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Abstract: Efficient conventional chemotherapy is limited by its nonspecific nature, which causes se-
vere systemic toxicity that can lead to patient discomfort and low therapeutic efficacy. The emergence
of smart drug delivery systems (SDDSs) utilizing nanoparticles as drug nanocarriers has shown
great potential in enhancing the targetability of anticancer agents and limiting their side effects.
Liposomes are among the most investigated nanoplatforms due to their promising capabilities of
encapsulating hydrophilic, lipophilic, and amphiphilic drugs, biocompatibility, physicochemical and
biophysical properties. Liposomal nanodrug systems have demonstrated the ability to alter drugs’
biodistribution by sufficiently delivering the entrapped chemotherapeutics at the targeted diseased
sites, sparing normal cells from undesired cytotoxic effects. Combining liposomal treatments with
ultrasound, as an external drug release triggering modality, has been proven effective in spatially and
temporally controlling and stimulating drug release. Therefore, this paper reviews recent literature
pertaining to the therapeutic synergy of triggering nanodrugs from liposomes using ultrasound. It
also highlights the effects of multiple physical and chemical factors on liposomes’ sonosensetivity,
several ultrasound-induced drug release mechanisms, and the efficacy of ultrasound-responsive
liposomal systems in cancer therapy. Overall, liposomal nanodrug systems triggered by ultrasound
are promising cancer therapy platforms that can potentially alleviate the detriments of conventional
cancer treatments.

Keywords: liposomes; passive targeting; active targeting; receptor-mediated endocytosis; ultrasound;
triggered release

1. Introduction

Cancer annually threatens and claims the lives of millions of people worldwide. In
2020, around 19.3 million cancer cases and about 10 million cancer-related deaths were
reported [1]. The severity of this heterogenous disease has prompted the need to develop
various treatments. Currently, the most conventionally utilized cancer therapies are surgery,
radiation, immunotherapy, and chemotherapy [2]. The latter, however, is the most common
modality to treat metastatic cancers. This is due to the chemotherapeutics’ ability to circulate
in the bloodstream and distribute into the entire body, thereby targeting cancer tissues
at more than one site. At the same time, a significant share of the drug attacks rapidly
growing healthy cells [3,4]. The subsequent damage of normal cells is what leads to the
well-known side effects of conventional chemotherapy, including hair loss, nausea, fatigue,
and myocardial infarction, alongside their psychological ramifications on the patient [5,6].
This systemic toxicity may reduce the treatment efficiency by restricting the administered
chemotherapeutic doses prescribed to the patient. Consequently, tumors may relapse or
develop multi-drug resistance (MDR), a phenomenon where cancer cells can survive in the
presence of anticancer drugs [7].
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Besides deteriorating cancer patients” quality of life, another major problem is also
associated with traditional chemotherapy, which is the drug’s low availability at the tumor
site. Such a drawback is the result of a number of factors—one of which is that many
chemotherapeutics exhibit low blood solubility and might not be able to avoid enzymes’
attacks while in blood circulation [8,9]. Furthermore, a significant amount of the chemother-
apy dosage is lost to healthy tissues rather than being exclusively delivered to cancer cells.
Even upon arrival to destination cells, the tumor’s high interstitial pressure and abundant
stroma may hinder the drug’s penetration deep through the tumor tissues [7]. On top of
that, many antineoplastic agents show poor cellular uptake, leading to low intracellular
drug concentration [8]. Since the treatment efficiency strongly depends on the success
of the chemotherapy drugs to abundantly reach the tumor [10], the addressed obstacles
should be overcome to achieve better therapeutic outcomes.

In light of what preceded, new technologies are needed to minimize or eliminate
the side effects of conventional chemotherapy and enhance its efficacy. Further under-
standing of cancer pathology and the biological disparities between cancer and healthy
tissues have led to the development of a new treatment modality that can achieve the
above purposes [11]. Such a modality harnesses nanoparticles as Smart Drug Delivery
Systems (SDDSs) that can carry the chemotherapy dosage and deliver it specifically to
its targets. This is followed by a sustained release of the drug from the nanocarrier into
the cancer cell. The drug release can be regulated by sensitizing the nanocarriers to cer-
tain stimuli so that they remain stable until a stimulus is applied to the desired diseased
areas [12]. Therefore, such nanosystems can alter both the biodistribution and pharmacoki-
netics of chemotherapeutics, resulting in lower systemic toxicities and higher therapeutic
indices [13].

A wide range of materials is used to design chemotherapy nanocarriers, including
polymers (e.g., dendrimers and micelles), lipids (e.g., liposomes and niosomes), and inor-
ganic materials (e.g., carbon nanotubes, metallic nanoparticles, and quantum dots) [14].
Several stimulus-responsive nanoplatforms are currently under study; however, ultrasound-
responsive liposomes have gained increasing attention. Liposomes have been shown to
be effective in improving drug tolerance and reducing systemic toxicity [15,16]. With
liposomes” remarkable physical and chemical properties, as well as ultrasound ease of
control and non-invasiveness, such a nanosystem appears promising as a treatment for
cancer. Therefore, this article reviews the use of ultrasound to induce drug release from
liposomal systems and presents some relevant in vitro and in vivo work.

