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The high prescribed dose of anticancer drugs and their resulting adverse
effects on healthy tissue are significant drawbacks to conventional
chemotherapy (CTP). Ideally, drugs should have the lowest possible degree
of interaction with healthy cells, which would diminish any adverse
effects. Therefore, an ideal scenario to bring about improvements in CTP is
the use of technological strategies to ensure the efficient, specific, and
selective transport and/or release of drugs to the target site. One practical
and feasible solution to promote the efficiency of conventional CTP is the
use of ultrasound (US). In this review, we highlight the potential role of US
in combination with lipid-based carriers to achieve a targeted CTP strategy
in engineered smart drug delivery systems.

Introduction

Cancer is a complicated, cryptic, multifactorial disease and, according to a report from the
American Cancer Society (ACS), the second leading cause of death in the USA [1]. Cancer denotes
a group of diseases in which cell proliferation is disrupted from the normal state, causing a loss in
the ability to differentiate, uncontrolled growth, and occasionally resistance to death [2]. In this
context, surgery (SR) and radiotherapy (RT) are the main treatments when the tumor is located in
a specific site. When the malignancy systematically involves the patient’s body or when both SR
or RT cannot be recommended, CTP can be considered as an effective treatment, wherein
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anticancer drugs are injected or administered orally to the patient
[3]. Moreover, the combination of three treatment strategies might
be required in some situations. In conventional CTP, drugs are
systemically distributed throughout the body and are unable to
discriminate between healthy and tumor cells. Thus, a high con-
centration of drugs is required to achieve sufficient therapeutic
treatment inside the tumor to enable the therapeutic dose to reach
the target site [4]. However, healthy tissues can be injured by the
toxic effects of high concentrations of CTP drugs accumulated by
unspecific uptake [5,6]. These drawbacks limit the application of
conventional CTP and make it an ineffective and noneconomical
treatment approach. Therefore, a suitable targeted strategy needs
to be adopted to address these issues and ensure that the highest
possible drug dosage reaches the target sites while healthy tissues
are preserved from the off-target effects [7,8].

The ideal scenario to bring about improvements in CTP is the
use of technological strategies for efficient transport, specific, and
selective drug release. This includes encapsulation, entrapment, or
binding drugs into the carriers in the same manner as a ‘“Trojan
horse’. Using this approach, the drug reaches the target sites with
the fewest interactions with healthy cells, thereby leading to
diminished adverse effects. Moreover, target drug delivery can
circumvent the administration of a high dose to reach the thera-
peutic index and requires reduced drug dosage administration
rather than free drug administration [9-11]. However, it is neces-
sary to address the nonspecific distribution of the carriers. Hence,
the next step of drug targeting, after drug containment, is to
determine a sophisticated strategy for targeted and controlled
drug release [12-14].

Nanotechnology has significant potential for targeted cancer
drug delivery [15-17]. A range of nanomaterials with distinct
physiochemical properties are available to isolate chemotropic
drugs and endow targeted drug delivery [18,19]. Among these
nanomaterials, lipid-based nanomaterials (LNMs) have elicited
plenty of research attention in the wake of their biocompatibility,
easy, processability, and adjustable drug encapsulation efficacy.
Moreover, stimuli-responsive carriers can also be constructed from
lipids, which are suitable for adjusting the release kinetic under
various endogenous and exogenous stimuli. As mentioned earlier,
cancer is a complicated disease that necessitates a combination of
treatment modalities for an effective outcome. In this regard, the
combination of geotargeting with temporal targeting is an emerg-
ing strategy for the improvement of therapeutic results. Geotarget-
ing refers to the concept of enabling the intended drug to reach the
desired site, whereas temporal targeting denotes the concept of
releasing the proposed drug through the carrier at the desired time
[20-22]. Both components require the therapy to be incorporated
into a well-designed carrier that can overcome biological barriers
and reach the site of action while also releasing the loaded thera-
peutics under specific stimuli. While various passive and active
targeting approaches have been developed for the treatment of
cancer, only some have been able to reach the clinic. Meanwhile,
studies on temporal targeting through stimuli-responsive carriers
have resulted in various proposals based on this concept [23,24].
The stimuli can be endogenous, such as specific enzymes, local pH,
and redox chemical reactions, or external, such as temperature,
light, electrical or magnetic fields, and US [25]. To that end, US
has a range of applications in the clinic, such as imaging,

physiotherapy, kidney-stone shattering, flow analysis, tumor
ablation, and fibroid ablation, among others. More interestingly,
it is possible to trigger drug leakage from the responsive carrier
through US-induced heat as well as mechanical effects. This
concept has provided additional possibilities for targeted cancer
therapy [26-28]. Thus, here, we provide a comprehensive review of
the combination of lipid-based nanostructures with an US-
induced drug release approach.

Targeted therapy of cancer

Nanotechnology provides suitable medical tools that can be
adopted for targeting (at the tissue, cellular, or subcellular level)
in cancer therapy by either passive and active targeting (Fig. 1), ora
physiological/technical approach, that is, triggered drug delivery
systems (Fig. 2).

Passive targeting

Under passive targeting, the passive uptake of drugs carriers occurs
in solid tumor tissues via the enhanced permeability and retention
(EPR) effect, physiochemical properties, and Fick’s law of
diffusion, which drives the biokinetics of the drug vehicle. The
carriers tend to accumulate passively in a tumor, based on several
malignancy parameters resulting from its inherent pathological
features, including pH level, disorganized and leaky vasculature,
production of vascular permeability factors, and ineffective
lymphatic drainage [29-31]. It is proposed that the size of the
nanoparticles (NPs) has to be between ~10 to several hundred nm
to utilize the EPR effect because of the abnormally wide fenestra-
tions in the blood vessels of most solid tumors [32-34].

Active targeting

Complementing passive mechanisms, active targeting refers to
carriers that are anchored to various targeting ligands, such as
monoclonal antibodies, proteins, peptides, nucleic acid ligands
(e.g., aptamers), estrone, hyaluronic acid, transferrin, RGD, cRGD,
and small molecules (e.g., folic acid). Indeed, such targeting
moieties specifically and selectively bind the carriers to cell recep-
tors and lead to enhanced uptake. In some cases, they also allow
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FIGURE 1

Schematic of two physiological ways to target cancer therapy by: (i) passive
and (ii) active targeting, using (iii) a targeted stimulus.
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FIGURE 2

Schematic of internal and external stimulations applicable in active drug delivery systems. Internal stimuli include enzyme, pH, and redox stimuli. External stimuli

include electric field, magnetic field, thermal, and ultrasound stimuli.

the internalization of NPs or their contents through receptor-
mediated endocytosis [18,35-40].

Triggered targeting

Although proper delivery of drug carriers to their targets is a
remarkable achievement, an additional mechanism that has the
potential to increase the rate of drug release from the carriers at the
target site is urgently needed. Indeed, another crucial requirement
to meet targeted CTP is a triggering mechanism that provides
controlled drug release into the target. A triggering mechanism
is defined as a method for adjusting and controlling the span, rate,
and compartment of drug release, and is generally categorized as
an internal (enzymes, pH, etc.) and external trigger (temperature,
laser, ultrasonic waves, alternating magnetic fields, etc.) [41,42].
The advantages and disadvantages of the triggering mechanism
are summarized in Table 1 [43-47].

