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Ultrasound-guided drug delivery in cancer
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Recent advancements in ultrasound and microbubble (USMB) mediated drug delivery technology 
has shown that this approach can improve spatially confined delivery of drugs and genes to 
target tissues while reducing systemic dose and toxicity. The mechanism behind enhanced 
delivery of therapeutics is sonoporation, the formation of openings in the vasculature, induced 
by ultrasound-triggered oscillations and destruction of microbubbles. In this review, progress 
and challenges of USMB mediated drug delivery are summarized, with special focus on cancer 
therapy.
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Introduction

In addition to diagnostic purposes, ultrasound is increasingly being used for therapeutic applications 
including imaging-guided drug and gene delivery to various tissue types [1-3]. Ultrasound-guided 
delivery of therapeutics has gained special attention since it allows spatially confined delivery of 
drugs into a target areas, such as a tumor, while minimizing systemic dose and toxicity [4,5]. Since 
ultrasound is widely available, relatively inexpensive and portable, along with the ability to focus it 
onto a target area non-invasively with high precision, ultrasound-guided drug delivery is a promising 
approach to efficiently treat certain cancer types that are anatomically accessible for ultrasound (for 
example liver tumors) [4,5].

Through a process called sonoporation, ultrasound and microbubble (USMB) mediated cavitation 
generates transient or permanent pores in the walls of blood vessels and can significantly enhance 
extravascular delivery of therapeutics in the region of interest (Fig. 1) [6]. USMB mediated drug 
delivery can be triggered through both stable and inertial cavitation of microbubbles. Cavitation is 
defined as the growing and shrinking response of microbubbles when subjected to the alternating 
low and high-pressure portions of the ultrasound wave [7]. Stable cavitation occurs when 
microbubbles stably oscillate without collapsing in an acoustic field (Fig. 2). In contrast, when 
microbubbles violently grow and collapse, this process is called inertial cavitation (Fig. 2). While both 
stable and inertial cavitation exert mechanical forces on adjacent tissues, microbubble collapse (inertial 
cavitation) can result in additional secondary mechanical effects such as shockwaves and liquid 
jetting that further enhance the effects of sonoporation.

USMB mediated drug delivery is considered safe as cell membrane permeabilizations caused by 
acoustic cavitation are considered reversible and cell membranes usually return to their original 
conformation within seconds [8]. This allows delivery of therapeutics without compromising 
physiological barriers and defense mechanisms of the tissue [8]. From a clinical standpoint, this 
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approach is attractive because the treatment is localized to only 
those areas ultrasound is applied to [9,10]. Moreover, therapeutic 
effects evoked through sonoporation have been observed for several 
days to weeks with prolonged therapeutic results [11]. Also, several 
microbubble formulations are already Food and Drug Administration 
(FDA) approved, others are undergoing clinical testing, which 
supports clinical translation of this therapeutic approach.

USMB mediated drug delivery has been tested using a variety of 
ultrasound parameters and towards the treatment of many diseases 
including cancer [12]. In this review, an overview on USMB mediated 
drug delivery in cancer, including the mechanisms of drug delivery, 
the current status of preclinical and clinical applications, and future 
work needed to facilitate clinical translation is presented.

Microbubbles and Drug Carriers

Both endogenous and exogenous microbubbles can be used for 
USMB mediated drug delivery [13,14]. Endogenous microbubbles are 
small gaseous pockets that are present naturally within tissues; these 
can be leveraged for sonoporation once certain cavitation thresholds 

are exceeded following ultrasound delivery (the threshold is directly 
proportional to the square root of the applied ultrasound frequency). 
Typically high acoustic pressures are required to take advantage of 
endogenous microbubbles. Endogenous microbubbles have been 
successfully utilized to deliver drugs into the gastrointestinal tract 
[15] as well as for trans-dermal drug delivery [16,17], where both 
cavitation within and under the skin can cause enhanced drug 
delivery. However, there is only limited experience on leveraging 
endogenous microbubbles for cancer therapy [18].