2. Liposomes as Nanocarriers in SDDSs

The non-selective nature of the traditional cancer therapy platforms leads to the
limited efficiency of the drug, poor drug biodistribution, and high toxicity to healthy
tissues, resulting in serious side effects. These shortcomings can be overcome by temporally
and spatially controlling the delivery of the drugs. Controlled SDDSs deliver the therapeutic
agents of interest specifically to the diseased tissues, thereby reducing their toxic effects on
the rest of the body. SDDSs also increase the drug’s blood circulation time by minimizing
its clearance rate and rapid degradation, thereby lowering the required drug doses, and
enhancing its efficacy [17].

Targeted therapy can be achieved by sequestering anticancer agents inside nano-
sized vehicles (nanoparticles), ranging in diameter from 1 to 100 nm [18]. In contrast to
macroparticles, nanoscale sizes impose numerous unique characteristics, such as enhanced
optical, magnetic, and electrical properties [19]. In general, all nanoparticles share a high
surface area to volume ratio, enhanced reactivity, and improved drug capacity, thereby
enhancing drug bioavailability in the tumor and reducing dosage frequency [20].

Nanoparticles that are used to transport drugs to specific sites are referred to as
nanocarriers. Conventional nanocarriers lack the ability to deliver the right drug con-
centration to target cells and exhibit slow drug release profiles. In order to make such
nanosystems “smart”, they must be properly engineered to accumulate preferentially at
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cancer cells, increase intracellular cytotoxicity, and provide a fast and controlled release
of their encapsulated cargo. To achieve such properties, nanocarriers surfaces should be
modified with hydrophilic molecules to evade the cleanse by the immune system and with
targeting ligands to promote cellular uptake by cancer cells [21]. Additionally, to induce
the entrapped drug release, several stimuli can be used, and they can be either endogenous
(e.g., pH, enzymes) or exogenous (e.g., temperature, radiation, ultrasound) [22]. Different
types of nanocarriers and triggering modalities are illustrated in Figure 1.
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Figure 1. Presentation of the different nanocarriers and triggering mechanisms used in developing
SDDSs.

Various nanoparticles (NPs) have been investigated as SDDSs that can efficiently
deliver the entrapped drugs to their targets. NPs can be classified into inorganic and
organic. Inorganic NPs include gold NPs, quantum dots, and ceramic NPs, whereas
organic NPs include dendrimers, micelles, and liposomes [23].

Liposomes are nanosized vesicles composed of phospholipid bilayer membrane en-
trapping an aqueous compartment. Their lipid bilayer resembles the cellular membrane.
That is, it is mainly composed of phospholipids (a hydrophilic head attached to two apolar
hydrophobic tails), cholesterol, and non-toxic surfactants. Liposomes form spontaneously
when amphipathic phospholipids are hydrated. When dispersed in an aqueous solution,
the polar heads of these molecules (composed of phosphate groups) tend to interact with
water molecules by hydrogen bonds and polar interactions. On the other hand, the hy-
drophobic fatty acid tails repel water and instead attract each other to minimize their
contact with water molecules. The Van der Waals interactions between these tails keep
them closely packed and stable. This results in the formation of a spheroidal bilayer ar-
rangement (liposome) in which hydrophobic tails from each layer are directed opposite
to each other, thereby constituting the inner compartment of the lipid bilayer membrane,
while the hydrophilic heads are pointed toward the exterior and interior aqueous solutions,
hence forming the outer and inner surfaces of the liposomes (Figure 2) [23-25].
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Figure 2. Possible loading, functionalization, and surface engineering schemes of liposomes.

Since they were first discovered, liposomes have shown great potential as SDDS due
to their unique biological and physicochemical properties—one of which, owing to their
dual nature, is their ability to immobilize both hydrophilic drugs in their aqueous core and
hydrophobic drugs within the lipid bilayer [26]. In addition, and since they are composed of
the same materials as the cellular membrane, they are highly biocompatible, biodegradable,
and non-toxic to the body. Moreover, liposomes have shown high drug loading capacity
and high solubility in water (thus blood). Furthermore, their surface can be modified to
enhance their stealth properties (hence prolonging their body lifespan) and promote active
targeting [24]. Due to the stated properties, liposomes have demonstrated huge success as
drug delivery systems, as some are already in the market (see Table 1), others are pending
approval, and some are in clinical trials. One of the successful liposomal formulations
for cancer treatment that are currently on the market is Doxil (a PEGylated doxorubicin
liposomal formulation) as it was approved by the United States of America’s Food and
Drug Administration (FDA) in 1995 [27].

Table 1. Clinically used liposomal systems for cancer therapy [28-32].

Product

Approval Year

Lipid Composition

(Molar Ratio) Indication

Drug Marketed by

Doxil®

DaunoXome

Depocyt®

®

1995

1996

1999

AIDS-related
Kaposi’s sarcoma,
ovarian cancer,
breast cancer
AIDS-related
Kaposi’s sarcoma

HSPC: Cholesterol:
PEGyg00-DSPE
(56:39:5)

DSPC:Cholesterol
(2:1)
DOPC, DPPG,
cholesterol and triolein,
(DepoFoam™)

o Sequus
Doxorubicin Pharmaceuticals
NeXstar

Daunorubicin .
Pharmaceuticals

Neoplastic

Cytarabine S
meningitis

SkyPharma Inc.
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Table 1. Cont.

