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Ultrasound (US) has numerous uses in the medical field, including imaging, tumor ablation, and lithotripsy; another inter-
esting application of US in cancer therapy is as an external trigger in targeted drug delivery. Cancer-targeted drug delivery
involves delivering chemotherapeutic drugs to tumor sites with a high degree of precision, which would minimize the
adverse side effects experienced by patients. Several nanocarriers have been studied as possible nanocarriers; however,
liposomes stood out from the rest because of their non-immunogenicity, amphiphilic nature, ease of functionalization, and
stimuli-responsiveness. This review addresses the role of US in the synthesis of liposomes, its ability to induce localized
and controlled drug release from liposomes, as well as the integration of US-induced release and US-imaging using
liposomes as contrast agents utilizing thermal and/or mechanical effects.
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INTRODUCTION
Ultrasound (US) waves are high-frequency sound waves
(higher than the audible range >20 kHz) [1]. The first
medical application of US dates back to 1942 when Karl
Dussik used US to locate brain tumors [2–4]. The appli-
cations of US in the medical field have been growing ever
since. US waves can be generated using piezoelectric crys-
tal, magnetostrictive crystals, or via a whistle generator
(refer to Table I) [5–7].

US interacts with biological matter in different ways,
namely, reflection, refraction, scattering, and attenuation.
Reflection is the change in the direction of a wave at
an interface between two different media, while refraction
is the deflection of a wave from its original direction as
it passes between tissues with different acoustic proper-
ties. Scattering occurs when the width of the boundary
is smaller than the wavelength of the US wave. Finally,
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attenuation is when the US wave loses some of its energy
as heat [1, 8, 9].

In the medical field, US has both diagnostic and
therapeutic applications. Diagnostic applications usually
employ low-intensity US to obtain information about the
different tissues and organs in the body. In contrast, ther-
apeutic applications use high-intensity US to manipulate
matter and induce biological effects [1, 6, 7, 10, 11].

The therapeutic applications of US include lithotripsy,
focused US surgery, and high-intensity focused US abla-
tion of cysts and tumors. The biological effects associ-
ated with US can be divided into thermal and mechan-
ical effects. Thermal effects involve an increase in the
medium’s temperature when irradiated with US waves. As
mentioned earlier, when an US wave passes through a
material, it loses some of its energy to the surroundings
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Table I. Types of US sources.

US source Schematic

Piezoelectric crystal

Magnetostrictive crystal

Liquid whistle

as heat, i.e., is attenuated. Attenuation is measured in rela-
tive units based on the intensity of the sound energy along
the propagation path [1, 8, 9, 12]. The thermal effects of
US depend on the intensity or frequency of the US wave,
the absorption coefficient of the material, as well as the
exposure time [13–16].

On the other hand, the mechanical effects of US mani-
fest as acoustic cavitation. Acoustic cavitation is a process
in which pre-existing bubbles or nuclei in a fluid grow,
oscillate, and eventually collapse due to pressure changes
induced by US irradiation. Based on the fate of the oscil-
lating bubbles, acoustic cavitation can be classified into
stable and transient (inertial) cavitation (refer to Fig. 1). In
stable cavitation, the bubble oscillates about an equilibrium
radius, and these oscillations emit pressure to the surround-
ing fluid, which generates flow around the bubble, termed
microstreaming. In contrast, transient cavitation involves
the rapid growth of the bubble to two- or three times its
limiting size and then its violent collapse, producing shock
waves, free radicals, and fluid jetting. The vicinity of these
transient cavitation spots has been characterized by high
temperatures (∼5000 K) and high pressure (∼1000 atm)
[1, 15, 17, 18].