Exogenous contrast microbubbles are externally administered 
and have a lower threshold for cavitation compared to endogenous 
microbubbles because they can concentrate ultrasound acoustic 
energy more efficiently. Collapse of these exogenous microbubbles 
releases energy at the tumor site, resulting in enhanced drug delivery 
and targeted treatment of tumors (Figs. 3, 4A) [19-22]. Since in 
the presence of exogenous microbubbles cavitation thresholds are 
greatly reduced, relatively low pressure amplitudes are required 
for sonoporation to take place. Currently, several FDA-approved 
microbubbles are commercially available in the United States (e.g., 
Optison, Definity, Lumanson) and used for diagnostic purposes in 

Fig. 1. Principle of ultrasound and microbubble mediated nanoparticle delivery in vivo. Microbubbles and nanoparticles are injected 
intravenously (IV) and therapeutic ultrasound is focused at the region of interest to induce microbubble cavitation and subsequent opening 
of the vasculature to allow penetration of therapeutic payload in nanoparticles into the extravascular space. Modified from Delalande et al. 
Gene 2013;525:191-199, with permission from Elsevier through RightsLink [6].
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Fig. 3. Visualizing inertial cavitation.
Optical frame images (A-G) and corresponding streak image (H) shows oscillation and inertial cavitation of a microbubble over a 
5-microsecond period in response to ultrasound. Initially, the microbubble had a diameter of ~3 μm. The microbubble then underwent 
expansion and contraction and finally fragmentation due to inertial cavitation. Optical data was captured with a combined frame and streak 
camera (Imacon 468, DRS Hadland). Modified from Chomas et al. Appl Phys Lett 2000;77:1056-1058, with permission from AIP Publishing 
through RightsLink [21].
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Fig. 2. Schematic drawing of the principles of stable and inertial cavitation. The type of cavitation strongly depends on pressure intensity. 
When relatively low pressure intensities are applied, the negative and positive pressure phases of the ultrasound (US) waves cause respective 
growth and shrinkage of microbubbles, which can repeat stably for many cycles. Such stable oscillation of microbubbles which depends on 
their resonance frequency, is known as stable cavitation. In contrast, when relatively high pressure intensities are applied, microbubbles 
violently grow to a much larger size followed by energetic collapse, a phenomenon known as inertial cavitation.
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the clinics [18,23]. These microbubbles comprise a gaseous core 
(e.g., perfluorocarbons) encapsulated by a shell, and range in 
size between 1-4 μm, which is smaller than the size of red blood 
cells. This allows them to freely circulate within the vasculature. 
Due to their size of several micrometers, microbubbles are purely 
intravascular contrast agents.

Volatile liquid droplets stabilized as emulsions are currently being 
explored as an alternative to traditional exogenous microbubbles 
[24]. Exposed to ultrasound, these droplets undergo acoustic 
droplet vaporization to yield gas bubbles. Due to their smaller size, 
nanodroplets have the potential to leave the vascular compartment 
and penetrate into the extravascular cancer stroma tissue before 
transitioning into gas bubbles, which may further increase drug 
delivery efficacy [25].

The route of microbubble and drug administration as well as the 
type and dose of microbubbles may affect the efficiency of drug 
delivery and therapeutic effects. Several administration routes, 
which depend on the tumor type, location, and environment 
have been explored, including intratumoral, intraperitoneal, and 
intravenous injection of microbubbles. In general, intratumoral 
and intraperitoneal injections are well suitable to increase local 
microbubble and drug concentrations, but are invasive routes and 
only applicable for a few tumors (e.g., peritoneal metastases for 
intraperitoneal administration). Also, intratumoral injection may 
results in heterogeneous distribution of the payload, depending on 
the size and composition of the tumor. Intravenous administrations 
of microbubbles and drugs are therefore often preferred as difficult-
to-reach regions can also be treated well via this route. However, 
intravenous delivery results in higher systemic toxicity and some 
therapeutic agents (e.g., genes when injected directly into the blood) 
may be rapidly degraded in the circulation. 