Lipid Composition

Product Approval Year Drug (Molar Ratio) Marketed by Indication
Used with
- EPC:Cholesterol Elan cyclophosphamide
® yclophosp
Myocet 2000 Doxorubicin (55:45) Pharmaceuticals to treat metastatic
breast cancer
. Takeda High-grade
Mepact® 2004 Mefamurtide DOP(%_;))OPC Pharmaceutical non-metastatic
’ Limited osteosarcoma
Sike Gastric, ovarian,
Lipusu® 2006 Paclitaxel PC, cholesterol Pharmaceutical Co. ! ’
Ltd. and lung cancer
. Acute
Marqibo® 2012 Vincristine SM: Cholesterol Talon Therapeutics, lymphoblastic
(60:40) Inc. .
leukemia
DSPC: Cholesterol: Breast and ovarian
Lipodox® 2012 Doxorubicin PEG3ggo-DSPE Sun Pharma
cancer
(56:39:5)
Merrimack Metastatic
Onivyde™ 2015 Irinotecan DSPC'I(\;I;%GO?%)'DSPE Pharmaceuticals ~ adenocarcinoma of
o Inc. the pancreas
CPX-351 Cytarablr}e; DSPC: DSPG: Jazz Acute myeloid
® 2017 Daunorubicin Cholesterol . .
(Vyxeos™) (5:1) (7:2:1) Pharmaceuticals leukemia

HSPC (hydrogenated soy phosphatidylcholine); PEG (polyethylene glycol); DSPE (distearoyl-sn-glyc ero-phos
phoethanolamine); DSPC (distearoylphosphatidylcholine); DOPC (dioleoylphosphatidylcholine); DPPG (di-
palmitoylphosphatidylglycerol); EPC (egg phosphatidylcholine); DOPS (di oleoylphosphatidylserine); POPC
(palmitoyloleoylphosphatidylcholine); PC (phosphatidylcholine); SM (sphingomyelin); MPEG (methoxy polyethy-
lene glycol); DSPG (distearoylphosphatidyl glycerol).

Liposomes can be classified based on size and the number of lipid bilayers they possess
(structure/lamellarity). Liposomes with several concentric phospholipid-bilayer spheres
separated by fluid compartments are designated as multilamellar vesicles (MLVs) (like an
onion structure). On the other hand, liposomes with a single lipid bilayer enclosing a fluid
core are referred to as unilamellar vesicles (ULVs). The latter can be further subdivided,
based on size, into giant unilamellar vesicles (GUVs), large unilamellar vesicles (LUVs),
and small unilamellar vesicles (SUVs). Typically, the multilamellar structure is generated
when several ULVs are formed around other smaller ones [25,33]. Another type of vesicles
exists, which is multivesicular vesicles (MVVs). The MV Vs are composed of non-concentric
bilayers clustered in one large vesicle. Figure 3 illustrates the classification of liposomes
according to size and lamellarity. Another way to categorize liposomes is based on their
composition. They can be classified into conventional, fusogenic, pH-sensitive, cationic,
long-circulating, and immuno-liposomes [34].

Liposomes face several immunogenic barriers in the body that impede them from suffi-
ciently accumulating at the tumor site. One such obstacle is the process of opsonization—the
process by which serum proteins (called opsonin proteins) are adsorbed by the surface of
foreign bodies to allow phagocytes (from the reticuloendothelial system, RES) to recognize
and eliminate them. As soon as liposomes are administered into the bloodstream, opsonin
proteins bind to their surfaces, rendering them susceptible to phagocyte attack. Phagocytes
ingest the liposomes and remove them from the blood circulation by depositing them in
the liver or spleen, where they are removed from the body. This results in short blood circu-
lation times of the liposomes when used in vivo, lowering their accumulation at intended
sites [35].
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Figure 3. Classification of liposomes based on size and lamellarity.

To avoid opsonization, liposomes are coated with hydrophilic molecules that reduce
the adsorption of opsonin proteins on their surface, thus shielding them from RES recog-
nition. The most commonly used molecule for this purpose is polyethylene glycol (PEG).
The process by which liposomes are conjugated with PEG is named PEGylation, whereas
the modified liposomes with enhanced stealth properties are designated as “stealth lipo-
somes.” PEG molecules form a protective hydrophilic layer around the liposome, which
repels opsonins away from the liposomal surface. This, in turn, reduces the uptake of the
liposomes by phagocytes, which prolongs their circulation times from minutes to more
than a day. Consequently, enhanced localization of liposomes at the tumor interstitium
is achieved, thus resulting in better therapeutic efficiency [35,36]. Besides preventing the
interaction of the liposomes with the macromolecules in the body, PEGylation also offers
high colloidal stability by enhancing inter-particle steric repulsion. In addition, targeting
molecules can be incorporated with the terminal functional group of PEG chains to induce
the internalization of the liposomes by cancer cells via active targeting [37].

3. Tissue-Specific Targeting Mechanisms: Passive and Active Targeting

Generally, the ability of nanocarriers to specifically target cancer relies on the anatomi-
cal and physiological differences between healthy and cancerous tissues. A key difference
is the enhanced permeability and retention (EPR) features that characterize tumors. These
features are critical for targeting cancer cells, as they allow specifically designed nanocar-
riers to escape the defected vasculature of cancer tissues and ultimately accumulate at
the diseased locations. This method of targeting cancer is referred to as passive targeting
which occurs spontaneously [26]. The enhanced permeability effect mainly stems from
the differences in the angiogenesis process between cancer and normal tissues. Tumor
angiogenesis occurs at significantly faster rates than in normal tissues, which results in
the formation of blood vessels with irregular discontinued epithelium that lacks a basal
membrane. This leaky nature of the tumor vasculature permits nanoparticles to permeate
effortlessly through the tumor capillaries to the cancer interstitium. On the contrary, nor-
mal tissues are surrounded by capillaries with tight junctions that prevent nanocarriers
from penetrating and accumulating in their vicinity, hence minimizing the drug toxicity
to healthy cells [26,38]. On the other hand, the enhanced retention effect results from the
lack of a functional lymphatic drainage system around the tumor. Lymphatic vessels are
responsible for removing excess water or any foreign bodies from the interstitial fluid
bathing around the cells. However, as the tumor grows, it compresses these lymphatic
vessels and eventually damages most of them. This defective lymphatic system prolongs
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the retention time of the nanocarriers, thereby preferentially accumulating them in tumor
tissues [26,38,39].