Internal triggers

Enzyme-triggered release utilizes an internal trigger that exploits
the inherent pathological features of malignant tissues. The activ-
ity of a specific enzyme can be increased at a tumor site, so drug
carriers can be designed to be sensitive to that enzyme. For
example, liposomes are lipase sensitive because of they contain
phospholipids. Strategies based on enzyme-responsive control
include matrix metalloproteinases (MMPs), cathepsin B, hyalur-
onidases, and azoreductases as triggers in anticancer drug delivery
[37,48,49]. Another type of internal trigger uses pH-triggered
release, which utilizes a class of carriers designed to be responsive
to pH changes. These carriers are stable in healthy tissue under
normal physiological pH (pH 7.4), but, in the tumor site, where the
pH level is more acidic than in healthy tissue (pH~6.5), they
become destabilized and release their payloads [50]. Generally,
polymers with basic or acidic groups, such as tertiary amines,
phosphates, carboxyl, and sulfonic groups, are pH responsive,
because these groups are ionizable and induce structural changes

alongside pH changes [37,51-53]. Tumors have to reduce intracel-
lular and oxidizing extracellular environments to progress; these
environmental changes are beneficial for the development of
redox-responsive delivery vehicles. This delivery concept is based
on the high cytoplasmic concentration of glutathione tripeptide
(2-10 mM) in tumor environments, which can disintegrate the
structure of redox-responsive carriers. Disulfide bonds (S-S) are
labile in these conditions, making them suitable for the
construction of polymer, lipid, peptide, and protein-based delivery
systems. Various redox-responsive delivery systems have been
developed based on PEG-S-S-poly(g-caprolactone), poly(g-capro-
lactone), S-S-poly(ethyl ethylene phosphate), and dextran-S-S-poly
(e-caprolactone) [8,54-56].

External triggers

External triggers can directly increase the rate of drug release and
stimulate internal triggers. For example, US can increase the rate of
drug release from carriers directly through its mechanical inter-
actions and indirectly by warming the medium, owing to its
thermal interactions. Drug carriers are usually designed to be
intact at 37 °C. Thus, increasing the surface temperature of carriers
using external triggers (e.g., laser, US, microwaves, alternating
magnetic field, etc.) destabilizes them and thereby facilitates drug
release [57-61]. Here, we describe the performance of different
external triggers. Then, ultrasound-responsive drug-delivery
strategies will be reviewed in more detail.

Light-responsive carriers undergo structural changes under in-
teraction with light of a specific wavelength. The radiated light can
change the conformation, polarity, hydrophilicity, charge, optical
chirality, and conjugation of the carrier, which subsequently alters
the shape, stability, wettability, conductivity, solubility, optical
properties, and adhesion performance of the polymer [62,63].
Several liposomes have been designed to be photosensitive be-
cause of the contribution of light-sensitive lipids in their formula-
tion. [64-66]. In an alternative magnetic field (AMF)-responsive
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TABLE 1

Summary of the advantages and disadvantages of the triggering mechanism for drug delivery

Stimuli Advantages

Disadvantages

Internal triggers
Enzyme-responsive systems

improved pharmacokinetics

pH-Responsive systems

Redox-responsive systems

drug release in cytoplasm

Protection of drug in blood circulation; tumor-
selective accumulation; controlled release of drug;

Ease of application; pH differences in human body;
controlled drug release; intracellular drug delivery

Stability in normal tissues; prompt response to high
GSH concentration (usually a few minutes to hours);

Enzyme dysregulations in diseases; heterogeneous
spatial and temporal patterns of enzyme activity;
substrates overlap for closely related enzyme families;
complex large-scale production

Not suitable in biosystems when adding acid and
base; polymer-related toxicity; low conjugate
bioactivity; low mechanical strength

Heterogeneity of tumor cells; complex biological
environment

External triggers
Light-responsive systems
control

AMF-responsive systems

Very precise; easily tuned; low cost; spatiotemporal

Accumulation of particles with magnetic field; energy
modulation with alternating magnetic field;

Limited tissue penetration (can be enhanced with NIR
light); invasive for deep zone; UV is harmful;
inconsistent responses to light

Accumulation can lead to embolism or increased
cytotoxicity; complex and high cost; large facilities

Noninvasiveness; High penetration; Spatiotemporal
control; Insensitive to surrounding medium

Electro-responsive systems
spatiotemporal control

Thermo-responsive systems

and magnetic-induced local heating

us High penetration (dependent on frequency); easily
tuned; low cost; ability for very focused heating;

insensitive to surrounding medium

Pulsative release with changes in electric current;

Ease of incorporation of active moieties; simple
manufacturing and formulation; achieve light-, US-,

Surgical implantation required; requires additional
equipment for external application of stimulus;
difficulty tp optimize magnitude of electric current;
low penetration ability; sensitive to surrounding
medium

Instability of thermolabile drugs; induces
environmental changes; damage to biological systems

Difficulty to target moving organs; homogeneous
exposure to large zones remains a challenge; high
reflection at air (99%) and bone (60%) interface; high
absorption in bone; specialized equipment for
controlling drug release

system, a local high-frequency AMF is used to induce hyperther-
mia in the tumor site and accelerate the release of the drug from
the thermosensitive liposome (TSL) carrier. However, a high-in-
tensity AMF needs to be applied, which causes harmful effects in
healthy tissues. A solution was recently developed based on the use
of magnetoliposomes (MLs) that contain superparamagnetic NPs
[67,68]. Halevas et al. [69] magnetized ternary V(IV)-curcumin-
bipyridine complex-loaded liposomes via the addition of citrate-
coated Fe3O4 magnetic NPs as the triggered drug delivery system.
They showed that the citrate-coated Fe;O, magnetic NPs were
loaded into the hydrophilic lumen of the liposome, whereas V(IV)-
curcumin-bipyridine was entrapped in the hydrophobic compart-
ment of the lipid bilayer. In another study, Hardiansyah et al. [68]
synthesized doxorubicin (DOX)-loaded PEGylated liposomes
magnetized via the loading of citrate-coated Fe;0, magnetic NPs.

Electroactive organic/inorganic materials can be exploited to
fabricate stimuli-responsive delivery systems. Electrically induced
redox reactions and the orientation of the dipoles under the
applied electric field are the main underlying mechanisms of
electro-responsive delivery systems. Different electroactive
materials, such as polypyrrole, carbon nanotubes (CNTs), and
ferrocene, have been successfully incorporated for this purpose.

Generally, relatively weak electric pulses (~1 V) are applied to
induce structural changes [70-72]. Thermo-responsive polymers
experience a phase transition above or below a particular temper-
ature, referred to as the upper critical solution temperature (UCST)
or the lower critical solution temperature (LCST), respectively.
UCST is a critical temperature above which the thermo-responsive
polymers are soluble and, below which, are insoluble. By contrast,
LCST is a critical temperature below which the thermo-responsive
polymers are soluble, and, above, which, are insoluble. These
values are polymer specific and used to design thermos-responsive
structures according to the intended application, as well as the site
of action. Poly(N-isopropyl acrylamide) (PNIPAAm) is a well-
known thermo-responsive polymer with an LCST of ~32°C; it
becomes hydrophobic at this temperature. It is necessary to either
modify its side chains, polymeric architecture, or molecular
weight, or copolymerize it with the other polymers to tailor
the transition temperature suitable for biomedical applications
[73-76].