While drugs can be directly co-injected with microbubbles [26], 
several may benefit from encapsulation in a dedicated drug carrier 
(e.g., genes) to minimize rapid degradation in the blood circulation 
[11,27]. For this purpose, drugs can be either loaded into or onto 
microbubbles or into dedicated drug carriers [28,29].

Drug-Loaded Microbubbles
In this approach, microbubbles are loaded with a certain drug 
during synthesis. As such, the amount of drug that can be delivered 
depends on the number of injected microbubbles and the amount of 
drug loaded into or onto each microbubble [30]. The amount of drug 
per microbubble can vary substantially depending on the type of 
drug being loaded, the type of microbubble and the loading strategy. 
Unger et al. [31] showed that 2.9-μm-sized lipid microbubbles could 
be loaded with ~1.5×10-8 mg of the anti-cancer drug paclitaxel per 
microbubble with a 100% loading efficiency (15 mg/mL drug with 

109 microbubbles/mL). In a similar study, Tartis et al. [32] showed a 
substantially lower loading efficiency (33%) of paclitaxel into 1.4-μm 
lipid microbubbles.

Several loading strategies of microbubbles have been proposed, 
including loading/incorporating drugs into microbubbles or attaching 
them onto the microbubble shell through covalent or non-covalent 
interactions [30]. For example, it has been shown that negatively 
charged therapeutics (e.g., genetic material) can be loaded onto 
the shell of cationic microbubbles through electrostatic interactions 
[28,29,33].

Targeted Microbubbles
Microbubbles can be molecularly targeted by adding binding 
ligands onto the shell that allow them to specifically accumulate 
at certain target area sites [34-41]. Typically, these microbubbles 
are targeted to molecules that are differentially expressed on the 
vasculature of certain diseases such as cancer [36-38,40-46]. 
Targeted microbubbles circulate in the blood stream, find their 
targets and bind specifically before ultrasound can trigger drug 
delivery [7,47,48]. This ensures highly specific delivery of drugs to 
sites where only attached microbubbles are present [7,47-49]. 
However, the success of this approach depends on the expression 
levels and homogeneous distribution of the targets in the treated 
tissue. Further studies are needed to assess whether there is a 
benefit of using targeted versus non-targeted microbubbles for 
USMB mediated drug delivery. Also, currently, there is only one 
clinical grade molecularly-targeted contrast agent (BR55; targeted 
at VEGFR2/KDR) in clinical development but not yet FDA approved 
[36,50-52].

Nanoparticles
Drug loaded nanoparticles co-injected or attached to microbubbles 
have been explored as drug carriers in USMB mediated drug 
delivery in cancer (Fig. 1) [53,54]. Several types of nanoparticles 
have been used for this purpose including gold nanoparticles [55], 
silica nanoparticles [56], polymer nanoparticles [5], and liposomal 
formulations [57]. Combing microbubbles with nanoparticles have 
resulted in up to 34-fold increase in drug loading capacity compared 
to microbubbles alone [42,58]. In particular, use of biocompatible 
and biodegradable nanoparticles such as already FDA-approved 
poly lactic-co-glycolic acid (PLGA) nanoparticles are advantageous 
because, once they enter the extravascular compartment through the 
help of sonoporation, these nanoparticles are endocytosed rapidly 
by tumor cells where they can slowly release their cargo over several 
days to weeks, thereby providing a sustained therapeutic effect at the 
treatment site [5,22,59,60]. Using PLGA-nanoparticles, substantial 
amounts of therapeutic microRNAs (non-coding small RNAs that 
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are emerging as promising drugs for cancer therapy by interfering 
with multiple signaling pathways) could be delivered into preclinical 
models of human colon cancer and hepatocellular carcinoma (HCC) 
with substantial therapeutic effects after a single treatment [5,22].