CANCER AND TARGETED DRUG DELIVERY
Cancer is a disease in which abnormal cells in the body
do not undergo apoptosis (programmed cell death) and
continue to grow uncontrollably and may spread to other
parts of the body (metastasize). If the growing mass
remains localized, the tumor is referred to as benign;
however, if the cancer metastasizes, it is referred to as
malignant. Another characteristic of cancer cells is that
they have the ability to influence healthy cells in their
vicinity and induce the formation of blood vessels, a
phenomenon known as neo-angiogenesis, to support and
supply the growing mass with oxygen and nutrients.
This new vasculature, along with some cells, molecules,
acidic pH levels, and blood vessels, comprise the tumor
microenvironment. Currently, there are several treatment
options for cancer treatment, such as surgery, radiother-
apy, chemotherapy, immunotherapy, and targeted ther-
apy [19–23]. The side effects attributed to chemotherapy
occur due to the systemic uptake of these toxic chemical
drugs, causing adverse reactions in the body and systemic
cytotoxicity.

One of the primary motivations behind developing
nanocarriers for cancer therapy is the mitigation of
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Figure 1. Types of acoustic cavitation.

chemotherapy side effects. Thus, a drug delivery system
in which a chemotherapy dose is precisely delivered to
the tumor sites instead of the whole system is highly
desirable. In addition to the delivery to specific sites,
a slow, controlled release of a highly cytotoxic drug is
also desirable as it reduces system shock and alleviates
side effects [24, 25]. Presently, several nanocarriers have
been employed in drug delivery vessels for cancer therapy,
including [26–29]:
1. Polymeric nanoparticles: are particles within the size
range of 1 to 2500 nm and can be loaded with compounds
entrapped within or surface-adsorbed onto the polymeric
core.
2. Dendrimers: are nano-scale symmetrical molecules
(often polymers) in which a small atom or group of
atoms is surrounded by symmetric branches known as
dendrons. Dendrimers have well-defined structures, are
highly compatible with biological systems, and their
three-dimensional structure can form a variety of active
drug conjugates.
3. Hydrogels: are a group of 3-dimensional cross-linked
networks of polymers. They can be built in many shapes,
such as slabs, particles, and films. They have hydrophilic
structures and are capable of holding large amounts of
water.
4. Carbon nanotubes (CNTs): are carbon structures with
desirable properties such as high surface-to-volume ratios,
enhanced conductivity, and strength, biocompatibility,
ease of functionalization, and optical responsiveness.
They have been used as novel drug and gene delivery car-
riers. Many different cell types effectively take up CNTs.
5. Metal-organic frameworks (MOFs): are a class of
hybrid porous materials constructed from metallic clus-
ters connected by organic linkers. MOFs have excellent
properties for drug delivery, such as flexible composition,
well-defined pore size, tunable size, high agent loading,
and, depending on the choice of materials, are highly
biocompatibility.

6. Liposomes, which are the focus of this review, are
spherically shaped microscopic vesicles that consist of
one or more phospholipid bilayer membranes. They are
widely used as drug delivery nanocarriers and have sev-
eral formulations that have been FDA-approved. Table II
summarizes the advantages and disadvantages of different
organic and inorganic nanocarriers [30–37].

Liposomes
Liposomes are widely used nanocarriers in drug delivery
[38, 39]. They are spherically shaped synthetic nanopar-
ticles made from phospholipid bilayers, with diameter
ranges between 20 and 1000 nm. Each lipid layer consists
of a hydrophilic (polar) head and a hydrophobic (nonpolar)
tail. Liposomes are biocompatible since their lipid bilay-
ers membranes are similar to cell membranes. Hydrophilic
drugs can be contained within the core of the liposome,
while the region within the bilayer can entrap hydropho-
bic drugs. Liposomes are classified according to their sizes
which can range from 20 nm to 1,000 nm, as well as by
the number of bilayers. Liposomes with a single bilayer
are called unilamellar vesicles (ULVs), while ones with
multiple layers nested inside each other are referred to
as multilamellar vesicles (MLVs). Vesicle size affects the
circulation half-life of liposomes and the concentration
of drugs entrapped. Unilamellar liposomes with diameters
between 50 and 150 nm are the most suitable for drug
delivery applications because this size range allows the
liposomes to penetrate deep into the tissues, and, in the
case of cancer therapy, they can accumulate in the fenes-
trations between cancer cells [38–40].