It is important to note that several immunogenic barriers hinder the delivery of
nanocarriers to the tumor site—one of which is the reticuloendothelial system (RES) in the
liver and spleen, whose function is to relieve the body of old cells and foreign bodies. These
organs consist of dilated irregular microvasculature structures with discontinuous porous
epithelium (sinusoids) lined with phagocytic cells [39]. When normal blood cells and small
particles pass through the sinusoids, they permeate through the gaps in the walls, while
large particles (including old or abnormal cells and large foreign bodies) fail to escape the
sinusoids; thus, they get attacked and cleansed by the phagocytic cells [40]. In this regard,
an ideal SDDS should be small enough to escape the capture by the phagocytes in the liver
and spleen, but it should be large enough to only pass through the cancer vasculature and
not through the healthy ones. The size of the gaps in the sinusoids varies from 150 to 200
nm [39]. In contrast to healthy tissues’ vasculature, whose junctions are of the size of 5-10
nm, the size of gaps in leaky tumor vasculature ranges from 100-780 nm [41]. Based on the
literature, the size of the nanocarriers used for cancer treatment should preferably be in
the range of 70-200 nm to effectively (large amounts by escaping the RES) and selectively
(specific sites) target cancer tissues [42].

The efficient localization of the drug carriers in the tumor interstitium is the result
of the EPR effect; however, an efficient treatment also entails increasing the uptake of
these accumulated nanocarriers by cancer cells. Passive targeting (based on the EPR
effect) cannot promote such cellular uptake, which brings the need for a second type
of targeting, i.e., active targeting [43]. Cancer cells often overexpress specific receptors
on their membranes, unlike normal cells. This disparity in normal and diseased cells’
metabolisms is advantageous in delivering the drug to the tumor only. This is achieved by
conjugating certain molecules, referred to as ligands or moieties, that have a high affinity
toward the distinct cancer receptors to the nanocarrier’s surface in a process called surface
functionalization. Such modification promotes the binding between the moieties and the
cancer receptors (similar to a lock and key mechanism), which, in turn, enhances the
cellular uptake of the nanocarrier [26,44,45]. When the loaded functionalized nanocarriers
accumulate at the tumor site via the EPR effect, the ligands on their surface bind with the
cancer receptors inducing a process referred to as receptor-mediated endocytosis. Receptor-
mediated endocytosis involves the cell membrane invaginating and engulfing specific
material into the cell upon binding to the cell membrane receptors. These specific receptor—
ligand interactions enhance nanoparticle internalization and facilitate the next step in the
treatment, that is, the drug release inside the cell [44].

The choice of the targeting moiety depends on the receptor or antigen that is selectively
expressed or overexpressed on cancer cells relative to healthy ones. However, because only
a few tumors have uniquely specific antigens or receptors, researchers have been mainly
investigating liposomal formulations that target antigens or receptors overexpressed by
cancer cells [13]. Another criterion that contributes to selecting the proper moieties is their
ability to target internalizing antigens or receptors to induce receptor-mediated endocytosis.
The latter internalizes the targeting liposomes into the acidic interior of the cell. After that,
the liposomes are degraded by lysosomal and endosomal enzymes, which release their ther-
apeutic content into the cytoplasm. Higher concentrations of the free drug inside the target
cell are desired as they enhance the therapeutic outcomes [13]. Other aspects that should be
considered while choosing the targeting ligands include careful selection of the bonds used
to conjugate the ligands to the liposomes” surface, which should be non-toxic and stable.
In addition, coupling the liposomes with moieties should not negatively impact the drug
loading capacity nor the release rate. It is essential to maintain the biological properties of
the ligands (such as their target recognition and binding affinity towards cancer receptors)
after the conjugation with the liposomes. Furthermore, the targeted liposomes should have
long half-lives in the body to sufficiently accumulate and interact with the tumor cells,
and the ligand density per nanoparticle should be optimized to prevent the interaction
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with serum proteins and recognition by the RES [13,46,47]. A study by Sapra et al. [48]
investigated active targeting by comparing the therapeutic effects of two populations of
doxorubicin (DOX)-encapsulated liposomes on the human B-lymphoma (Namalwa) cell
population. These cells overexpress two different epitopes; one is internalizing (CD19),
while the other is not (CD20). Moreover, one of the liposomal samples was conjugated
with anti-CD19, whereas the other was coupled with anti-CD20. The experiments showed
that anti-CD19-targeted DOX-loaded liposomes resulted in better therapeutic outcomes
compared to the liposomes targeting the non-internalizing antigen (CD20). Other experi-
ments carried out in some tumor models have shown that ligand-targeted liposomes (LTLs),
targeting internalizing receptors, achieved an increased therapeutic activity as compared
to non-targeted liposomes. However, in other tumor models, the utilized LTLs did not
enhance the therapeutic efficiency, which was attributed to the lack of internalization of
these liposomal formulations by cancer cells [13].