Microbubble Behavior during USMB Drug 
Delivery

Stable and Inertial Cavitation
Although USMB mediated drug delivery has been shown to be 
highly effective in cell culture experiments, in in vivo conditions 
several physiological barriers have to be overcome that usually 
hinder injected drugs from reaching their target sites [4]. Specifically, 
drugs have to first extravasate across blood vessels and then travel 
through the extravascular compartment before reaching the target 
cells (e.g., cancer cells) which then need to incorporate them. To 
overcome these barriers, sufficiently high driving forces are required 
as diffusion and convection are insufficient as the only driving 
forces. USMB mediated cavitation cannot only create pathways via 
pore creation, but also provide therapeutic agents with sufficient 
momentum to travel within the target tissue. Stable as well as 
inertial cavitation can contribute towards USMB mediated drug 
delivery. In stable cavitation, microbubbles mechanically push on the 
walls of the blood vessels to increase the size of the gaps between 
the endothelial cells [61]. This allows drugs to enter the target tissue 
[61]. Moreover, stable cavitation has also been employed to shear 
open particles such as liposomal vesicles used in drug delivery. 
Inertial cavitation, in comparison, exerts more aggressive mechanical 
forces like jetting and shockwaves that result from collapse of the 
microbubbles [24]. As such, it is expected that higher amounts of 
drugs can enter tumor tissues through inertial cavitation. 

Microbubble Dynamics 
Microbubble dynamics with the direct environment play an 
important role in USMB mediated drug delivery. Subject to different 
environments, cavitation behaviors are substantially changed, 
which in turn drastically affects drug delivery outcomes. In fact, 
single microbubble dynamics in an isolated environment, while well 
studied, cannot be directly translated to multiple microbubbles that 
interact with each other and their surroundings in vivo. For example, 
it has been shown that the distance between two microbubbles 
as well as the distance between microbubbles and boundary can 
influence cavitation. Neighboring boundaries and microbubbles can 
restrict microbubble growth when they are sufficiently close, thus, 
reducing cavitation effects. It has been shown that microbubble 
cavitation (stable or inertial) in response to ultrasound exposure 
exerts forces on deformable tissue boundaries which in turn will 

affect microbubble behavior. Specifically, confined deformable 
environments such as microvessels affect microbubble interactions 
by (1) reducing expansion of microbubbles, (2) restricting 
fragmentation or jets during cavitation, and (3) deformation of vessel 
walls by with the deformation being directly proportional to size 
of the microbubbles [62,63]. When microbubbles are injected into 
blood vessels they interact with each other and these interactions 
can affect their cavitation, sonoporation, and drug delivery outcomes 
as well. It has also been found that decreasing inter-microbubble 
distance can increase the microbubble lifetime; however, increased 
microbubble lifetime is not directly proportional to improved drug 
delivery efficacy [64-66]. Arora et al. [67] showed that decreasing 
microbubble concentrations from 30 microbubbles/mL to 3 
microbubbles/mL decreased the maximum microbubble cluster size 
and increased cavitation lifetime of the cluster in vitro. Two or more 
growing microbubbles can also merge into a single microbubble 
under high-pressure ultrasound typically used during sonoporation 
[63,68]. Although cavitation of fused microbubbles can result in 
larger mechanical forces resulting in larger pore sizes, this may also 
cause more damage in the tissue. Static microbubble fusion, which 
is fusion of microbubbles in the absence of ultrasound, is also a 
factor that decreases microbubble circulation time. However, this 
issue has been largely addressed through PEGylation (i.e., addition 
of polyethylene glycol groups which prevents aggregation) of the 
microbubbles [69]. It has also been shown that low microbubble 
concentration reduces the chances of homogenous treatment of the 
diseased site while very high microbubble concentration can cause 
irreversible damages to tissue. In preclinical studies, typically 107-
108 microbubbles are used per milliliter of injected dose.

Ultrasound Parameters

In addition to the type and concentration of microbubbles and 
drug carriers, the combination of certain ultrasound parameters 
including frequency, intensity, Mechanical Index (MI) and duration 
of ultrasound exposure can influence the efficacy of ultrasound-
mediated drug delivery [22].

