechanisms of ultrasound and microbubble mediated drug

delivery remained unclear until recently, and, so far, this technique has not yet been

clinically translated. Recent research made significant progress towards understanding the

underlying phenomena of ultrasound mediated drug delivery, particularly in terms of the

temporally resolved dynamic interactions between micro-bubbles and cells/tissues, critical

distance for microbubble-cell or microbubble-tissue interactions, and the temporal

therapeutic window for drug delivery following ultrasound insonation. We summarize the

recent findings and discuss their potential implications for future clinical applications. The

improved understanding on interactions between the microbubble activities and the cells/

tissues may help translate this technique into the clinic.

Microbubbles: Key Agents in Sonoporation

Microbubbles play an important multi-functional role in ultrasound mediated drug delivery.

These microbubbles are currently used as contrast agents for preclinical and clinical

ultrasound imaging to enhance the contrast between blood (in which the microbubbles

circulate) and the surrounding tissues [37–41]. They are typically 1 – 4 μm in diameter and

comprised of a biologically inert gas (e.g., perfluorocarbon) stabilized in a lipid, protein, or

polymer shell. When microbubbles are exposed to the alternating compressional and

rarefractional phases of ultrasound, they undergo volumetric contraction, expansion,

fragmentation, coalesce, dissolution, and/or violent collapse (Fig. 2a), a process called

cavitation [42]. These motions of microbubbles may induce local fluid flow called
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“microstreaming” (Fig. 2c) [43–44]. When violent collapse of microbubbles occurs, fast-

moving fluid jets may form, which impinge into a nearby surface (Fig. 2b) [45]. These

microbubble motions occur very rapidly on the scale of microseconds, and have been

investigated theoretically and experimentally by many research groups [46–52]. More

details on the microbubble physics during insonation can be found elsewhere [53–55].

Ultrasonically induced microbubble cavitation and fluid motion are believed to cause

disruptions of nearby physical structures and enhance subsequent transport of molecules

across physiological barriers such as cell membranes, as observed by many researchers. For

example, Skyba et al. treated an exteriorized rat spinotrapezius muscle with ultrasound and

microbubbles in in vivo conditions and observed ruptured capillaries with extravasation of

red blood cells and nonviable cells in the adjacent tissues post treatment [56]. Despite

convincing evidence of tissue disruption post ultrasound and microbubble treatment, the

underlying mechanisms of tissue damage were not addressed in that study.

To further assess the underlying mechanisms that cause tissue damage following ultrasound

and microbubble treatment, Prentice et al. studied microbubble dynamics near a cell surface

using high speed photography [57]. The authors observed fluid jets impinging into cells with

a 16-μm rupture hole measurable on the cell membrane using atomic force microscopy.

From that study it was hypothesized that membrane ruptures following ultrasound and

microbubble treatment were caused by fluid jets. Similarly, Ohl et al. studied microbubble

cavitation on cells adhered to a substrate [58]. They found three distinct effects in three

regions: at the center of the collapse, cells were detached by the strong shear stress caused

by microstreaming; at the edge of the detachment sites, cells were severely damaged with

permanent pores on the membrane; at some distance from the detachment sites, cells

remained viable with a clear uptake of a membrane impermeable fluorophore, calcein, from

the medium. This study illustrates a key role of cavitation in sonoporation and also suggests

involvement of microstreaming in the process.

Microstreaming has been shown to cause membrane disruption by several researchers.

Nyborg and Miller theoretically calculated the shear stress caused by microstreaming near a

cavitating microbubble, and experimentally observed lysis of red blood cells near the

cavitating microbubble [59]. Marmottant and Hilgenfeldt traced the fluid motion and

recorded the disruption of a lipid vesicle near a cavitating microbubble [60]. Interestingly,

microstreaming can also help the transport of external substances across biological barriers

as it can create local flow patterns that attract particles into the proximity of the insonated

cells. Such trapping effects may propel the transport of substances across biological barriers

by orders of magnitude over diffusive transport [61], which can be leveraged for ultrasound

guided drug delivery.