While both passive and active targeting have demonstrated several advantages in
cancer therapy; they each suffer from some practical and technical limitations. Passive
targeting relies on the tumor’s defective vasculature to increase drug concentration in cancer
tissues, however; tumors are heterogenous structures that show significant differences in
their microenvironment. Some tumors may have tight epithelium, high interstitial fluid
pressure, or high tumor cell density, making it difficult for even small-sized nanoparticles
to diffuse into the tumor vicinity. Such tumor architecture may render passive targeting
ineffective in delivering sufficient drug payloads to diseased tissues [49]. Unlike passive
targeting, active targeting does not control the drug biodistribution. Instead, it triggers the
NPs’ internalization by receptor-mediated endocytosis upon binding to cancer receptor
sites. In addition, active targeting can help overcome the brain-blood barrier (BBB) and the
MDR in tumors by bypassing P-glycoprotein-mediated drug efflux [50]. Several drawbacks
are associated with this targeting strategy. For instance, active targeting can achieve
high selectivity when tested in vitro but not necessarily in vivo. In addition, conjugating
the moieties to the nanocarriers might affect their binding affinity to cancer receptors.
Furthermore, conjugating targeting ligands to the nanocarriers’ surface might compromise
their stealth properties [51]. Table 2 compares the advantages and disadvantages of passive
and active targeting approaches, and Figure 4 schematically illustrates the two targeting
mechanisms.

Table 2. Comparison between passive and active targeting.

Passive Targeting Active Targeting

Alters the drug biodistribution in the body Increases the cellulacreﬁls‘ug uptake by target
Targeting is based on the Enhanced

Permeability and Retention (EPR) effect in Targeting is based on molecular interactions

between NP’s ligands and cancer receptors.

tumors
Modest specificity and limited efficacy High specificity and efficacy
Restricted in use Very versatile
More side effects and toxicity Fewer side effects and toxicity

More challenging to synthesize NPs with
ligands attached, while maintaining their
ability to bind with target receptors, to achieve
the activity of interest (active targeting)

Less effort to engineer and synthesize
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Figure 4. (A) Passive targeting. Liposomes leave the blood circulation and accumulate in the tumor
vicinity via the EPR effect, which relies on the tumor’s defective vasculature and lymphatic drainage
system. Then, the drug diffuses out of the liposomes and enters the cancer cells; (B) active targeting.
After passive targeting, cancer cells internalize the liposomes via receptor-mediated endocytosis. The
latter is induced by the ligand-receptor interactions between cancer cells and liposomes.

4. Ultrasound as an External Triggering Modality

Targeting the tumor cells is the first step in delivering the drug precisely to the diseased
area. This should be followed by controlling the drug’s release kinetics in tumors. Different
mechanisms have been suggested to achieve such a purpose, and they are classified into
internal and external triggers. Internal stimuli rely on the pathological changes in the tumor
microenvironment, such as lower pH values, higher temperatures, or overexpression of
several proteolytic enzymes. On the other hand, external triggers involve external factors
such as heat, magnetic field, light, or ultrasound. Liposomes are designed to be sensitive to
at least one of these stimuli to maintain their structure while circulating in the bloodstream
but disintegrate and release the encapsulated drug when exposed to such stimulus [52].
This review discusses the use of ultrasound to trigger the drug release from liposomes.

Ultrasound is sound waves with frequencies higher than the upper limit of human
hearing (>20 kHz). As a mechanical wave, ultrasound needs a medium, be it solid,
liquid, or gas, to transfer its energy from one location to another. As it propagates, it
creates alternating cycles of increased and reduced pressure (compression and rarefaction,
respectively), which, in turn, cause the molecules of said medium to compress and expand
accordingly [53,54]. Ultrasound’s physical nature (actual movement of molecules), ability
to transfer energy, non-invasiveness, safety record, and relatively low cost have made
it a valuable tool for medical applications, including diagnosis and therapy. For most
medical purposes, ultrasound is produced by a transducer containing a piezoelectric crystal.
Piezoelectric crystals are special materials that convert electrical signals into mechanical
pulses (ultrasound) and vice versa [55]. When the piezoelectric crystal is subjected to
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voltage, it vibrates, which pushes and pulls the surrounding air molecules, creating an
ultrasonic wave. When the generated ultrasound wave hits an object, part of it reflects
back to the transducer. It gets received by the piezoelectric crystal, which then converts
this mechanical pulse into an electrical signal. The received signals are then translated
into images that help diagnose medical conditions [56]. In contrast to diagnosis, using
ultrasound for therapeutics does not require a receiver, as sonication is employed only
to break an object in the body (e.g., kidney stone) or to increase the cellular membrane’s
porosity through sonoporation [57-59].

There is an essential difference between therapeutic and diagnostic applications of
ultrasound. Diagnostic applications include using ultrasound to gather information about
medical conditions without causing biological effects on the body. On the other hand,
therapeutic applications require depositing sufficient energy into the body to produce
a desired biological effect. Due to this, different medical applications employ different
intensities of ultrasound [60]. The intensity or power density of an ultrasonic beam refers
to the time rate at which ultrasonic energy is transferred per one unit area, in other words;

] _ W
s.cm? cm?

it is ultrasound’s power divided by the area of the beam ( ), and is given by
the following equation:

P2
e
where (I) is ultrasound intensity, (P) is the acoustic pressure, (p) is the medium density, and
(c) is ultrasound velocity through the medium [60]. Low-intensity ultrasound is used for
diagnostic purposes such as imaging and flow studies, while high-intensity ultrasound is
used for treatments such as physiotherapy, medical therapy, and drug delivery [54,61].