Frequency
The typical ultrasound frequency used for drug delivery ranges from 
kHz to MHz levels, depending on the tissue type and the model 
organism that had been used for preclinical evaluations. In general, 
for therapeutic applications, the ultrasound frequency is lower than 
that for diagnostic purposes [70]. A lower ultrasound frequency 
ensures deeper tissue penetration due to reduced attenuation 
leading to optimum therapeutic outcomes. The frequency of 
ultrasound used also depends on the type of microbubbles employed 
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Intensity
Since high intensity ultrasound can potentially cause tissue 
alterations due to ultrasound associated heating effects, the FDA 
has regulated the intensity to one that causes less than a 1°C rise 
in temperature [73,74]. Typically, ultrasound intensities used for 
delivery applications range between 0.3-3 W/cm2. However, higher 

as the use of an ultrasound frequency close to or similar to resonant 
frequency of the microbubbles promotes stable microbubble 
cavitation [71,72]. However, in case of higher acoustic pressures 
causing inertial cavitation, the frequency used becomes a less 
important consideration because microbubbles collapse under the 
high acoustic pressure.

Fig. 4. Ultrasound and microbubble (USMB) mediated sonoporation and drug delivery. 
A. Representative contrast-enhanced ultrasound (US) images of a subcutaneous cancer xenograft during a 2-minute USMB treatment cycle. 
Image signal increased as microbubbles entered into the tumor (up to 60 seconds), and then substantially decreased during sonoporation 
(70-120 seconds), indicating inertial cavitation of the microbubbles. B, C. Quantitative reverse transcription polymerase chain reaction 
shows that USMB mediated delivery substantially enhances intratumoral delivery of therapeutics such as microRNAs (miRNA) compared to 
untreated and no-US controls. a)P=0.005, b)P=0.002, c)P=0.001, all compared to untreated control tumors. Adapted from Mullick Chowdhury 
et al. J Control Release 2016;238:272-280, with permission from Elsevier through RightsLink [5] and Wang et al. J Control Release 
2015;203:99-108, with permission from Elsevier through RightsLink [22].
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Table 1. Examples of publications on ultrasound guided drug delivery in various types of cancer
Cancer type Study Drug Model US parameter Effect

Brain cancer Liu et al. [75] BCNU Rat xenograft Frequency 0.4 MHz Drug delivery increased 2-fold 
compared to control 