It is worth mentioning that in addition to being the causative agents for barrier disruption,

the microbubbles can also serve as drug delivery vehicles which stably carry drugs in the

blood circulation. Drugs can be loaded on the microbubble shell, embedded in the shell

matrix, or loaded in the internal void (Fig. 3a). The surface of microbubbles can further be

functionalized with ligands that specifically bind to receptors at the target region, thereby

increasing focal microbubble attachment and local drug concentration. Upon disruption of
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microbubbles by ultrasound, a high dose of drugs are released only in the sonicated region

(Fig. 3b). This system allows for non-invasive targeted release of drugs while minimizing

systemic toxicity to the rest of the body, making it a highly beneficial drug delivery system.

The chemistry of the targeted drug-loaded microbubbles is beyond the scope of this article

and can be found elsewhere [62–65].

Temporally Resolved Dynamic Interactions between Cavitating Microbubbles and Cells/
Tissues

Despite the general perception on causative relation between microbubble cavitation and

ultrasound mediated drug delivery, a clear understanding on the temporal dynamic

interaction between microbubbles and cells/tissues was not available until recently. Recent

studies have made important progress in this regard.

At a single cell level, Fan et al. [66] and Kudo et al. [67] performed elegant in vitro studies

on the time-resolved cell-microbubble interaction during cavitation. In both studies, high

speed photography and fluorescence microscopy were used to observe the microbubble

dynamics and cellular response following ultrasound insonation. Propidium iodide (PI), an

agent which only produces fluorescence when entering cells through disrupted membranes,

was used as an indicator of sonoporation. By monitoring the spatio-temporal change of the

intracellular fluorescence, both groups observed that cell membranes were disrupted at the

sites of microbubble induced cavitation and rapidly resealed within several seconds. Fan et

al. estimated the size of the membrane rupture by fitting the intracellular PI diffusion profile

to a quasi-steady electro-diffusion model [68], and suggested the sonoporation induced

ruptures may be as small as several nanometers in diameter. Kudo et al examined the

cellular membrane with electron microscopy and found that larger ruptures up to 1 micron

can be generated by sonoporation. Interestingly, the process of pore formation and resealing

may be highly controllable by carefully manipulating the cavitation conditions. For example,

by increasing cavitation events (induced by higher pressure, the use of larger numbers of

microbubbles, or repetitive ultrasound exposure), multiple and/or prolonged membrane

disruptions can be induced. Under well-controlled treatment conditions (pressure and

durations), the cells remained viable post ultrasound exposure. These studies suggest that

cell disruption can be spatially and temporary well-controlled and be reversible, allowing for

successful drug delivery without permanent cellular damage.

While the aforementioned studies provide insight into the dynamic interaction between

cavitating microbubbles and cells for successful cellular drug delivery in a well-controlled in

vitro setup, successful drug delivery in an in vivo environment is more complex and

challenging. For a drug to reach the target cells in vivo, several biological barriers have to be

overcome. For example, in cancer therapy, certain cancer cell targeted drugs need to first

penetrate through the vessel wall, then diffuse into the interstitial space, and finally pass the

cancer cell membranes. Furthermore, the cavitation dynamics of microbubbles may be

altered in vivo compared to in vitro settings due to the confinement from the surrounding

tissues.

To investigate the cavitation of microbubbles in a tissue environment, Caskey et al. studied

the expansion, oscillation, and collapse of microbubbles in small (< 30μm) blood vessels in
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an ex vivo rat mesentery model using a high speed camera with a frame rate of 1000 frames

per second. They observed constrained expansion and oscillation of microbubbles in the

mesenteric vessels compared to those in the 200μm artificial vessels (cellulose tubes). In the

mesenteric vessels, the fusion of small microbubbles into larger (>4μm) microbubbles was

critical for the microbubbles to interact with the vessels. Vessel distention of 2.3 μm and

invagination of 1.1 μm was observed during the expansion and contraction of the

microbubbles. Although the microbubble-vessel interactions were illustrated, histological

examinations on the affected vessels were not provided in that study.