In liposomal targeted therapy, ultrasound can be used for two different applications:
(1) liposome preparation and (2) drug release stimulation. As for liposome synthesis,
sonication is widely used to downsize multilamellar vesicles (MLVs) to small unilamellar
vesicles (SUVs) [62-64]. Optimization of liposome size is essential as large-sized liposomes
are more rapidly cleared by RES and thus have a shorter blood lifespan compared to small-
sized liposomes [65]. For such a purpose, lipid suspensions containing MLVs are usually
sonicated using an ultrasonic bath or a probe tip sonicator. Consequently, acoustic energy
delaminates the outer layers of MLVs, forming SUVs [66]. On the other hand, in the last
few decades, ultrasonic energy has also shown the potential to stimulate drug escape from
liposomes by destabilizing their membranes. Ultrasound-induced physical effects, in the
propagation medium, are the reason behind this lipid bilayer disruption. These physical
effects can be thermal or mechanical. Thermal effects involve generating hyperthermia
that can cause the lipid bilayer to transition from solid-ordered phase to liquid-disordered
phase, increasing the liposomal permeability and allowing for drug escape. In contrast,
mechanical effects include acoustic cavitation resulting from variations in pressure in a
fluid medium [67].

Ultrasound, like other waves, carries an amount of energy within it. As it travels
through tissues, it transfers its energy to the medium particles and sets them into vibratory
motion. In an ideal elastic medium, there is no energy loss, as this obtained kinetic energy
is not converted into heat. However, within an actual medium, frictional forces exist,
affecting the motion of the oscillating molecules. Hence, part of their acquired kinetic
energy is transformed into heat and absorbed by the tissues, increasing their temperature
while reducing the ultrasonic wave energy [54]. Such hyperthermia is utilized to heat or
damage tumor tissues, or/and to melt thermo-sensitive nanocarriers, thus releasing their
therapeutic content at a specific location. The lipid bilayer composition of liposomes plays a
role in determining their ultrasound sensitivity. The high compositions of thermosensitive
compounds within the membrane make the liposomes susceptible to US-induced hyper-
thermia, thereby releasing their chemotherapeutic payloads [54]. Furthermore, PEG-lipids’
attachment to the liposomal membrane enhances its temperature sensitivity, as reported by
Kono et al. [68]. This is hypothesized because of the absorption of acoustic energy by the
highly hydrated PEG headgroups [54].

I 1)
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Apart from thermal effects, ultrasound can result in mechanical effects that aid in
the faster diffusion of the drug and/or in its release from the nanocarriers at desired sites.
Such mechanical effects involve acoustic cavitation resulting from the changes in pressure
caused by the propagating ultrasonic wave [26].

Acoustic cavitation involves the formation, growth, oscillating, and collapse of gas-
filled microbubbles present in a liquid medium due to pressure variations [69]. Stable
bubbles might pre-exist in the bulk fluid or be formed during the rarefaction half-cycle of
ultrasound. In the latter, the pressure can drop to values below the vapor pressure of the
liquid, thus allowing it to be drawn out of the solution as a gas, forming a microbubble [70].
When subjected to ultrasound, these gas-filled cavities can undergo two types of cavitations,
i.e,, stable and inertial. In stable cavitation, the microbubble oscillates linearly and gently
about an equilibrium size (acoustic pressure in stable cavitation is low; acoustic pressure
represents the difference between the pressure when ultrasound is applied and without
ultrasound). The oscillating surface of the bubble swirls the surrounding liquid, creating
what is known as micro-streaming, which generates shear stresses in the fluid around the
vibrating gas cavity [54].

On the other hand, inertial or collapse cavitation involves unsteady oscillations and
rapid growth of the microbubble. Its radius increases until it exceeds its resonant size, after
which it grows abruptly and collapses aggressively [71,72]. The bubble collapse spawns
smaller bubbles that can expand and then burst. This size increase of the radially oscillating
bubble occurs due to rectified diffusion. In this process, during the expansion half cycle, the
pressure inside the bubble drops, allowing liquid molecules in the surrounding medium
to diffuse into the bubble and vaporize. During the subsequent contraction half cycle, the
pressure inside the bubble increases, causing some of the vapor inside to condense and
diffuse outwards. The surface area of the bubble in the expansion phase is much larger
than this in the contraction phase, allowing more molecules to diffuse into the bubble
than out of it. This, in turn, causes the gas cavity’s vapor to increase over time, leading
to its rapid growth over a few cycles followed by its collapse [54]. Subsequently, collapse
cavitation brings about three potential outcomes: sonochemistry, shockwaves, and liquid
microinjections [54,73]. Figure 5 illustrates ultrasound-induced cavitation types and how
they contribute to drug release from liposomes.

Sonochemistry is a sudden collapse of the gas cavity resulting in substantial tempera-
tures and pressures within the bubble’s core. When molecules are exposed to such high
temperatures (which might reach 5000 K), they fragment and might form free radicals such
as reactive oxygen species (ROS). Free radicals are unstable and might react with essential
components in the cell, such as its DNA, RNA, or proteins, eventually leading to its death.
Such an approach is utilized to damage tumor tissues [73].