Table III Presents a summary of some FDA and EMA-
approved (up to 2017) liposomal drugs [41].

Liposomes can be surface functionalized to acquire
stealth properties through PEGylation (covalent and/or
non-covalent attachment of polyethylene glycol) and to
promote receptor-mediated endocytosis (i.e., active target-
ing) via targeting ligands such as antibodies, peptides,
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Table II. Advantages and disadvantages of different organic and inorganic nanocarriers.

Type of
nanoparticle Nanoparticle Advantages Disadvantages

Organic Liposomes -Biocompatible -May trigger an immune response
-Increased circulation time
-Amphiphilic

-Poor stability (depending on formulation)

-Functional modification
-Protect drug from environmental conditions
-Low toxicity

Polymeric micelles -Biodegradable -Occasional cytotoxicity
-Self-assembling -Degradation of the carrier
-Biocompatible -Low drug-loading capacity
-Functional modification -Stability issues
-Versatility in chemical composition
-Increase solubility of lipophilic drugs
-Protect drugs from environmental conditions

Dendrimers -Uniformity in size, shape, and branch length -Complex synthesis route
-Increased surface area -Not veiy suitable for hydrophilic drugs
-Increased loading -High synthesis cost
-Multiple functional groups for targeted drug

delivery
Solid lipid nanopaiticles -Good solubility and bioavailability -Low drug loading capacity

-Low toxicity -Risk of gelation
-Drug expulsion due to lipid polymorphism

Nanoeimilsions -Stable -Toxicity
-Amphiphilic

Inorganic Gold nanopaiticles -Increased surface area -Potential toxicity
-Increased loading

Magnetic nanopaiticles -Uniformity in size -Potential toxicity
-Potential in imaging, theranostic systems

Metal organic
frameworks (MOFs)

-Large porosity -Low thermal stability
-Large surface area -Low chemical stability
-Open metal sites for interactions -Biocompatibility issues
-Easy to fiinctionalize -Premature release of drug

Carbon nanotubes -Multiple functions -Potential toxicity
-Chemical modification
-Water-soluble
-Biocompatible
-Efficient loading

Quantum dots -Fluorescent properties for imaging and drug
tracking

-Potential toxicity

Table III. A list of FDA and EMA approved liposomal formulations.

Trade name Year approved Active ingredient Indication

Visudyne 2000 Verteporfin Photodynamic therapy for age-related muscular degeneration
AmBisome 1990 Amphotericin B Fungal infections
Abelcet 1995 Amphotericin B Fungal infections
DepoDur 2004 Morphine Extended-release morphine
Octocog alfa 2009 Factor VIII Hemophilia A
Definity 2001 Octofluoro-propane Ultrasound contrast agent
Doxil/caelyx 1995 Doxorubicin Antineoplastic
Myocet 2001 Doxorubicin Metastatic breast cancer
DepoCyte 1999 Cytarabine Lymphomatous meningitis
Daunoxome 1996 Daunirubicin Antineoplastic
Mepact 2009 Mifamurtide Osteosarcoma
Marqibo® (Onco TCS) 2012 Vincristine Acute lymphoblastic leukemia
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proteins, carbohydrates, and various other molecules [42].
Liposomes can also be designed to be sensitive to internal
and/or external triggers, such as temperature, pH, redox
levels, enzymatic levels, US, electric and magnetic fields.
Recently, liposomal-based US-guided drug delivery has
immerged as a promising approach to treating certain types
of cancer because the technology is noninvasive, readily
available, and permits the spatially confined delivery and
tracking of drugs to targeted areas with a high degree of
precision, thus minimizing the adverse effects on healthy
tissues [43].