Ultrasound
Three crucial steps should be followed to improve the efficiency of
the current CTP and develop an optimized approach (Fig. 3): (i)
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FIGURE 3

Engineering approach to drug delivery systems design. (a) Formulating the appropriate nanocarrier, (b) accumulation of the nanocarrier in the target site
through passive and active targeting, and (c) applying ultrasound to trigger drug release from the nanocarrier.

encapsulation of drug into carriers; (ii) targeting drug carriers to
the desired location; and (iii) employing triggering mechanisms to
release the drug from its carrier.

US refers to mechanical waves with frequencies of 20 kHz to
30 MHz that are used for diagnosis and therapy [77,78]. Table 2
presents examples of applications of US at various frequency
ranges. US waves are non-ionizing and, thus, constitute a form
of non-invasive radiation that transfers energy onto biological
tissues with a relatively low risk of adverse effects. US waves have
also been applied as a strategy for US-triggered mechanisms in drug
delivery using carrier systems, such as micelles, liposomes, and
microbubbles (MBs). The different mechanisms of interaction
between the drug carrier system and US promote the uptake

and selectiveness in delivering therapeutic agents to the target
[79-84]. The significance of US in CTP and its role in triggering
drug release from carriers has been known since the late 1990s. As
US energy propagates through tissues, it results in heat production,
changes in pressure, and mechanical disturbance (non-inertial and
inertial cavitation). These mechanisms are generally classified as
thermal and nonthermal and could be used for the triggered
release of drugs [85-87].

Thermal effects of US waves

Thermal effects arise because of the absorption of acoustic energy
by the environment. This could be beneficial in drug delivery by
enhancing the diffusion phenomena by cells and could also

TABLE 2
Clinical applications of US
Application Frequency Description Refs
Filtration 28 kHz to 1 MH As a cleaning mechanism and filtration intensifier through shock waves [158]
Dentistry 30-150 kHz Introduces shock waves to fracture calculus, thereby facilitating its removal; provides real- [159,160]
time information about pocket depth, tissue thickness, bone morphology, attachment
level, histological change, etc.
Emulsification >100 kHz Induces hydrodynamic shear forces to increase effect of emulsification [161]
Lithotripsy 0.1-1 MHz Provides shock waves to break up stones in kidney, bladder, or ureter [162]
Tissue ablation 0.5-1.5 MHz Provides local heat beyond tolerance of abnormal cells to diminish them [163]
Drying >20 kHz Accelerates mass transfer and increases diffusion to reduce drying time and energy [164,165]
consumption
Sterilization >20 kHz Killing pathogens by disrupting cell membrane, producing free radicals and local heat [166]
Physiotherapy 0.7-3 MHz Induces local and focused heat within a specific part of body to accelerate healing process [167]
via various mechanisms, such as increasing local blood flow
Defrosting >20 kHz Transfers energy to frozen products and reduces thawing time [168]
Medical imaging 1-20 MHz Lower frequencies provide images from deeper organs, such as kidney and liver; higher [169]

frequency is applied to assess external organs, such as muscles
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FIGURE 4

Nonthermal effects of ultrasound: (a) ultrasonic cavitation, (b) non-inertial cavitation, and (c) inertial cavitation. Abbreviations: FRS, free radical scavengers; SL,

sonoluminescence.

produce a significant response in the pores of the carrier to achieve
an accelerated diffusion from the drug delivery system. Moreover,
along with the sonoporation effect, which increases the perme-
ability of cancer cells and the carriers, the generated heat following
US irradiation can be useful as an adjuvant treatment for patients
receiving CTP, because it would render the cancer cells more
susceptible to anticancer agents [86,88,89].

Nonthermal effects of US waves

The physical impact of the interaction between US waves (in the
20 kHz to 1 MHz frequency range) and the medium induces mol-
ecule displacement or vibration, generating high pressure (com-
pression) when particles are pushed together and low pressure
(rarefaction) zones when particles are drawn apart [90,91]. The
extent and type of vibration of the molecules induced by the US
energy applied to depend on the compressibility, elasticity, and
density of the material [92]. In gas-filled cavities, such as bubbles in
a liquid medium, US waves induce the formation, volumetric
expansion, and contraction of bubbles in response to pressure
changes caused by the acoustic field; a process known as acoustic
cavitation (Fig. 4). Depending on the oscillating behavior of
bubbles, cavitation can be either non-inertial or inertial [93,94].
Non-inertial cavitation

This kind of cavitation occurs when bubbles oscillate within a
stable resonance diameter, without collapsing, over many acoustic
cycles at a low-intensity acoustic field (Fig. 4a) [92,93,95-97].
When bubbles are exposed to the US rarefaction phase, they
can grow through either rectified diffusion or coalescence. In
the former case, dissolved gases in the environment accumulate
into the bubbles and cause them to grow. Coalescence occurs
when several bubbles combine to form a much larger bubble. In
this case, the bubble motion creates a circulating fluid flow or local
swirling around the bubbles (called microstreaming), which facil-
itates the transport of therapeutic molecules at high velocities

within blood through convection (Fig. 4b). This process can
induce reversible cell deformation and membrane permeabiliza-
tion of deep targets in response to low acoustic pressures
[93,94,97-99]. The increased oscillating amplitude of the bubbles,
derived from microstreaming, is capable of producing enough
shear forces to destabilize the carriers and promote the drug
release.
Inertial cavitation
Inertial cavitation occurs when a high-intensity acoustic field is
applied, whereby bubbles respond nonlinearly to the driving force,
causing them to rapidly increase in size until the expansion
exceeds the resonant bubble diameter during the rarefaction
phase. As a result, during the compression phase over short
acoustic cycles, the bubbles collapse violently, with the velocity
approaching the speed of sound [91,93,100]. These mechanical
effects generate incredibly high temperatures (5000 K) and pres-
sures (1000 atm) in nanometric boundaries, which, in turn, lead to
the production of shockwaves with an initial velocity of 1000 m/s.
The accompanying high-speed liquid microjets (when cavitation
occurs near a solid surface), emission of light (known as sonolu-
minescence: SL), and free radical scavengers can be used in the
release of drugs from carrier system (Fig. 4c) [92,94,96,97,101,102].
The intensity of the mechanical damage produced by microjets
and shockwaves depends on the impact parameters, such as the
distance between the cavitating bubble and rigid structures
[94,103,104], which can induce cell membrane fragmentation
and extravasation without killing the cells and can even generate
hydrolysis and free radicals. These phenomena can produce
enough energy to break carrier systems and improve the release
and transport of drugs into the target cell [105-108].

US-responsive lipid-based drug delivery systems
Drug delivery efficiency is governed by the carrier system response
to the US waves and the acoustic parameters used, such as
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FIGURE 5

Schematic of echogenic liposomes used for drug delivery. When ultrasound exposes such a liposome, it is warmed, becomes permeable, and releases its cargo.
This is attributed to cavitation phenomena if low-frequency ultrasound is used and thermal phenomena for high-frequency ultrasound.

frequency (kHz or MHz), pressure (MPa) or intensity levels
(W/cm?), US duty factor (percentage or fraction of time that the
system transmits US waves) and exposure duration. Here, we
discuss the application of US in combination with some widely
used lipid-based drug carriers as a potential means of achieving a
targeted CTP strategy.