Another mechanical effect of collapse cavitation is the formation of shockwaves that
propagate through the surroundings. These shockwaves can have amplitudes exceeding
10,000 atmospheres (based on the bubble size) and create shear stresses that disrupt the
membranes of surrounding cells or vesicles (such as liposomes), rendering them permeable
through a process called sonoporation. This, in turn, induces the release of the drug from
the liposomal formulations and improves its uptake by the permeable cells. Sonoporation
was demonstrated experimentally by Yudina et al. in 2010 [74]. In their in vitro study, cell
impermeable optical chromophores were added to C6 cells and then exposed to ultrasound.
Only the sonicated cells showed high fluorescence, indicating that chromophores diffused
faster into the cells through the pores formed by sonoporation. Furthermore, this enhanced
cell permeability persisted for 24 h after ultrasound exposure. In vivo studies have also
proven the sonoporation effect of ultrasound by successfully delivering impermeable
macromolecules such as bleomycin to tumor tissues and enhancing the permeability of
tumor cells, thereby increasing the uptake of chemotherapeutic drugs [74].

The previous effect (shockwaves) occurs when the bubble collapses in the bulk fluid.
However, when inertial cavitation happens on or near a solid surface, another mechanical
effect occurs: the formation of liquid microjets. Microjets form in this case because of the
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asymmetric collapse of a gas-filled bubble near a solid (it collapses symmetrically when
surrounded only by liquid). These microjets travel with high velocities that can reach
hundreds of meters per second. Hence, when they strike the neighboring solid (cell or
nanocarrier), they pierce it. They also can form secondary shockwaves, which, in turn,
travel through the tissues and perforate the membranes in their path. The combined effect
of microjets and their secondary shockwaves in the treatment of cancer includes inducing
the release of drugs from nanocarriers (e.g., liposomes), enhancing cellular uptake of the
drug, and causing membrane damage and, perhaps, cell death [73,75].
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Figure 5. Ultrasound-induced mechanical effects include cavitation, which can be either stable or
collapse. In stable cavitation, the microbubble oscillates about an equilibrium size, resulting in
microstreaming in the surrounding liquid. On the contrary, in collapse cavitation, the microbubble
exceeds its equilibrium size and expands until it implodes. This, in turn, leads to three distinct
outcomes: (1) liquid microjets formation, (2) shockwaves, and (3) sonochemistry. All these together
can destabilize the liposomal lipid bilayer, releasing the encapsulated cargo.

The likelihood of inertial cavitation occurrence in a sonicated liquid medium can be
determined by evaluating what is known as the mechanical index (MI), which is given by
the following formula:

Pneg

VF

where (Pyq) is the peak rarefactional pressure (maximal negative pressure) in MPa and
(f) is the frequency of ultrasound in MHz. A mechanical index of 0.7 indicates a high
possibility of collapse cavitation in the medium. Values below 0.5 favor stable cavitation,
while those more than 0.5 burst the microbubbles [76]. Another factor that influences the
possibility of cavitation occurrence is the number of gas cavities available in the medium.
The higher the number of gas microbubbles, the higher the likelihood of collapse cavitation.
Furthermore, each bubble size has a certain ultrasound intensity threshold, above which
transient cavitation starts. Generally, this intensity threshold decreases, as the ultrasound
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frequency decreases. Thus, collapse cavitation is more likely to happen at lower frequencies
of ultrasound [54].

5. In Vitro and In Vivo Studies on Liposomal SDDSs Triggered by Ultrasound

Several studies have shown that ultrasound can induce drug release from liposomes
by giving rise to either thermal or mechanical effects. Herein, some in vitro and in vivo work
performed on liposomal drug delivery systems using ultrasound (US) is reviewed.

Weinstein et al. [77] were the first to synthesize temperature-sensitive liposomes
(TSL) in 1980 to treat mice bearing L1210 tumors, implanted in both hind feet. Liposomal
methotrexate (MTX) inhibited tumor growth more than free MTX (with or without heating)
at equivalent concentrations. The study also showed that combining the liposomes with
heat resulted in a 2.8-day delay in growth compared to 0.7 days when tumors were treated
with heat alone. This can be explained by the fact that thermosensitive liposomes are
composed of lipids that transition sharply between their fluid and quasi-crystalline states
at their phase transition temperature. Near this temperature, liposomal membranes begin
to permeate and destabilize, releasing their contents. TSL's responsiveness to ultrasound
thermal effects was demonstrated later by Dromi et al. [78] in 2007, where pulsed high-
intensity focused ultrasound (HIFU) was used to induce hyperthermia and trigger Dox
release from low temperature-sensitive liposomes (LTSLs). The in vitro results showed that
35%-Dox release was achieved at a temperature of 39 °C and a 50% release was observed at
42 °C at the end of a 2 min incubation period. The temperature was then maintained at 42
°C, and the release reached 100% after 12 min. In contrast, no Dox release was detected from
Doxil, which served as non-TSLs (NTSLs), even after testing at 42 °C using a maximum
duration of 12 min.