ULTRASOUND-GUIDED DRUG DELIVERY
Using Ultrasound to Form Liposomes
Several methods can be used to synthesize liposomes,
including the thin-film hydration method, ethanol/ether
injection methods, the emulsification method, detergent
dialysis, etc. [44]. The majority of the aforementioned
techniques rely on the self-assembly of phospholipids
when exposed to aqueous media. The formed liposomes,
in this case, tend to be multilamellar and with a wide size
distribution. Post-processing by extrusion or sonication is
often required to reduce the sizes and break MLVs into
(ULVs) [44, 45]. The preparation of sonicated SUV typ-
ically involves sonicating MLVs using either sonication
baths or probes [46, 47]. Bath sonicators are favored over
probe sonicators because they do not come into contact
with the sample, which in the case of probe sonicators
may lead to metal particles being released into the sam-
ple and the need to be removed by centrifugation (refer to
Fig. 2) [12, 46, 48–50]. One of the earliest studies on the
use of US to size liposomes was conducted by Papahad-
jopoulos and Miller [51, 52], in which they showed that
exposing phospholipid suspensions to low-frequency ultra-
sound (LFUS) led to the formation of small unilamellar
vesicles (SUVs). These studies were followed by the work
of Huang [53], who carefully studied these SUVs using
molecular sieve chromatography on large pore aerosol gels
[1]. Husseini et al. [54] investigated the effect of acoustic
cavitation on liposomal size. Their findings showed that
stable, not transient, cavitation causes a reduction in lipo-
somal size. This was established when the authors saw a
change in the diameter of liposomes even when collapse
cavitation was inhibited by lowering ultrasound intensity
or increasing hydrostatic pressure. Microfluidics is emerg-
ing as a promising technique to synthesize liposomes. The
liquid flow in microfluidic channels (micron size range)
can be controlled to establish laminar flow conditions suit-
able for liposome formation. Huang et al. [45] combined
microfluidic technologies and US to produce liposomes.
The microfluid channels were used to control the flow rates
of phospholipids and solvent, while a sonicator bath was
used for size reduction. The results showed that liposome
size decreased as the buffer-to-solvent fraction increased.

The size decreased even further in response to sonica-
tion (increasing the flow rate ratio from 8 to 12 with
sonication decreased the liposome size from ∼150 nm to
∼50 nm).

Using Ultrasound to Trigger Release from
Liposomes
Another advantage of liposomes as drug delivery systems
is that they can be designed to release their payload in
response to an internal (i.e., pH, redox, enzymatic level) or
external trigger (temperature, US, electric field, magnetic
field). This review focuses on US-induced release from
liposomes [55]. US-responsive nanocarriers are designed
to respond to the thermal effects, the mechanical effects
of US, or a combination of both. Drug release through
US-induced hyperthermia occurs when US is focused on
a particular region, causing a rise in local temperature;
this elevated temperature is usually higher than the transi-
tion temperatures of the phospholipids composing the lipo-
somes disrupting the orderly packing of the lipid bilayer
and releasing the drug [1, 15]. As mentioned earlier,
the oscillation or bursting of cavitation bubbles causes
microstreaming, shock waves, or micro-jets, which also
disrupt the liposomal bilayer and induce drug release
[1, 15, 43, 56].

In a study conducted by Kim et al. [57], US-sensitive
liposomes encapsulating the chemotherapeutic agent Dox-
orubicin (Dox) were synthesized using ethanol injection
and achieved a loading efficiency of 97.1±1.44%. Under
continuous US irradiation, the Dox release reached 60%.
In vivo studies were conducted using breast cancer (MDA-
MB-231) xenografted mice, and the combination of US
and liposomes suppressed tumor growth 56% more than
unsonicated liposomes and 98% more than the control
group (refer to Fig. 3). In another study, Matos et al.
[58] encapsulated the cytotoxin mistletoe lectin-1 (ML1)
in US-responsive liposomes and studied ML1 release
in response to high-intensity focused US (HIFU). The
release experiments results showed an 80% release of
ML1 when the liposomes were sonicated at a frequency
of 1.3 MHz. In vitro experiments showed that the cyto-
toxicity of the liposomal formulation was enhanced when
combined with HIFU in murine colon carcinoma (CT26)
cells (IC50 400 ng/ml; free ML1 IC50 345 ng/ml) was
compared to non-triggered USL loaded with ML1. Ols-
man et al. [59] investigated the effect of FUS in combi-
nation with microbubbles on the delivery and therapeutic
efficacy of MMP enzyme-sensitive-Dox-loaded liposomes
in vivo. The highest tumor uptake was seen when mice
were treated with FUS at a MI of 0.8 and microbubbles;
moreover, compared to the control group (treated with
saline), the group treated with liposomes and FUS, showed
a 58% reduction in tumor growth. Husseini et al. [60–71]
have also done extensive work with regard to both low-
intensity and high-intensity US-mediated liposome drug
release.