Liposomes

Liposomes comprise an aqueous core enclosed by one or more
lipid bilayers. The liposome membrane typically comprises phos-
pholipids with polar hydrophilic heads and nonpolar lipophilic
tails [109-111]. Hydrophilic drugs are encapsulated in the aqueous
core, whereas lipophilic drugs are dissolved in the hydrophilic
membrane [112]. This carrier is classified in terms of the size and
number of lipid bilayers. Given that the liposome diameter ranges
from 25 nm to 25 mm [86], liposomes with one aqueous compart-
ment are denoted as unilamellar vesicles (50 — 250 nm), whereas
those comprising more than one aqueous chamber are known as
multilamellar vesicles (100-1000 nm) [7,113]. Premature drug
release from liposomes during storage, as well as in blood circula-
tion, is their main drawback. Most of the phospholipids used for
liposome formulation have a phase transition temperature of
around the physiological temperature (37 °C), which results in
the phase transition of constituent phospholipids and drug leak-
age. It is proposed that manipulation of the lipid bilayer composi-
tion and utilizing phospholipids with higher phase transition
temperatures would stabilize the liposome structure [114]. More-
over, the addition of cholesterol stabilizes the liposomal vesicles in
physiological media [115].

Several studies have reported the use of US as a trigger for drug
release from liposomes [113,116-119]. One strategy to sensitize
liposomes to US is to design vesicles containing a gaseous or
emulsion phase, which is called an echogenic liposome. Lattin
et al. reported liposomes containing various liquid emulsions

(eLiposomes), such as perfluorocarbon (PFC), which can be acti-
vated by US. Following US irradiation, the local pressure of the
medium is diminished below the liquid emulsion pressure and
causes the PFC to boil and convert to the gaseous phase [110,116].
Another type of liposome that can respond to US is a TSL. When US
exposes a TSL, it warms and is converted from a solid-order phase
to a liquid-disorder phase and vice versa. Under such a phase
transition, liposomes become permeable and release their cargo.
Generally, drug release from a TSL can be attributed to cavitation
phenomena if low-frequency US is used and thermal phenomena
for high-frequency US [120-122]. Liposome-tested nanobubbles,
CO, gas-generated liposomes, bubble liposomes, and liposome-
loaded MBs are other types of echogenic liposomes utilized for
drug delivery [123-126] (Fig. 5).

In vitro experiments related to liposomes

Table 3 summarizes recent in vitro studies using US to augment
drug release from the liposome. Novell et al. investigated the effect
of focused US (1 MHz; 1.5 MPa; 10 min) on calcein release from
TSLs and non-TSLs (NTSLs). For this purpose, 25 ml of calcein-
loaded liposomes were diluted in 500 ml of phosphate buffer
saline (PBS) and placed into a sample holder. Following US irradi-
ation, the rate of drug release from TSLs increased by ~44%
because of the increase in temperature from 37 °C to 42 °C. By
contrast, no substantial drug release was observed from NTSLs
under the US exposure. Additional calcein release up to 12% was
also found by increasing the negative pressure of US from 1.5 MPa
to 2 MPa for both TSLs and NTSLs. This rate was related to the
mechanical effects of US, such as collapse-inertial cavitation and
microstreaming [127]. In addition, Lin et al. [128] evaluated the
impact of low-frequency US (20 kHz; 1 W/cm?; 2's) on DOX uptake
by HeLa cells from emulsion liposome (eLipoDOX). They mea-
sured the number of viable cells by hemocytometer counting.
Their results demonstrated that cell viability was diminished from
100% for untreated cells to 90%, 40%, 60%, and 20% for US only,
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TABLE 3

Summary of in vitro studies on the combined effect of drug-encapsulated liposomes and US®

Nanoparticle Medium Targeting moiety Drug US parameters Cell line Significant results Refs
eLipoDOX Hela cells; cervix NA DOX 0.02 MHz, 1 W/cm?, Hela cells 80% cancer cell lethality [128]
0.33 min, CW
iRGD-PTX-LMC PBS iRGD PTX 1 MHz 0, 10,30 0r 60 s pulse  bEnd.3 cells and 4T1 cells  Release of ~84.77% of [170]
entrapped PTX after 60 s
irradiation; significant cell
lethality
Liposome PBS NA FITC 1.1 MHz, 900 W/cm?, 105,20  NA ~21.2% drug release after 10 [129]
s,30s,405s,50s,and 60s, CW s exposure; ~70.2% drug
release after 10 s exposure
Liposome-loaded (lipid- PBS NA DOX 1 MHz, 2 W/cm? BLM cells US-triggered drug release; [171]
shelled) MBs killing of melanoma cells
even at low doses of DOX
LMB SDS/Ethanol Folate Curcumin 0.7 MHz MCF 7 cells Significant accumulation in [172]
cells
Tween water solution Folate Oridonin 1 MHz, 0.5 W/cm? 60 s HepG-2 cells 94% drug release, ICso of [173]
0.508 + 0.018 wmol/ml
MB-liposome pendant PBS NA Calcein, thrombin 1 MHz Canine blood ~30% release of entrapped  [174]
structure calcein; ~11% release of
entrapped thrombin
NB-PTXLp PBS/methanol (70:30 v/v) NA PTX 1 MHz, 1 W/cm?, 75% duty MiaPaCa-2, Panc-1, MDA-  2.5-fold higher uptake [175]
cycle, 30 s MB-231, and AW-8507 compared with control, 300-
cell lines fold higher anticancer
activity of NB-PTXLps
compared with control
PC:DPPE-PEG HEPES buffer NA Calcein 20 kHz, 2 W/cm? NA Poly- and oligo (ethylene [176]
oxide) additives facilitate
drug release to reduce
energy required
PEG-liposome HEPES buffer NA Calcein 20 kHz, 2 W/cm? NA Underlying defect-mediated  [177]
permeabilization
mechanism
PEGylated liposome In vitro skin absorption NA Fluorescein 20 kHz, 2 min, CW NA 50% increase in skin [147]
test using Franz diffusion cells permeation profile
SL PBS NA VIN 1 MHz, 1.5 W/cm?, 110 s MCF-7 cells Burst release (~90%) of VIN  [179]
SSL PBS NA DOX, MPS, cisplatin 20 kHz, 0 to 7 W/cm?, 0- Cisplatin-sensitive C26 ~80% drug release, US [118]
3 min murine colon irradiation time-dependent
adenocarcinoma cells toxicity
TSLs, NTSLs NA NA DOX 0.8 MHz, 1-3 W/cm?, 30- Hela cells 2.5-5 times lower IC5o than  [180]

120's

free DOX, nucleus
internalization of DOX-TSLs,
cytoplasm internalization of
DOX-NTSLs
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free DOX, eLipoDOX, and eLipoDOX + US treatment groups, re-
spectively. Therefore, the use of US can enhance the rate of drug
release from liposomes to achieve a better therapeutic result, while
preserving healthy tissue from the adverse effects caused by free
drug administration. A feasibility study for applications of high-
intensity focused US (HIFU) at a MHz frequency to induce con-
trolled release of the drug content was also carried out. Using
dynamic light scattering and transmission electron microscopic
observations, Chen et al. demonstrated 21.2% of encapsulated
fluorescent materials (FITC) were released from liposomes with
an average diameter of 210 nm when exposed to continuous (cw)
US at 1.1 MHz (Ispra = 900 W/cm?) for 10s and the percentage
release efficiency was 70% after 60 s irradiation. This result also
reveals that rupture of relatively large liposomes (>100 nm) and
generation of pore-like defects in the membrane of small lipo-
somes (<100 nm) because of HIFU excitation might be the main
causes of the release; in addition, inertial cavitation occurred
during the irradiation. Thus, the controlled drug release from
liposomes by HIFU is a potentially useful modality for clinical
applications [129].