Pressure 0.62 MPa Tumor growth suppressed

Pulse length 10 msec

PRF 1 Hz

1-Day treatment

Li et al. [76] BCNU Rat xenograft Frequency 1 MHz Drug circulation prolonged

Pressure 0.7 MPa Liver accumulation decreased

Pulse length 10 msec Tumor growth suppressed

PRF 5 Hz

2-Day treatment

Treat et al. [77] Doxorubicin Rat subcutaneous 
xenograft

Frequency 1.7 MHz Tumor growth suppressed

Pressure 1.2 MPa

Pulse length 10 msec

PRF 1 Hz

1-Day treatment

Hepatocellular 
carcinoma

Kang et al. [78] Doxorubicin Rabbit orthotopic 
xenograft

Frequency 0.3 MHz Tumor growth suppressed

Intensity 2 W/cm2 Tumor cell apoptosis observed

Pulse length 10 sec on 10 sec off

3-Day treatment

Cochran et al. [79] Doxorubicin Rabbit subcutaneous 
xenograft

Frequency 12-5 MHz Drug delivery increased 7-fold 
compared to control 

Mechanical Index 0.4-0.45 Tumor growth suppressed

PRF 1,000 Hz

1-Day treatment

Li et al. [76] HCPT Mice subcutaneous 
xenograft

Frequency 1 MHz Drug delivery increased 5-fold 
compared to control 

Intensity 2 W/cm2 Tumor growth suppressed

Pulse length 10 sec on 10 sec off

7-Day treatment

Zhu et al. [80] Doxorubicin Mice subcutaneous 
xenograft

Frequency 1.2 MHz Tumor growth suppressed

Pressure 0.5 MPa Mouse survival improved

Mechanical Index 0.4-0.45

Nie et al. [81] HSV-TK pDNA GCV Mice subcutaneous 
xenograft

Frequency 1 MHz Tumor growth suppressed 

Intensity 2 W/cm2 Mouse survival improved

10-Day treatment

Zhou et al. [27] HSV-TK pDNA GCV Mice subcutaneous 
xenograft

Frequency 1 MHz Tumor growth suppressed 

Intensity 2 W/cm2 Mouse survival improved

14-Day treatment

continued
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Table 1. Examples of publications on ultrasound guided drug delivery in various types of cancer
Cancer type Study Drug Model US parameter Effect

Yu et al. [82] HSV-TK pDNA Mice subcutaneous 
xenograft

Frequency 1.2 MHz Tumor growth suppressed 
more with both gene treatment 
compared to single treatment

Timp3 pDNA Mechanical Index 1.3

4-Day treatment
Mullick Chowdhury 
et al. [5]

miRNA-122 Mice subcutaneous 
xenograft

Frequency 1.1 MHz Significant therapeutic effects 
observed after single treatment

AntimiR-21 Pressure 5.3 MPa

Doxorubicin PRF 1,000 Hz

1-Day single treatment
Breast cancer Sorace et al. [18] Paclitaxel Mice subcutaneous 

xenograft
Frequency 1 MHz Tumor growth suppressed; tumor 

cell necrosis observed
Mechanical Index 0.1-2 Tumor cell necrosis observed

Pulse length 1,000 msec

PRF 5 Hz

6-Day treatment
Bai et al. [83] ABCG2-siRNA Mice subcutaneous 

xenograft
Frequency 1 MHz Tumor cell could overcome drug 

drug resistance and become 
resensitized

PRF 5 Hz

5-Day treatment
Yan et al. [57] Paclitaxel Mice subcutaneous 

xenograft
Frequency 2.25 MHz Drug accumulation in tumor was 

higher compared to control 
Pressure 1.9 MPa Lower nonspecific accumulation

Pulse length 10 msec

PRF 1 Hz

3-Day treatment
Zhao et al. [84] Doxorubicin Mice subcutaneous 

xenograft
Frequency 1 MHz Tumor growth suppressed

Intensity 0.3 W/cm2

Pulse length 10 sec
Carlisle et al. [85] Oncolytic adenovirus 

in polymer
Mice subcutaneous 
xenograft

Frequency 0.5 MHz Circulation half-life of adenovirus 
better compared to control

Pressure 1.2 MPa Enhanced tumor infection 
efficiency

PRF 0.5 Hz

1-Day treatment
Pancreatic  
cancer

Tinkov et al. [86] Doxorubicin Mice orthotopic 
xenograft

Frequency 1.3 MHz Drug delivery increased 12-fold 
compared to control 

Pressure 1.2 MPa Tumor growth suppressed

PRF 5 Hz
Kotopoulis et al. 
[87]

Gemcitabine Mice orthotopic 
xenograft

Frequency 1 MHz Tumor growth suppressed

Mechanical Index 0.1-2

8-Day treatment

Melanoma Sonoda et al. [88] Bleomycin Mice eyelid xenograft Frequency 1 MHz Tumor growth suppressed

Intensity 1 W/cm2 No nonspecific toxicity

4-Day treatment
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intensity ultrasound can be used when the pulse length (pulse 
cycles/ultrasound frequency) and/or pulse repetition frequency 
(pulses/sec) are reduced, resulting in low duty cycles (pulse 
length×pulse repetition frequency) and, thus, decreased temporal 
average intensity (duty cycle×ultrasound intensity).