6 J. Biomed. Nanotechnol. 19, 1–14, 2023
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Figure 2. Cryo-TEM images of (A) 0.1 mM DPPC MLV after 20 min AFU (B) 1 mM DPPC MLV passed through polycarbonate
filters of 200 nm pore; (C)–(F) 20 mM DPPC/LysoPC/DSPE-PEG-2000 (87:9:4, molar ratio) MLV after 20 min AFU. Reprinted with
permission from [46], Tejera-Garcia, R., Ranjan, S., Zamotin, V., Sood, R. and Kinnunen, P.K.J., 2011. Making unilamellar liposomes
using focused ultrasound. Langmuir, 27 (16), pp.10088–10097. Copyright@American Chemical Society.

Using Ultrasound-Triggered Liposomes to
Enhance US Cancer Imaging
A pre-requisite for an effective cancer therapy nanocar-
rier is the ability to target and accumulate in specific body
locations in order to increase drug concentration at the
target site and reduce systemic toxicity. When devising
treatment plans, being able to visualize the nanocarrier

accumulation and therapeutic release at the target site
would help physicians overcome issues related to pen-
etration depth, the limitations of therapeutic strategies
in tumors, as well as monitoring post-treatment changes
at the tumor site [72, 73]. A wide range of imag-
ing modalities has been studied for potential image-
guided nanocarrier delivery applications, including optical

J. Biomed. Nanotechnol. 19, 1–14, 2023 7
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Figure 3. In vivo Dox release from IMP301 and DOXIL under
FUS irradiation (a) IMD-10R system set up. (b) Schematic illus-
tration of exposing mice to FUS (c) The fluorescence intensity
of Dox after intravenous injection for the DOXIL, IMP301 with-
out FUS, and with FUS treatment. (d) Tumor growth in MDA-
MB-231 tumor-bearing mice treated with saline (control; black
line), IMP301 (IMP301 US-; red line), and IMP301 with FUS irra-
diation (IMP301 US+; blue line). Reprinted with permission
from [57], Kim, Y.S., Ko, M.J., Moon, H., Sim, W., Cho, A.S.,
Gil, G. and Kim, H.R., 2022. Ultrasound-responsive liposomes
for targeted drug delivery combined with focused ultrasound.
Pharmaceutics, 14(7). Copyright@MDPI.

imaging, X-rays, computed tomography, magnetic reso-
nance, and US. US cancer imaging is widely used in
clinical settings due to its non-invasiveness, low cost,
high tissue-penetrating ability, and ease of controllabil-
ity [74]. A key component to successful US imaging is
the contrast agent; microbubbles (MBs) were the first US-
imaging contrast agents discovered and have been exten-
sively used ever since, especially in echocardiography. The
first-generation MBs consisted of free air-gas microbub-
bles (MBs) produced by hand agitation of saline; how-
ever, these contrast agents suffered from short lifetimes
because of the solubility of air in water. This led to the
development of second-generation contrast agents MBs of
perfluorocarbons, nitrogen gas, or sulfur hexafluoride sta-
bilized by phospholipid, or polymer vesicles ranging in
size from 1 to 8 �m (e.g., Definity, SonoVue/Lumason®,
Sonazoid®). Upon US application, these gas-filled vesicles
oscillate/cavitate (compression under positive pressure and
expansion in the negative pressure phase of the US wave)
reflecting the incident US waves which are then captured