Chen et al. [69, 70] studied microbubble cavitation in ex vivo vessels using a similar tissue

model, but at a much higher ultrasound pressure (0.8 – 7.2MPa) compared to the previous

study (<2MPa). Using the higher pressures, more significant vessel distention (up to 10 μm)

and invagination (up to 25 μm) were observed. The vessels returned to their original size on

the order of milliseconds after insonation. Moreover, they found that vessel distention or

invagination was highly dependent on the distance between microbubbles and the vessel

walls. In relatively larger vessels, i.e., vessel diameter (D) exceeding 2 times maximum

microbubble radius (Rmax), the dominant response was vessel invagination; in smaller

vessels (D < 2Rmax,), the dominant response was vessel distention. To examine the

bioeffects of these microbubble-vessel interactions, the vessels were preserved for

histological analysis or transmission electron microscopy post treatment. Significant damage

to the endothelial cells in a region of approximately 60 μm was observed long after a single

microbubble cavitation event. Such damage was highly associated with vessel invagination,

and occurred when the invagination was more than 50% of the initial radius [71].

Overall, these studies in tissue environment demonstrate the feasibility of inducing effective

and controllable cavitation and vessel disruption in biological tissues. More importantly,

they indicate a critical point for effective interactions between the microbubbles and the

tissues: the distance between the microbubbles and the targeted cells/tissues.

Critical Distance for Microbubble-cell or Microbubble-tissue Interactions

In the aforementioned studies performed by Fan et al. [66] and Kudo et al. [67],

microbubbles were brought in close proximity to the target cells, either by surface

modification of microbubbles which allowed the microbubbles to bind to the cell membrane,

or by floating the microbubbles to the cells cultured in the ceiling of the experimental

chamber. This raises the question whether there is a critical distance needed between the

microbubble and cell to induce sonoporation.

Le Gac et al. studied the critical distance for sonoporation on a single cell [72]. The authors

observed a high (>75%) probability of sonoporation when the cell was within 75% of the

maximum microbubble radius. This indicates that for typical microbubbles with 1 to 4 μm in

diameter undergoing volumetric expansion to 20 μm, the critical distance to affect the vessel

wall is 15 μm. Since the microvasculature in the tumor can be less than 20 μm in diameter

[73], it is likely that the microbubble cavitation in these small vessels could affect the vessel

wall regardless of whether the microbubbles are targeted/attached to the tumor vasculature

or not.
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In light of the concept of the critical distance for sonoporation, several approaches to

enhance drug delivery were proposed where microbubbles are brought in close proximity to

the target cells/tissues for effective interactions. This can be achieved by physically pushing

them toward the cell/tissue surface using acoustic radiation force and/or chemically binding

them to the cell surface at the target sites. Shortencarier et al. [74] described a special pulse

sequence comprised of a low-pressure (50 kPa) long-duration (3.3 seconds) radiation force

generation pulse followed by three high-intensity (2 MPa) short-duration (3.3 μs)

microbubble fragmentation pulses. While the radiation force generation pulse pushed the

microbubbles into the proximity of the cells, the fragmentation pulses triggered release of

content (fluorescent dye) from microbubbles into the cells. They observed that this

combination can induce substantially higher dye delivery than radiation force pulses alone

or fragmentation pulses alone in an in vitro cell culture setting and in excised rat cecum ex

vivo.

An alternative approach to bring the microbubbles to the close proximity of the target tissues

is to coat the microbubbles with specific ligands which can adhere to the surface of the

targeted cells. Xie et al. [75] tested this approach by comparing the in vivo gene delivery

outcomes using microbubbles with and without the capability of targeting to P-selectin on

the vessel walls in an ischemic hindlimb model in mice. Interestingly, although the binding

capability had no significant effects when applying high pressure (≥1 MPa) ultrasound, it

enhanced gene delivery by 5 fold when using low pressure ultrasound (0.6 MPa). One

possible explanation for the observation made by Xie et al. could be that at high pressures,

the microbubbles expand to a larger volume and become closer to the vessel walls.

Therefore, vessels can be affected with or without the targeting capability of the

microbubbles. At low pressure, the spatial extent of sonoporation is reduced. In this case,

juxtaposition of microbubbles and target tissues becomes helpful in the low pressure regime.

Temporal Therapeutic Window for Drug Delivery

While the spatial distance between microbubbles and targeted cells/tissues has been shown

to be an important factor for effective drug delivery, the temporal therapeutic window for

drug delivery post ultrasound exposure is another equally important aspect which has been

investigated in recent studies.

One unique feature of sonoporation is that the permeability change can be temporary and

reversible under well-controlled cavitation conditions. This unique feature is beneficial

because it allows for restoration of physiological defense mechanisms after successful drug

delivery. Determining and creating an appropriate and optimal time window for sufficient

drug delivery is critical for designing treatment strategies using ultrasound and

microbubbles.