Mechanical Index
The MI of ultrasound is defined as the peak negative pressure (in 
MPa) divided by the square root of center frequency (in MHz). The 

MI is often used as an alternative parameter to ultrasound intensity 
as both are directly proportional to the applied acoustic pressure. 
Also, the MI provides a direct measure of the generated cavitation 
as higher MI leads to higher cavitation activity. In order to avoid 
unwanted thermal effects during therapy, the MI usually ranges 
between 0.2 and 1.9 [89]. The FDA has set the upper limit of the MI 
to 1.9 for clinical ultrasound applications to minimize direct tissue 
damage by ultrasound [89]. 

Fig. 5. Therapeutic effects of ultrasound and microbubble (USMB) mediated drug delivery. 
A. Summary of terminal deoxynucleotidyl transferase dUTP nick end labeling assay data for quantification of apoptosis shows USMB 
mediated delivery of miRNAs resulted in increased therapeutic effects compared to control conditions in both doxorubicin (DOX)-resistant 
and non-resistant human hepatocellular carcinoma (HCC) xenografts in mice. US, ultrasound; miRNA, miRNA122+antimiRNA-21. a),b)P<0.05 
compared to untreated control tumors. B, C. Transmission electron microscopy image shows that USMB mediated therapeutic delivery can 
result in entry of therapeutic miRNA loaded poly lactic-co-glycolic acid nanoparticles into tumor cells ultimately resulting in apoptosis of the 
cells. Red arrows show internalized nanoparticles, yellow arrows show double layered vacuolar structures in the cytoplasm, and black arrow 
demonstrates evidence of detachment from surrounding HCC cells, indicating apoptosis. Adapted from Mullick Chowdhury et al. J Control 
Release 2016;238:272-280, with permission from Elsevier through RightsLink [5].
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Treatment Duration
The treatment duration of USMB mediated drug delivery should be 
guided by the time taken for the ultrasound to induce inertial or 
stable cavitation and sonoporation while avoiding unwanted thermal 
effects. Additionally, the duration of ultrasound application for drug 
delivery also depends on factors such as the type and location of 
tissues being treated, the type of microbubbles used, as well as the 
ultrasound intensity being applied [90]. At high pressures, causing 
immediate inertial cavitation, multiple or continuous injections of 
microbubbles, and prolonged treatment times can enhance the 
efficacy of delivery. However, high pressures can cause unwanted 
damage to the tissues. Similarly, at lower pressures, the time needed 
for stable oscillations of microbubbles also needs to be considered 
for obtaining optimum drug delivery because prolonged treatment 
times at low pressures can also result in heating effects. Thus, the 
treatment duration as part of the therapeutic protocol has to be 
optimized for each treatment indication.

Examples of USMB Mediated Drug Delivery in 
Cancer

Several preliminary studies in various different cancer types have 
shown that USMB mediated drug delivery can be successfully 
implemented for therapeutic applications (Table 1) [18,27,57,75-
88]. USMB mediated drug delivery has shown direct tumoricidal 
effects, improved bio-distribution of drugs (effective targeting), and 
reversal of drug resistance [12,87]. Recently, it has been shown 
that an optimized USMB mediated drug delivery protocol allows 
successful delivery of significant amounts of PLGA nanoparticles 

loaded with a combination of two therapeutic miRNAs (miRNA-122 
and antimiR-21) into HCC (Fig. 4B, C) [5]. In that study, doxorubicin 
resistant HCC could be re-sensitized with a significant therapeutic 
effect (~27% apoptotic cells) after a single round of therapeutic 
PLGA nanoparticle delivery (Fig. 5) [5]. USMB mediated drug 
delivery can also serve as an adjuvant treatment to other cancer 
therapies, as well as a potential approach to cancer vaccination 
[91,92]. Kotopoulis et al. [10] have recently performed a pilot first 
clinical study to show that USMB mediated delivery of gemcitabine 
can significantly improve survival in pancreatic cancer patients 
compared to patients treated with only gemcitabine (Fig. 6) [9].