by the US-transducer and converted to an image. The com-
pressibility of these MBs is higher than that of biologi-
cal tissues, meaning that they are better at reflecting US
waves which enhances the contrast of the region of interest
(i.e., echo reflection or echo enhancement) [73, 75, 76].
However, the main limitation to the use of MBs is their
relatively large size (10 �m) which restricts their effi-
cient penetration into the solid tumor microenvironment
(endothelial gaps size range between 380 and 780 nm).
In addition, MBs have limited drug loading capacity, and
short circulation time, and may cause irreversible damage
to off-target tissues [75–77]. Chandan and Banerjee [78]
were able to synthesize submicron-sized (756±180.0 nm)
US-responsive, phosphatidylserine (PS)-based paclitaxel-
liposomes-nanobubble conjugates (PSPLBC). To exert a
PSPLBCs exhibited anticancer effects and enabled US-
contrast enhancement. In vitro experiments showed a
10-fold increase in cellular internalization compared to
a control sample, as well as significant tumor growth
inhibition in vivo (98.3 ± 0.8% tumor growth inhibi-
tion). The in vitro contrast enhancement potential of
PSPLBCs was evaluated using a clinical 5–7 MHz phased
array convex US-probe. The US-images showed simi-
lar bright contrast for both the free nanobubbles and
PSPLBCs. Furthermore, an extended gradual decrease
in contrast intensity duration was observed; this meant
that the PSPLBCs achieved a longer contrast duration
which increased the time available for investigation (refer
to Fig. 4). The following year, Prabhakar and Banerjee
[73] were able to synthesize even smaller-sized (528.7 ±
31.7 nm) nanobubble–paclitaxel liposome complexes for
US imaging and US-responsive drug delivery in cancer
cells. The in vitro cellular uptake was increased by 2.5-fold
after sonication compared to the liposomes alone. More-
over, the nanobubbles-liposomes complexes showed better
echogenic stability than SonoVue® MBs.

Recently, echogenic liposomes have been investigated
as contrast agents for US imaging. Echogenic liposomes
are submicron-sized liposomal particles encapsulating a
gas or a gas-generating molecule in their central core.
The gases used typically include air, nitrogen, perfluo-
rocarbons (PFCs), or sulfur hexafluoride. Kim and Lee
[79] loaded liposomes with Melanin, perfluorohexane
(PFH), and 5-fluorouracil (5-FU) (melanin@PFH@5-FU-
liposomes). The synthesized liposomes could generate
bubbles upon near-infrared (NIR) irradiation, which
significantly improved drug release and US imaging.
Lin et al. [72] developed 2,2′-azobis[2-(2-imidazolin-
2-yl)propane] dihydrochloride (AIPH)-loaded liposomes
(Lip-AIPH) that can generate gas bubbles and reactive
oxygen species (ROS), simultaneously upon exposure to
US. The enhanced US imaging contrast of the LipAIPHs
was assessed by confocal microscopy. Following US irra-
diation, bright gas bubbles were observed, which was
attributed to the formation of gas bubbles. When com-
pared to sonicated PBS, and control liposomes, LipAIPH,

8 J. Biomed. Nanotechnol. 19, 1–14, 2023
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Figure 4. In vitro cellular internalization studies. (A) Confocal laser scanning microscopy (CLSM) images of MDA-MB-231 and
B16F10 cells for the free rhodamine-6G dye, free dye+US, rhodamine-6G loaded PSPLBC, and rhodamine-6G loaded PSPLBC+US
treatment groups. (B) CLSM images show the mechanism of PSPLBC uptake by pretreated cells, both with and without applica-
tion of US. (C) Cryo-FEG-SEM images of the cell without and immediately after PSPLBC+US treatment. Reprinted with permission
from [78], Chandan, R. and Banerjee, R., 2018. Pro-apoptotic liposomes-nanobubble conjugate synergistic with paclitaxel: A plat-
form for ultrasound responsive image-guided drug delivery. Scientific Reports, 8(1). Copyright@Springer Nature.