The permeability change can last for from a few seconds to a few hours, depending on the

experimental conditions (ultrasound parameters, amount of microbubbles, types of cells/

tissues, etc.). At a single cell level, Fan et al. [66] showed that a short (8-μs) low intensity

(0.17MPa) ultrasound pulse can cause enhanced cellular uptake of PI dye for several

minutes (Fig. 4a). In an in vitro cell culture experiment, Van Wamel et al. [76] measured the

cellular uptake of 10 – 70 kDa fluorescent labeled-dextran at different time points after
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treatments with microbubbles and 2-second exposure to 1-MHz 10-μs ultrasound pulsed at

20 Hz and 0.2 – 1 MPa. Enhanced cellular uptake was found for all sizes of molecules tested

in this study, although less prominent uptake was observed for larger particles. For all

particles, the time window of enhanced cellular uptake could be observed for up to one

minute in that study. In an in vivo rat brain model, Sheikov et al. [77] investigated the

duration of blood brain barrier disruption using microbubbles and 30-second exposure to 10-

ms 1.5-MHz ultrasound pulsed at 1.1-MPa pressure and 1-Hz pulsing rate. The perfusion of

40-kDa horseradish peroxidase molecules across tight junctions was observed within 4 hours

post treatments (Fig. 4c). In an in vivo rat eye model, Park et al. 78 applied 10-ms 690-kHz

ultrasound pulses at 1 Hz pulsing rate and 0.8 – 1.1 MPa pressure for 60 seconds to disrupt

the blood retinal barrier. The disruption was evidenced by leakage of a 938-Da magnetic

resonance imaging contrast agent (Magnevist) across the barrier. Leakage of Magnevist was

visible up to 3.5 hours post ultrasound exposure, suggesting the duration of permeability

change on the orders of hours (Fig. 4d).

Importantly, because sonoporation is highly associated with acoustic cavitation of

microbubbles, the duration of permeability change may be extended by sustaining the

cavitation process with appropriate ultrasound pulsing schemes and/or microbubble

parameters. Examples of this idea were demonstrated by Fan et al. [66]. They showed that

while a single 8-μs 0.17-MPa ultrasound pulse induced sonoporation on a single cell for

approximately one minute, an identical second pulse fired approximately two minutes later

again excited the microbubbles, inducing another sonoporation event on the same cell.

Furthermore, when microbubbles of various sizes were administered, ultrasound pulses of

increasing pressures can be delivered sequentially to activate microbubbles of specific sizes

at each pulse. This strategy effectively sustained cavitation, and therefore sonoporation, at

the target site.

Overall, these studies suggest presence of a temporally variable “window of opportunity”

with permeability changes across physiological barriers after a single treatment with

ultrasound and microbubbles. This phenomenon suggests a critical point to be considered in

treatment planning. To achieve maximum amounts of drug delivery after a single treatment,

therapeutic agents should be continuously administered within this temporal window. Such

strategy may produce most effective drug delivery outcomes with most efficient use of

acoustic energy in each single treatment session.

FUTURE DIRECTIONS

Ultrasound mediated drug delivery has demonstrated its potential to be a useful noninvasive

therapeutic tool for various diseases. The advanced knowledge by recent studies, particularly

on the spatial distance and temporal window, indicate potential strategies to improve the

delivery efficiency for therapeutic use. A few future aspects that may aid the clinical

translations of this technique are discussed here.

Spatial Drug Delivery Profile

An ideal drug delivery system would deliver a sufficient dose of drug in the entire target

volume. The drug delivery profile of ultrasound mediated drug delivery in the tissues,
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however, is not well understood. Stieger et al. studied the extravasation of 150-kDa dextran

into the interstitium of chicken embryos, and reported a conical or spherical shaped

diffusion profile from the extravasation sites [79]. The chicken embryo model, however,

only represents a simple environment where the interstitial space was mostly fluid. In a more

complex model, e.g., a solid tumor, the interstitial space is composed of densely arranged

cells and well-organized collagen and elastic fiber network, which substantially prevent the

penetration of drugs. Whether or not a sufficient concentration of drugs can be delivered into

the entire target volume as well as the influence of repeated drug delivery to reach the entire

target volume needs to be investigated in more complex and clinically relevant animal

models.