Outlook and Future Directions

Ultrasound parameters for improved drug delivery require 
considerable optimization, as current ultrasound systems for drug 
delivery usually employ clinical diagnostic ultrasound systems with 
a narrow range of tunable ultrasound parameters. Therefore, current 
research focuses on developing dedicated ultrasound systems that 
allow fine-tuning of a broad range of tunable ultrasound parameters 
along with 3D capabilities to allow homogenous of whole tumor 
volumes.

Also, to further progress USMB mediated drug delivery technology 
a system is needed that allows monitoring acoustic effects and 
an estimation of the amount of delivered drugs in the target 
tissues, ideally in real time during treatment. This is particularly 
important in the treatment of cancer to overcome challenges of 
drug delivery associated with tissue heterogeneity of cancer that 
may result in heterogeneous drug delivery and, thus, incomplete 

Fig. 6. First clinical ultrasound (US) and microbubble (MB) mediated drug delivery study. Comparison of patients treated with US, MB, 
and gemcitabine versus gemcitabine alone indicates that survival improved in the combined treatment group compared to treatment with 
gemcitabine alone. Median survival was found to improve from 8.9 to 17.6 months (P=0.011, log-rank test) with the use of sonoporation. 
Patients treated with sonoporation also showed a statistically significant increase in number of treatment cycles (P=0.082, unpaired t test) 
indicating less toxicity to the patients. CI, confidence interval. Adapted from Dimsevski et al. J Control Release 2016;243:172-181, according 
to Creative Common license [9].
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treatment and recurrence of cancer. Among other monitoring 
systems, ultrasound-based monitoring systems are advantageous 
since they can be directly integrated into the therapeutic ultrasound 
device. One possible approach to monitor USMB mediated drug 
delivery measures cavitation emission during treatment. Non-linear 
microbubble oscillations during treatment generate sub-harmonic 
and harmonic (stable cavitation) and broadband (inertial cavitation) 
emissions that can be measured [93]. Unlike active cavitation 
detection, which is based on transmit of sound waves and detection 
of its echo, in passive cavitation detection the ultrasound detector 
passively listens to cavitation signals without transmitting sound 
waves. This passive detection of microbubble cavitation can be 
potentially employed as a non-invasive biomarker for monitoring 
drug delivery efficacy if the amount of drug delivered at a particular 
treatment site can be correlated with the magnitude of passive 
cavitation. This cavitation dose could be used as a universal unit 
for measuring USMB mediated drug delivery [94]. Such a universal 
unit is critically needed in the field of USMB mediated drug delivery 
since different scientists have used different ultrasound parameters, 
animal models and microbubble concentrations in various studies, 
which makes comparison of results challenging. Recently, significant 
efforts have been made towards using passive cavitation detection 
as a potential readout of treatment effects [4,22]. However, so 
far those studies have been exclusively based on single element 
transducers for cavitation detection and, therefore, lacked spatial 
information of cavitation [22] because in this setting cavitation 
signals measured with single element detectors represent cavitation 
intensity averaged over the entire cavitation volume. More recently, 
passive cavitation mapping capable of both quantifying and spatial 
mapping of cavitation has been proposed [95,96] by using multi-
element array transducers instead of single element transducers. In 
principle, passive cavitation mapping can be used to monitor drug 
delivery profiles over target tumors. However, passive cavitation 
mapping algorithms developed so far have limitations in obtaining 
spatial information due to poor axial mapping resolution. Thus, more 
developments are needed to quantify and spatially map passive 
cavitation for monitoring USMB drug delivery.

Conclusion

USMB mediated drug delivery is an emerging field for improved 
cancer therapy and several research groups are working towards 
further developing this technology. This has resulted in significant 
advancement of the field in recent years and a first pilot clinical 
trial in patients with advanced stage pancreatic cancer has shown 
clinical feasibility and safety of this approach [10]. Further technical 
developments along with better understanding of the underlying 

mechanisms of improved drug delivery through USMB will help 
translate this therapeutic strategy into the clinic.
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