Zhang et al. [130] fabricated dual-responsive nanotheranostics
based on gold nanorods (GNRs) bearing liposomes. They incorpo-
rated the fabricated GNRs into liposomes synthesized from 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000]-folic acid (DSPE-PEG2000-FA) liposomes
(Fig. 6). The characterization showed that the synthesized GNRs
were effectively encapsulated in liposomes, and the resulted con-
structs were near-infrared (NIR) light (808 nm, 1.6 W/cm?) and US
(1 Hz and 1 W) responsive as a function of temperature elevation.
The authors reported that ~30% of the encapsulated drug was
released from the carrier over 24 h at physiological temperatures
(37 °C), whereas almost 85% drug release was obtained under
hyperthermic temperatures (42 °C). Cell toxicity assessments
against MCF-7 cells showed that US stimulation of FA-GNR-
ABC-DOX/lips resulted in the highest cell toxicity effect. In vivo
studies on S180 tumor-bearing mice showed that the combinato-
rial therapy (formulation with stimulation) reduced the weight
and relative tumor volume, indicating the tumor inhibition effi-
ciency of the treatments. The tumor imaging capability of the
formulated liposomes was investigated via both US imaging and X-
ray CT imaging in vivo. The results illustrated that the synthesized
liposomes exhibited high echo and a functional imaging effect
after 30 min post i.v. injection with clear contrast-enhanced sig-
nals, which lasted up to 240 min. Moreover, X-ray CT imaging
revealed that the formulation provided a CT value of ~920 HU,
which was approximately threefold more than the positive control
(injected iodine). These data indicate the multimodal theranostic
capability of the formulated liposomes for tumor imaging and
therapy.

In vivo experiments related to liposomes

Table 4 summarizes recent in vivo studies using US to augment drug
release from liposomes. Staruch et al. investigated the effect of TSL
doxorubicin (TLD) on rabbits with VX2 tight tumors in the pres-
ence and absence of mild hyperthermia induced by a magnetic
resonance-guided HIFU (MR-HIFU) device (1.2 MHz, 42 °C) The
tumor growth rate was substantially inhibited with a single infu-
sion of TLD and concurrent hyperthermia induced by HIFU
compared with tumors treated with TLD alone within 24 days
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TEM micrographs of gold nanorods (GNRs) (a) and folic acid (FA)-GNR-Ammonium bicarbonate (ABC)-doxorubicin (DOX)/liposomes (b). Thermal behavior of
phosphate buffer saline (PBS), GNRs, and FA-GNR-ABC-DOX/liposomes under stimulation with near-infrared (NIR) light (808 nm, 1.6 W/cm?) () and US (1 Hz and

1 W) (d). Reproduced, with permission, from [142].

of treatment. Furthermore, all of the rabbits receiving TLD alone
perished over the following 21 days, whereas 70% of rabbits
subjected to TLD plus HIFU survived for over 60 days [131]. In
another study, Lin et al. studied the combined effect of DOX-
loaded cationic liposomes (CLs) and focused US (FUS) on the
survival rate of rats bearing intracranial C6 glioma tumors. The
equivalent dose of DOX was 5.67 mg/kg, which was intravenously
administered twice a week. Survival rates of 30.4, 35, and 81.2 days
were recorded for animals treated with free DOX, DOX-CLs, and
DOX-CLs + FUS, respectively. However, the encapsulation of DOX
into CLs did not significantly improve the survival rate. The
stimulation of this nanovehicle by focused US dramatically en-
hanced the efficacy of the CTP regime by prolonging the animal
survival rate. Evjen et al. [132] assessed the effect of liposome
composition on the release behavior of encapsulated payload
under US stimulation. They fabricated dioleoyl phosphatidyl eth-
anolamine (DOPE)-based liposomes and hydrogenated soy phos-
phatidylcholine (HSPC)-based liposomes. They used near-infrared
fluorochrome Al (IIT) phthalocyanine chloride tetrasulfonic acid
(AlPcS,) as the drug model. They reported that AlPcS4 was effec-
tively encapsulated in both liposomes, confirmed by the concen-
tration-dependent quenching of fluorescence. In vitro stability and
release studies showed that the liposomes were stable in serum
samples without any fluorescence signal. US stimulation (1.1 MHz
with the corresponding ISPPA of 10.5 kW/cm?) showed that the

DOPE-based liposomes (~40% drug release after 1 min) were more
sonosensitive than were HSPC-based liposomes (~20% drug
release after 1 min). In vivo studies (Fig. 7) revealed that US stimu-
lation significantly triggered the release of AIPcS, from DOPE-
based liposomes and resulted in a 100% increase in fluorescence
signal intensity (P < 0.05), where no signal enhancement was
observed with HSPC-based liposomes after US stimulation. More-
over, the signal intensity of the control group (liposomes without
stimulation) did not change during the study, indicating the
US-dependent release of AlPcS,.

Microbubbles
Devices based on MBs are another type of US responsive nonve-
hicle and comprise a gaseous core and a shell that is composed of
phospholipids, proteins, or polymers (Fig. 8). Given their large size
(1-10 mm), MBs cannot passively extravagate in solid tumors
[97,133]. When MBs are exposed to US, they volumetrically oscil-
late owing to the compressible nature of their gas core. Also, MBs
can act as cavitation nuclei in the acoustic field, producing shear
force, acoustic streaming, inertia, and stable cavitation [134-136].
All these effects could facilitate drug release from MBs, as well as
enhance the permeability of the cell membranes.

Based on coating type, MBs are divided into two categories; soft-
shelled and hard-shelled MBs. Soft-shelled MBs are fabricated from
thin surfactants, such as phospholipid or protein, which makes
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TABLE 4

Summary of in vivo studies conducted on combined effects of drug-encapsulated liposomes and US?

Nanoparticle type
iRGD-PTX-LMC

SL

LMB

DOX-CLs
Doxo-Gado-Lipo
LCLP-Dox

TLD
CuDox-LTSLs

nSSL

LTSL

Caelyx

Long-circulating
pegylated
liposomes
Liposomal
doxorubicin
Liposomal
doxorubicin
MB-Lipo

PLMC

PEG-liposome

DOPE-based and
HSPC-based
liposomes

Tumor; origin
4T1 cells; breast

MCF-7; breast

HepG-2 cells; liver
C6 glioma; brain
TS/A; breast

CT26; colon

Vx2; pyriform sinus
NDL; breast

J6456 murine lymphoma
tumors

Murine mammary
adenocarcinoma

WiDr; human colon
cancer
9L rat glioma tumors

9L rat gliosarcoma
tumors

SCC7; murine squamous
cell carcinoma cell line
VX2 tumor; squamous
cell carcinoma