exhibited a 4.2-fold increase in echo intensity. More-
over, in vivo experiments showed that the survival rate of
breast cancer (MCF-7) tumor-bearing mice treated with
Lip-AIPH and US was prolonged over the monitoring
duration of 40 days. Fernandes and Kolios [80] syn-
thesized perfluorohexane-BODIPY-labeled nanoemulsions
(PFH-NEs) for theranostic applications. The synthesized
PFH-Nes were incubated with breast cancer (MCF-7) cells
and US signals were measured after 4, 24, and 48 hours
of incubation. US signals from the cells treated with PFH-
NEs were two times greater compared to cells without
any PFH bubbles; moreover, the signals were relatively
constant with time (average signals of 11.33×103 ±0�53,
14.16 × 103 ± 0�63, and 12.05 × 103 ± 1�60 after 4, 24
and 48 hours of incubation). Park et al. [81] investi-
gated echogenic liposomes as a nanocarrier for siRNA.
The results showed that around 10% of siRNA used in
the experiment was successfully protected by echogenic
liposomes. In addition, the release of siRNA from the
liposomes was successfully triggered using 1 W/cm2 US
sonication at a frequency of 1 MHz. Moreover, US images
were obtained in order to verify the echogenic response
and stability of the synthesized echogenic liposome com-
pared to those generated with commercial microbubbles
(Definity® and SonoVue®). The images were collected
during a 10-min period to evaluate the lifetimes of individ-
ual microbubbles in a degassed water condition. Accord-
ing to Figure 5, the synthesized echogenic liposome
had the lowest brightness in the US image; however,
all three microbubbles showed decreasing US signals.
This observation was attributed to the bubble density

difference, as Definity® has approximately 60 times more
microbubbles than SonoVue® according to manufacturer
descriptions. Hence, higher concentrations of echogenic
liposomes would increase the initial signal level.

CHALLENGES AND FUTURE PROSPECTS
Combining US with nanomedicine provides a powerful
theranostic tool that could be beneficial in the fight against
cancer. Despite the promising results of US-mediated lipo-
somal release in cancer therapy, there is still a need for
further research into the optimization of US parameters

Figure 5. Comparison of contrast US signal with respect to
time. Reprinted with permission from [81], Park, D.H., Jung,
H.C., Park, J., Bae, S., Shin, U.C., Kim, S.W., Kim, C.W., Lee,
Y.H. and Seo, J., 2022. Synthesis of echogenic liposomes
for sonoporation. Micro & Nano Letters, 17 (11), pp.276–285.
Copyright@Elsevier.
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to help this technology transition into clinical settings
[12, 82]. Existing imaging techniques, such as US imag-
ing, photoacoustic imaging, and fluorescent imaging, have
their own limitations; for instance, many cancers cannot
be detected via US imaging; additionally, calcifications
that are visible on mammograms cannot be detected by
ultrasound scans, preventing the early diagnosis of the
breast cancers that begin with calcifications. One way
to address these limitations could be by using multi-
modal imaging, where several complementary imaging
techniques are combined to acquire images at different
times (asynchronous), then fuse them together or simul-
taneously acquire images (synchronous) and merge them
automatically [83]. Multimodal imaging agents, which per-
mit the combination of two or more imaging modalities
by using a single agent, can provide multimodal con-
trast imaging concurrently with complementary tempo-
ral, spatial, and depth resolution for a more accurate and
reliable diagnosis [84, 85]. However, the pharmacolog-
ical profiles, biodistribution, degradation behaviors, and
metabolism need further study to enable their translation
into clinical applications [75].