Development of New Multifunctional Microbubbles

While microbubbles used for ultrasound contrast imaging demonstrate the feasibility of

sonoporation, they can be further modified to provide multiple useful features for drug

delivery.

The microbubbles can be designed to have optimal cavitation response with minimal

requirement of acoustic energy. It is well known that the acoustic properties of microbubbles

are highly dependent on several parameters, including diameter, interior gas solubility, shell

viscoelasticity, etc. [80]. These parameters may be fine-tuned by changing the shell/core

composition or the manufacturing protocol, allowing for optimal acoustic response to

ultrasound. For example, Kaya et al. developed monodisperse lipid-shelled microbubbles

with small size variance using microfluidic flow focusing technique [81]. They found that

the acoustic response of the monodisperse microbubbles was significantly enhanced by an

optimal combination of the microbubble radius and the ultrasound frequency. This work

suggests that development of monodisperse drug loaded microbubbles targeted to specific

tissues would allow for cavitation to be generated with minimal ultrasound energy at the

specific frequency. Since minimal energy is deposited, the potential adverse effects caused

by excessive ultrasound energy may be substantially avoided.

Additionally, microbubbles with improved drug loading capacity need to be developed to

increase local drug concentration, propelling diffusive drug transport. A critical factor for

the effectiveness of this therapy option is the amount of drugs that can be delivered to the

target site, which is directly related to the drug loading capacity of the microbubbles.

Currently, there are several drug loading approaches (Fig. 3a). The drugs can be coated on

the microbubble surface via electrostatic force [82–86], inserted into the shell during the

shell formation process [87–89], loaded in the internal void [90] or in a thick oil layer

between the shell and gas core [91, 92]. However, these approaches generally have low drug

loading capacity. To enhance the loading capacity, more advanced drug loading approaches

are developed. One approach is to coat the microbubbles with multiple layers using a layer-

by-layer polyelectrolyte assembly technique, allowing for multifold of drugs to be inserted

into the layers [93, 94]. Alternatively, drugs can be loaded on more efficient carrying

systems, e.g., liposomes, which are then attached to the microbubbles via a biotin-avidin

bridge or a covalent binding [95–97]. While these approaches significantly improve the drug

loading capacity, they also modify the shell thickness and composition. The influences of
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this modification on the microbubbles’ acoustic properties, persistence in the blood

circulation, and drug deposition capability in vivo need to be further investigated.

Image Guidance for Ultrasound and Microbubble Mediated Drug Delivery

Image guidance and feedback of drug delivery is critical for precisely targeted drug delivery

using ultrasound and microbubbles as it allows for adjustment and optimization of the

treatment in real time. Since the microbubbles are currently used as contrast agents in

ultrasound imaging, the contrast enhanced regions on ultrasound images are useful indicator

of the locations of the microbubbles and the loaded drugs. The disappearance of the contrast

upon sonication indicates the site of cavitation and drug release. However, the contrast

disappears upon destruction of microbubbles, preventing the tracing of the drugs post

sonication. To monitor the drug delivery, other imaging modalities, including optical

bioluminescence imaging [33, 86] nuclear imaging [98], and magnetic resonance (MR)

imaging [99], were adopted. Bioluminescence imaging is less applicable in clinical settings

due to its limited penetration depth. Nuclear imaging is less favorable because of the

requirement of radioactive materials. So far, MR contrast imaging is the most widely used

modality for image guidance of ultrasound and microbubble mediated drug delivery. In this

approach, the MR contrast material (e.g., gadolinium) is coinjected into the circulation.

Upon disruption of the natural barriers, the contrast material can leak into the targeted

tissues, resulting in contrast enhancement on MR images. Although this change on the

images indicates disruption of natural barriers for drug delivery, it is only an indirect

measurement of drug distribution as the contrast material is not bound to the drug molecules.

An imaging approach that can provide anatomical guidance before the treatment, monitor

the cavitation process during the treatment, and directly measures the drug distribution post

treatment is critical, however, not available so far. Development of such a new imaging

approach will be of great value for precise and effective therapy using ultrasound and

microbubble mediated drug delivery.