4T1-tumor; breast

DHD/K12 tumors; colon

22Rv1, human prostate

Drug
PTX

VIN

Oridonin
DOX
DOX
DOX
DOX
DOX

Cisplatin

DOX

DOX

DOX

DOX
DOX

DOX

PTX

DOX

AlPcS4

Route US parameters

\%

v

1 MHz, 0, 10, 30 or 60 s,
pulse
1 MHz, 1.5 W/cm?, 110's

1 MHz, 0.5 W/cm?, 60 s
1 MHz, 0.32 W, 1 min

3 MHz, 5.4 W/cm?, 2 min,
pulsed

1.5 MHz, 83.35 W/cm?,

2 min, pulsed

1.2 MHz, CW

1.54 MHz, pulsed

20-kHz, 5.9 W/cm?,
2 min, CW

1 Hz, 1,300 W/cm?, 15—
20 min, pulsed

20 kHz, 3.16 W cm?,
30 min, CW
1Hz 60's

1.7 MHz
1.5 MHz, 1114 W/cm?,

5 min
5-12 MHz, 1 min

1MHz 5s,10s, 30s, or
60 s
20-kHz, 1 W/cm?, 15 min

1.1 MHz, (ISPPA) 10.5,
kW/cm?, 10 to 60 s

Animal model
Female BALB/c mice

Female BALB/c mice

BALB/c nude mice
C6 glioma rats

Mice bearing mammary
adenocarcinoma

Mice bearing CT26 solid
tumors

Rabbits bearing Vx2
tumors

Mice bearing 46 NDL
tumors

Mice bearing J6456
murine lymphoma

Mice bearing mammary
adenocarcinoma

Mice bearing human
colon carcinoma
L9 glioma rats

L9 glioma rats

Mice bearing squamous
cell carcinoma

Rabbits bearing Vx2
tumors

Mice bearing 4T1 tumors

Rats bearing DHD/K12
tumors

Mice bearing 22Rv1
human prostate tumors

Significant results
Significant tumor
inhibition

Significant tumor
inhibition, longest
median survival time, 40
days

Tumor inhibition ratio
87.6%

~83.47% tumor
inhibition

~100% tumor inhibition

~42.11% tumor
inhibition
~100% tumor inhibition

~100% tumor inhibition

~70% drug release in
tumor site; tumors
stopped proliferating
and then regressed over
time

~50% drug release after
2 min exposure; US
reduced tumor size and
growth

US + DOX significantly
reduced tumor size
100% increase in median
survival

24% increase in median
survival

124% higher drug
concentration in tumor
Significant tumor size-
reduction; targeted drug
accumulation in tumor
site

74.39% angiogenesis
reduction in tumor
xenografts; significant
tumor size reduction
Significant tumor size-
reduction

DOPE-based liposomes
showed superior song
sensitivity compared
with HSPC-based
liposomes

Refs
[170]

[179]

[173]

[181]

[182]

[183]

[131]

[184]

[102]

[185]

[187]

[188]

[189]

[119]

[190]

[132]

2 Abbreviations: AIPcS4, Al (lll) phthalocyanine chloride tetrasufonic acid; Caelyx, liposomally encapsulated DOX; CuDox-LTSLs, Copper-DOX lysolipid-containing temperature-sensitive
liposomes; DOX-CLs, DOX-loaded cationic liposomes; Doxo-Gado-Lipo, DOX-Gadoteridol liposome; HMME, sonosensitive liposomes; IA, intra-arterial administration; iRGD-PTX-LMC,
iRGD-targeted paclitaxel-loaded liposome-MB complexes; LCLP-Dox, PEGylated liposomal DOX; MB-Lipo, MB-liposome complex; nSSL, nanosterically stabilized liposomes; PLMC, PTX-
liposome-MB complexes; PTX, paclitaxel; VIN, vincristine bitartrate.

them highly sensitive to US. In this type of MB, the drug loading
rate is very low. To improve this, a drug can also be loaded onto the
surface of the shell. The latter refers to MBs that are coated with a
polymer with the benefits of higher stability and higher drug

loading rate versus soft-shelled MBs. However, the polymeric
coating diminishes the sensitivity of MBs to US [97]. Recently,
researchers conducted studies on nanocarrier-MB hybrids, which
were fabricated by attaching various drug carriers, such as
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FIGURE 7

In vivo studies of US stimulation triggered the release of AIPcS4 from DOPE-based liposomes. Mice were administered with AlPcS,-containing DOPE-based (a,b)
and AIPcS,-containing HSPC-based liposomes (c,d), before (a,c) and after (b,d) ultrasound (US) stimulation. The animals on the left in the images are the controls.

Reproduced, with permission, from [132].
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FIGURE 8

A typical device for microbubble (MB) delivery. The image shows different
shell compositions, (lipids, polymers, and proteins) and beneficial
ultrasound-mediated effects of microbubbles (shear force, internal
cavitation, stable cavitation, and acoustic streaming).

liposomes, micelles, or other NPs, to the surface of the MBs [137]
(Fig. 9). Such hybrid platforms bring the advantages of high drug
loading capacity, target specificity, and vascular permeabilizing
effect of MBs. Furthermore, this unique configuration could have
diagnostic abilities. For example, Fan et al. presented DOX-loaded
MBs containing superparamagnetic iron oxide (SPIO) as CTP and
magnetic resonance imaging (MRI) contrast agents [138].

In vitro studies related to MBs

Table 5 summarizes recent in vitro studies using US to augment
drug release from MBs. Hu et al. synthesized a unique MB-based
hybrid carrier structure for targeted delivery of sunitinib in the
presence of US exposure (1 MHz, 2.2 W/cm?) and studied its
therapeutic effects on GRC-1 renal carcinoma cells. Liposomes
containing sunitinib were prepared and then adsorbed to the
surface of MBs to form sunitinib-loaded MBs. The combined action
of sunitinib-loaded MBs and US led to a remarkable reduction in
cell survival and showed better therapeutic benefits versus the free
sunitinib treatment group, including lower cell survival and
higher apoptosis rate [139]. Sun et al. synthesized oxygen and
PTX-loaded lipid MBs (OPLMBs) for US-mediated CTP against
hypoxic ovarian cancer cells. They successfully demonstrated that
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FIGURE 9

Drug and liposome-loaded microbubbles (MBs). (a) Lipid-based MB, (b)
hydrophobic drug-encapsulated liposome, (c) hydrophilic drug
encapsulated within the aqueous core of the liposome, (d) liposome with
surface drug conjugated, (e) hydrophobic drug entrapped within
phospholipid membrane of MB, (f) drug conjugated onto the surface of
phospholipids, and (g) drug encapsulated microbubble.

US-induced OPLMBs destruction significantly enhanced local
oxygen release to mitigate hypoxia and intensify the cytotoxic
effect of the anticancer drug. They also indicated that OPLMBs, in
combination with US (300 kHz, 0.5 W/cm?, 15 s) yielded a superior
antiproliferative activity of 52.8% and a cell apoptosis ratio of
35.25% in hypoxic cells relative to another treatment group at

TABLE 5

24 h after treatment. This experiment suggested US mediation of
oxygen and drug-loaded MBs as a useful method to overcome
chemoresistance in hypoxic cancer cells [140].