Liposomes can be designed in such a way as to ren-
der them more echogenic. Liposomes release therapeu-
tic agents at a slower rate than micelles when US is
used as a stimulus. Our research group has extensively
studied acoustic agents release kinetics from micelles
[86–98], liposomes [99–101], and metal-organic frame-
works [102–105]. While liposomes are more efficient drug
delivery vehicles at releasing the therapeutic content [99]
compared to MOFs [103], they are not as echogenic as
micelles [86, 87, 91–93]. Micelles are capable of releas-
ing 10% of their content within 2 seconds of applying
US) [94–97]; on the other hand, liposomes release between
10–30% of their content within 20 seconds of ultrasoni-
cation (and less than 5% within 2 seconds of application)
[62, 64–69, 106]. In triggered drug delivery, the shorter
the applied time, the lower the side effects and hence the
higher the chance of translating the technology into clin-
ics. MOFs, on the other hand, release their contents slowly
(it could take up to 30 minutes for US to release 10%
of their contents) [102–104]. A new generation of lipo-
somes encapsulates perfluorocarbon nanoemulsions that
can easily vaporize in 1–2 seconds, destroying the liposo-
mal structure in the process and releasing the encapsulated
contents [61, 107]. These liposomes can release up to 50%
of the agents within a few seconds of US at higher power
densities.

The mechanism of release differs between the different
nanocarriers employed in our lab. In the case of liposomes,
cavitation (both stable and transient) is the main culprit
[103, 104]. Cavitation is thought to cause the release either
by the complete or partial destruction of the liposomal
structure [48, 63–69]. The mechanism of micellar destruc-
tion follows a similar trend [54, 94]. Microbubbles present

in the vicinity of the micelles cavitate, and as they oscil-
late back and forth (via stable cavitation) and eventually
implode (via collapse or transient cavitation), they pro-
duce microjets and microstreams that pierce a “hole” (or
“holes”) in the micellar structure and allow the contents to
escape [86, 87, 91–93]. Collapse cavitation is more effi-
cient in causing the release from micelles, as shockwaves,
after the MBs implode, can shear the micellar structure and
destroy it entirely [54]. Emulsion liposomes (eLiposomes)
are destroyed by acoustic droplet vaporization, which
occurs during the negative pressure portion of the acous-
tic wave. The lower pressure allows the liquid emulsion
to overcome the Laplace pressure and vaporize [61, 107].
The evaporation of these low-boiling point liquid emul-
sions is accompanied by a 100-fold increase in volume,
enough to destroy the whole nanocarrier quickly, leading
to the spilling of the encapsulated agent. Our research on
MOFs shows a combination of factors that enhance the
acoustic release, including improving diffusion out of the
MOF pores and loosening the physisorption of the agent
encapsulated inside the frameworks [102–105]. Cavitation
is also thought to play a role in the release from MOFs.

Another advantage of micelles is that they re-
encapsulate their contents once the acoustic field is turned
off or once the micelles leave the sonicated region
[93, 95, 97–99]. In contrast, once liposomes are destroyed,
they do not reform; hence, their contents may interact
with healthy cells [69]. As a future direction recommen-
dation, we believe that more research should be directed
toward synthesizing liposomes that are more responsive to
acoustic power (i.e., sonosensitive) and are capable of re-
encapsulating their contents outside the sonicated region.

As with other triggering mechanisms in drug deliv-
ery, we recommend developing an instrument by which
the operator can control the release of therapeutic agents
from nanoparticles in time and space. This can be done
via a feedback controller that automatically increases or
decreases US power density when the concentration of
the released agent is above or below the therapeutic win-
dow. This way, we can control and mitigate the side
effects of these cytotoxic agents, and guarantee a high
enough concentration at the tumor site that will hinder
multidrug resistance development [100]. Finally, artificial
intelligence techniques can be used to optimize the param-
eters involved in acoustically-triggered drug delivery plat-
forms [88, 96].

CONCLUSION
Reducing the detrimental systemic side effects of
chemotherapy is an area that is being heavily investi-
gated, particularly the use of stimuli-responsive nanocar-
riers to enhance anticancer drug delivery, release, and
accumulation at tumor sites. A wide range of nanocar-
riers and triggering mechanisms have been proposed to
address this issue. This review focuses on US-induced
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drug release from liposomes. The potential of MB-,
nanobubble-conjugated, and gas-filled (echogenic) lipo-
somes as US-contrast agents has also been discussed.
This US-based theranostic approach has shown promis-
ing results, both in vitro and in vivo, and with continued
research, may become a successful alternative to conven-
tional chemotherapy.
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