Safety Concerns

Safety concerns in ultrasound and microbubble mediated drug delivery need to be

considered before clinical translations. This system involves the use of exogenous agents,

microbubbles. Although the microbubbles used for ultrasound contrast imaging have been

shown to be very safe and are approved for clinical use, novel drug carrying microbubbles

needed to be tested for safety and toxicity. A few studies have shown that cavitation can

result in temporary or permanent tissue damage, such as platelet adhesion and thrombus

formation [100], and/or reduction of blood flow [101]. These effects need to be carefully

studied in different animal models.

CONCLUSIONS

Recent research in ultrasound and microbubble mediated therapeutic delivery provided

crucial information regarding the underlying mechanisms behind the physical phenomenon

and biological response. The advanced knowledge creates great opportunities to enhance

drug delivery into selected tissues/organs. Guided by medical imaging, this technique can be
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a very useful tool for precise targeted drug delivery. Such a controlled targeted drug delivery

platform may be helpful in many clinically relevant applications.
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Fig. 1.
Schematic drawing of ultrasound guided drug delivery. Ultrasound triggers microbubble

cavitation at its focus, causing breakdown of tight junctions, opening on cellular membrane,

and/or vessel disruption. These phenomena induce permeability change on the cells and

vessels, allowing for drug delivery in a spatially localized region.
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Fig. 2.
Ultrasound induced microbubble cavitation and fluid motions. (a) Microbubbles undergo

volumetric expansion, contraction, fragmentation, and coalesce in response to the insonation

ultrasound. They may continue to expand for several to several hundreds of microseconds

and then collapse or dissolve after ultrasound is ceased. (b) During the violent collapse of

microbubbles, fluid jets can form and impinge into a nearby surface. In this example, a fluid

jet (white arrow) was formed in the center of a 2-mm bubble during the collapse and

impinged into the surface where the bubble rested on. (c) The microbubble cavitation may

induce local fluid motion called microstreaming. This example shows a computed fluid flow

(solid lines) superimposed with measured flow (dots) near a microbubble undergoing

volumetric oscillation. Figure panels (a), (b), and (c) are reprinted with permission from

references [51, 46, 60], respectively.
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Fig. 3.
(a) Examples of drug loading strategies. The drugs can be loaded on the shell of

microbubbles, embedded in the shell matrix, or loaded in the internal void. For lipid-shelled

microbubbles, the drug can be inserted in the lipid shell, in a thick oil layer underneath the

lipid shell, on a positively charged shell through electrostatic force (for example, binding

plasmid to cationic microbubble [86]), bonded to the shell via a biotin-avidin bridging

system (for example, attaching liposomes to microbubbles using the bridging system [95])

or through covalent binding approaches (for example, adhering particles to microbubbles

using a polymer [97]). For protein- or polymer-shelled microbubbles, the drug can be

entrapped in the thick cross-linked protein or polymer matrix, or loaded in the internal void.

(b) Surface modification of microbubbles allows for specific binding to cells at target sites,

increasing local drug concentration. Application of ultrasound locally triggers the release of

the accumulated drugs in the focal region.
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Fig. 4.
Temporally resolved sonoporation process in (a) a cultured cell [66], (b) blood brain barrier

disruption [77], and (c) blood-retinal barrier disruption [78]. (a) Increased red color

indicates increased uptake of propidium iodide into the cell. Such uptake occurred most

significantly within the first minute after ultrasound exposure, and gradually saturate at four

minutes, indicating a resealing process. (b) Leakage of horseradish peroxidase molecules

(black color) across the tight junctions was observed 1 h and 2 h after ultrasound and

microbubble treatment, and was restored 4 h post treatment. (c) Enhanced contrast on MR

images indicates perfusion of Magnevist across the barrier 10 minutes and 3.5 h after

ultrasound and microbubble treatment. Overall, while a single bubble cavitation event

induced by a short (8 μs) low intensity (0.17MPa) ultrasound can induce cellular uptake of

propidium iodide for several minutes, exposure to long (10 ms) higher intensity (0.8–1 MPa)

ultrasound pulses for a longer time (30 seconds) can induce permeability change across the

natural barriers for up to 4 hours. Figure panels (a), (b), and (c) are reprinted with

permission from references [66, 67], and [78], respectively.
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