In vivo studies related to MBs

Table 6 summarizes recent in vivo studies using US to augment drug
release from MBs. Fan et al. presented a new theranostic complex of
superparamagnetic iron oxides (SPIO)-DOX- conjugated MBs
(SD-MBs) for image-guided drug delivery to the brain. The mag-
netic component provided enhanced accumulation of the drug
within target through magnetic targeting as well as real-time
monitoring of the complex under MRI. The authors demonstrated
that FUS exposure in a rat glioma model facilitated blood-brain
barrier (BBB) opening, highlighting the feasibleness of simulta-
neous magnetic and US targeting. Consequently, deposition of the
complex within the tumor was dramatically increased (25.7-fold
for DOX and 7.6-fold for SPIO) [141]. In another study, Wang et al.
presented a folate-conjugated hybrid carrier based on MBs. They
investigated its antitumor activities in the presence of US against
liver cancer. Oridonin (ORI) as a CTP agent was loaded into a
liposome, and the resulting L-ORI was attached to the MB surface
to form LMB-ORI. The highest tumor inhibition rate was achieved
in animals receiving folate-conjugated LMB-ORI combined with
US (>85%). These results show that this targeted liposome MB plus
US enhanced the anticancer effects of ORI as a CTP agent as well as
reducing its cardiotoxic adverse effects [142].

Other NPs

In addition to the above-mentioned drug carriers responsive to US,
other structures have also revealed enhanced drug delivery under
US mediation. Several studies have conducted on various solid
NPs, such as micelles, quantum dots, magnetic NPs, and polymeric
NPs, which can interact with US [142-146]. One way to sensitize
these NPs to US is to attach them to MBs or add them to the

Recent in vitro studies using US to augment drug release from MBs®

Carrier Medium Drug US parameters Cell model Significant results Refs
DPPC:DPSE-PEG2000 PBS calcein 1.1 MHz, 1.06 - 6.75 Mpa, 5 s NA 52.9 + 10.3% drug release [191]
UML NaCl/sodium CA4P 1.3 and 1.7 MHz, 5 and 120 s EA.hy926 cell line 9.4 £ 0.2% drug release [192]
citrate/HEPES
DSPC:DSPE-PEG2000 NA SiRNA-NPs 1.5 MHz, 10 W/cm?, 30's B16F10 cell line  Significant VEGF silencing, [165]
and PTX significant cell toxicity
NBs PBS, DOX 3 MHz, 2 W/cm?, 60's LS-174T Significant drug release, [193]
15.9 4 5.39% cell viability
DPPG-Na, DSPC-MB PBS DOC 0.8 Hz, 2.56 W/cm? DLD-1 cells ~ 65% tumor cell toxicity [194]
DSPC:DSPE-PEG2000: NA DOX 1 MHz, 1.65 W/cm? MCF-7 cell line High cell death and apoptosis [195]
DSPE-PEG2000-biotin because of increased ROS level,
DNA damage, and significant
reduction of P-glycoprotein
expression
DPPA/DSP-MB NA PTX 300 kHz, 0.5 W/cm?, 30's Ovarian cancer Antiproliferative activities of [196]

DPPC/DSPE-PEG-PDP/Liposome OptiMEM-1% FCS DOX 1.7 MHz

A2780/DDP cells 75.93 + 2.81%; cell apoptosis ratio
of 32.6 + 0.79%
~ 70% drug release; fourfold [197]

decrease in cell viability

U-87 MG

@ Abbreviations: DPSE-PEG2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DLD-1 cells, human colon adenocarcinoma cell line; DOC,
docetaxel; DPPA, 1,2-dipalmitoyl-sn-glycero-3-phosphate; DPPC, dipalmitoyl phosphatidyl choline; DPPG-Na, dipalmitoyl phosphatidyl glycerol (sodium salt); DSPC, distearoyl
phosphatidyl choline; FCS, fetal calf serum; NA, not applicable; NBs, nanobubbles; PTX, paclitaxel; ROS, reactive oxygen species; sodium salt; U-87 MG, human glioblastoma cells; VEGF,

vascular endothelial growth factor.
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TABLE 6
Recent in vivo studies using US to augment drug release from MBs?
Nanoparticle type Drug Route US parameters Tumor; origin Significant results Refs
DPPA/DSP-MB PTX IP 300 KHz, 2 W/cm?, 3 min A2780/DDP; ovarian cancer  Increased tumor apoptosis and reduced [198]
angiogenesis; increased median survival by
52%
DPPC, DPPA, 10-HCPT \% 1 MHz, 2 W/cm?, 6 min H22; murine hepatic cells Remarkable drug accumulation in tumor  [199]
DPPE-PEG2000- MD tissues; ~70.6% tumor inhibition rate
DPPC/DSPE-PEG2000 BCNU BI 1 MHz, 1 min C-6 glioma cells; brain Controlled tumor progression (915.3- [200]
39.6%); median survival of 29-32.5 days
DSPC:DSPE-PEG2000 PTX \% 1.5 MHz, 10 W/cm?, 30s SCC-7; squamous carcinoma  Significant therapeutic efficacy on tumor  [156]
growth inhibition; significant reduction in
VEGF expression
Lipid MB Evans blue IV 3 MHz, 0.5 W/cm?, NA Efficient drug delivery to brain [201]
duty cycle: 50% 3 min
DOC \% 300 KHz, 2 W/cm?, 100 s VX2; liver Tumor inhibition rate of 30.71%; enhanced [202]
tumor cell apoptosis
1.3 MHz DSL6A; pancreatic carcinoma 12-fold higher tissue concentration of drug; [203]
significantly lower tumor growth
NBs DOX v 3 MHz, 2 W/cm?, 60 s LS-174T; colorectal cancer Appropriate distribution of Dox in tumor  [193]
SPIO-NPs- DSPC, DSPG DOX \Y 500-kHz C-6 glioma cells; brain Reduced cell viability (~20%); active [138]
and DSPE-PEG2000-MB localization of carrier in tumor
UML CA4P IP 1.3 and 1.7 MHz, 5 and 120 s CT26; colon carcinoma 150-fold improvement compared with [192]

chemotherapy alone

2 Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine; DPPA, 1,2-dipalmitoyl-sn-glycero-3-phosphate; BCNU, 1,3-bis(2-chloroethyl)-1- nitrosourea; Bl, bolus injection;
CAA4P, combretastatin A4 phosphate; DOC, docetaxel; DPPE, dipalmitoyl phosphatidylethanolamine; IP, intraperitoneal; NBs, nanobubbles; PEG, polyethylene glycol; PTX, paclitaxel; UML,

ultramagnetic liposomes; VEGF, vascular endothelial growth factor.

medium contained within the MBs. Interaction of US with MBs
can generate acoustic cavitation near the carriers and destroy
them, resulting in drug release. Recently, the effects of 3 MHz-
US irradiation on the therapeutic ratio of PLGA-based magnetic
nanocapsules containing fluorouracil (5FU) were reported. Nano-
capsules with a magnetic core were selectively targeted toward
colon tumors in BALB/c mice by using an external magnetic field.
Subsequently, the tumors were exposed to US (0.3 W/cm?; 10 min)
to accelerate the release of 5FU. A tumor volume of 1500 mm? in
mice treated with SFU significantly diminished to ~0 mm? after
the mice received the combination treatment of a magnetic drug
coupled with US [147]. Abed et al. [3] evaluated the effect of US on
the profile of SFU release from the same magnetic nanocapsules in
PBS and found that US significantly accelerated drug release
from the nanocapsules in an intensity- and frequency-dependent
manner.

US hyperthermia-induced drug delivery

Hyperthermia is an adjuvant therapy for cancer in which the heat
originates from external sources (e.g., laser, radiofrequency waves,
and US) that exposes malignant tissue to destroy cancer cells
directly or to sensitize them to other treatment modalities, such
as radiotherapy and CTP. Nonselectivity in tumor heating using
current hyperthermia techniques results in undesired thermal
damage to surrounding healthy tissue and limits the application
of hyperthermia in the clinic. In this regard, NPs have shown
potential in the absorption of hyperthermic energy sources, in-
ducing localized heating [148]. Recent studies reported that some

NPs have sonosensitizing properties, which enable them to en-
hance the thermal and mechanical interactions of US with a tissue
[149,150]. More recently, it was found that gold NPs (AuNPs), iron
oxide NPs, and nano-graphene oxides exhibit such sonosensitiz-
ing capabilities. Colon tumors subjected to these NPs showed an
increased heating rate during sonication [151,152].

The combination of hyperthermia and CTP results in suprasy-
nergistic effects in cancer therapy. Incorporation of anticancer
drugs into nanocarriers that have sonosensitizing effects and
subsequent sonication might provide effective thermo-CTP. US
not only triggers drug release from the carriers, but also enhances
the heat in the presence of such sonosensitizing carriers and
intensifies the cytotoxic effect of loaded drugs [153,154]. Wu
et al. studied the combined effect of FUS hyperthermia and CTP
on brain metastasis of breast cancer in vivo. Animals were intrave-
nously injected with PEGylated liposome DOX (PLD) and sub-
jected to FUS hyperthermia (500 KHz, 10 min, 0.97 MPa), ~1 min
after injection. They demonstrated that short-term FUS hyperther-
mia significantly increased the deposition of PLD into brain
tumors. Tumor growth inhibition for animals subjected to PLD
plus FUS hyperthermia was more prominent compard with other
treatment groups. These results revealed that hyperthermia-
induced by US could increase PLD delivery into brain tumors by
increasing the EPR effect [155].

Rezaeian et al. [156] developed a computational model to eval-
uate the efficacy of HIFU hyperthermia-triggered drug release from
TSL-DOX wvia intraperitoneal (IP) injections. They showed
enhanced drug penetration depth under HIFU. Although smaller
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TABLE 7

Overview of studies conducted on FUS hyperthermia-triggered drug delivery systems®

Formulation HIFU

Animal/Model

Significant results Refs

Prohance® and
DOX-loaded iLTSL

1.44 MHz; acoustic power, 10-15 W,
MR-guidance

Wag/Rij rats/rhabdomyosarcoma

14.6-fold increase in concentration of DOX [204]
in irradiated group compared with no-HIFU

group (median 2.840%ID/g versus 0.194%

ID/g); 2.9 times higher DOX concentration

than free DOX group (median, 2.840% ID/g

versus 0.985% ID/g)

MR-HIFU clinical system (fac = 1.2 Rabbit/VX2 tumor MR signal enhancement [172]
MHz)
Prohance® and MR-HIFU clinical system with Rat/9 | tumor MR signal enhancement; significantly [205]

DOX-loaded TTSL dedicated animal setup (Isara =117

W/cm?,1.4 MHz, cw)

higher tumor DOX concentrations than
untreated tumor (7.4 versus 1.5 WLg/g

tissue)
ThermoDox®) FUS tumor therapeutic system Human/hepatic primary or Average increase of 3-7-fold in intratumoral [157]
secondary (metastatic) tumors biopsy DOX concentrations
Mechanical scanning (2.8 MHz), MRI Rabbit/muscle 16.8-fold increase in concentration of DOX [193]
guidance irradiated tissues compared with untreated
tissue
MR-HIFU clinical system Rabbit/VX2 tumor Significantly higher tumor DOX [173]

Mechanical scanning (2.5 MPa, 2.8
MHz), MRI guidance

Split focus transducer (TAT 80 W, 1
MHz duty cycle 10%)

Pulsed HIFU (Isara = 1300 W/cm?,
120 pulses, prf 1 Hz, duty cycle 10%)

Rabbit/muscle
Mice/murine squamous cell
carcinoma (SCC7)

Mice/murine mammary
adenocarcinoma; BALB/c

concentrations (7.6- and 3.4-fold greater

compared with free DOX and LTSL,

respectively)

Significantly higher concentration of DOX [156]
in irradiated tissues than untreated tissue

(8.3 versus 0.5 ng/mq)

Significantly higher concentration of DOX [206]
in irradiated tissues than untreated tissue

(1.7 versus 0.7 g/g tissue)

Significantly higher concentration of DOX [185]
in irradiated tissues than untreated tissue

(3.5 versus 1.5 Lg/g tissue)

2 Abbreviations: ilTSI, imageable thermosensitive liposome; Prohance®, gadolinium-based contrast agent; TAT, total acoustic power.

TSLs provide better treatment efficacy, the size of TSLs should be
matched with the permeability of the tumor microvascular and
TSLs smaller than the vessel wall pore size exhibit reduced effi-
ciency. Recently, results of a Phase I clinical trial, TARDOX, were
released [157]. The study assessed the feasibility and safety of
enhanced delivery and targeted drug release of DOX from Ther-
moDox® (thermally sensitive liposomes), triggered by mild
hyperthermia induced by FUS in liver tumors. The authors
reported an average increase of 3.7 times after applying FUS
compared with non-FUS and concluded that the developed system
is clinically safe, feasible, and able to promote intratumoral drug
delivery. Table 7 summarizes the most relevant data published
relating to FUS hyperthermia-triggered drug release from carries.

Concluding remarks and future perspectives

The high prescribed dose of anticancer drugs and their resulting
adverse effects on healthy tissues are two of the major drawbacks of
conventional CTP. Using smart carriers to sequester anticancer
drugs, directing the carriers toward the tumor site, and using a
triggered-release mechanism are urgently required to overcome
these limiting adverse effects and to develop a targeted CTP
strategy. US as a mediator for accelerating drug release from
carriers can promote the efficiency of conventional CTP. Here,

we highlighted the potential role of US in combination with
widely used drug carriers to achieve a targeted CTP strategy. Some
drug carriers,such as liposomes and MBs, because of their intrinsic
echogenic properties, exhibit enhanced drug delivery following
US activation. In addition, US-induced hyperthermia might be a
trigger to release the drug from thermosensitive carriers, such as
TSL.

However, there are some barriers to the clinical translation of
US-triggered drug delivery systems based on lipid-based nanos-
tructures. These include biological relevance, characterization and
screening, large-scale production and reproducibility, safety and
pharmacological, and regulatory issues. From a biological point of
view, various targeting moieties should be assessed to provide
cancer-specific spatial drug targeting. Several studies have been
dedicated to resolving this issue. Moreover, special attention must
be considered regarding the heterogeneity of tumors in humans,
patient-specific biology, and their correlation with the applied
animal model. Conducting of in silico approaches, such as
quantitative structure-activity relationship (QSAR) and molecular
dynamic simulations, before experimental studies, as well as the
selection of appropriate animal models of disease with the most
resemblance to human tumors, will facilitate the clinical
translation process.
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Quality and cost are located at the center of pharmaceutical
manufacturing development; hence, formulations that require
complicated and/or laborious production procedures have low
clinical translation potential. The current challenges facing
manufacturing scale-up and reproducibility are scalability
complexities, poor quality control, expensive materials and/or
manufacturing, low production yield, batch-to-batch variation
in reproducibility and storage stability, imperfect purification
from the lack of appropriate infrastructure of contaminants/by-
products/starting materials, and scarcity of pharmaceutical indus-
try investment and venture funds. However, recent breakthroughs
in the facile and high-throughput synthesis of liposomes could
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