Thomas and Lin [79] investigated the effect of several physical factors on liposomes’
responsivity to 20-kHz LFUS. The release of a self-quenching fluorescent dye (calcein), from
PEGylated dipalmitoyl phosphatidylcholine (DPPC) liposomes, was studied at different
temperatures. It was reported that a power density threshold of 1.5 % was required to
observe significant calcein leakage for all temperature values. Above this threshold, all
liposome samples, at the temperatures tested, showed the same upward release trend due
to the onset of cavitation, resulting in pore-like defects in the liposome membrane. In
general, it was shown that the liposomes’ responsivity to 20-kHz insonation increased
as temperature increased, with the highest leakage enhancement observed near the chief
lipid’s (DPPC) phase transition temperature (around 41 °C). The work of Magin and Nies-
man [80] showed that temperature-sensitive LUVs, composed of DPPC and dipalmitoyl
phosphatidylglycerol (DPPG), can encapsulate a large amount of the drug and are stable
below their transition phase temperature. A complete and rapid drug release happened
at the lipid’s phase transition temperature of 43 °C in a mere of seconds. Although LUVs
demonstrated some advantages over SLVs in terms of drug loading capacity and release,
they are more likely to encounter problems inside the biological system, such as the rapid
clearance by the RES cells in the liver and spleen. Despite these limitations, it was hy-
pothesized that the rapid and almost complete drug release in localized hyperthermic
regions would result in substantial drug uptake by target cells before the therapeutic dose
accumulates in the liver and spleen. However, the latter argument requires more in vivo
investigations. Although the study above [80] did not involve the use of the ultrasound
stimulus, it showed the potential of mild hyperthermia in triggering the drug release.
Furthermore, the combined thermal and mechanical effects of ultrasound (hyperthermia
and cavitation, respectively) would be expected to further enhance drug leakage from
thermosensitive liposomes, compared to hyperthermia alone [81].

Altering the surface charge of thermosensitive liposomes can enhance targeting tumor
vasculature. It was shown that positively charged TLSs accumulate preferentially in tumor
vessels, thereby potentially inhibiting tumor vascular growth [82,83]. This is attributed
to the fact that tumor endothelial cells abundantly express negatively charged membrane
proteins [84]. Although cationic TSLs (CTSLs) have shown several advantages, their
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clinical translation is hampered because of their rapid clearance by the RES and short
circulation times. To overcome such drawbacks, PEG molecules can be incorporated into
the CTSL's surface [85]. However, PEGylation of these positively charged particles may
obstruct their electrostatic interaction with the negatively charged target cells, reducing
the therapeutic efficacy [86]. Additionally, PEGylation can also hinder drug release from
liposomes and their endosomal escape after they are internalized by cells [87,88]. Recently,
Petrini et al. [89] functionalized CTSLs with a novel synthetic phospholipid 1,2-dipalmitoyl-
sn-glycero-3-phosphodiglycerol (DPPG,) to overcome the problems posed by PEGylation,
while maintaining a long blood circulation time. Both PEG- and DPPG,- modified CTSLs
were composed of the same amount of cationic (7.5 mol%) and anionic (5 mol%) lipids
and loaded with Dox. Mild hyperthermia (40-43 °C) was combined with the treatment
to trigger drug release from the vehicles. Characterizing the synthesized formulations
showed a substantial difference in their zeta potentials in saline. On the one hand, DPPG,-
CTSLs exhibited a detectable positive charge, while, on the other hand, PEG-CTSLs were
approximately neutrally charged. This indicates that, unlike DPPG,, PEG molecules greatly
cover the CTSLs’ positive surface charge, thereby reducing its exposure to the surrounding
environment. Indeed, when rat soft tissue sarcoma cells (BN175) and Human umbilical vein
endothelial cells (HUVECs) were incubated with the prepared liposomes, DPPG;-based
CTSLs showed a 3-fold better targetability compared to PEG-based CTSLs. Although
DPPG, can enhance liposomal binding and uptake by cancer cells, a minimum of 30
mol% in the lipid bilayer is required to (1) obtain prolonged circulation times and (2)
achieve heat-triggered drug release [90,91]. Accordingly, Petrini et al. [89] assessed the
effect of DPPG, composition on liposomal thermosensitivity. It was reported that TSLs
containing 5 mol% of DPPG; failed to release the encapsulated Dox when heated to 41 °C.
In contrast, formulations composed of 30 mol% DPPG, showed a significant Dox release
at the same temperature. Furthermore, the inclusion of cationic lipid 1,2-dipalmitoyl-3-
trimethylammonium-propane (DPTAP) with either PEG-TSL or DPPG,-TSL enhanced
their heat sensitivity.

Cressey et al. [92] formulated image-guided TSLs (iTSLs) that co-deliver two anti-
cancer drugs: (1) SN-38 (in the lipid bilayer) and (2) carboplatin (in the aqueous core).
Thermosensitive liposomes must maintain their heat sensitivity after drug encapsulation.
Because SN-38 (a hydrophobic drug) resides within the lipid bilayer, it is highly likely to
alter the formulated liposome’s phase transition temperature. The synthesized iTSLs were
found to be able to accommodate up to 5 wt% of SN-38 while still maintaining a phase
transition temperature within the mild hyperthermia region. The other hydrophilic drug
(carboplatin) did not alter the thermosensitivity much as it resides inside the liposomal
aqueous core. In vitro drug release was then assessed by heating the liposomal formulations
at varying temperatures (from 25 to 45 °C). While 43.2% of the entrapped carboplatin leaked
at 42 °C followed by a complete release at 45 °C, no SN-38 release was detected. This is ex-
pected as SN-38 is strongly retained within the lipid bilayer. iTSL disassociation is required
to form lipid-based micelles that subsequently can carry the encapsulated hydrophobic
SN-38 into cancer cells. Furthermore, the combination of focused ultrasound (FUS) with
iTSLs showed increased therapeutic efficiency in treating tumor-bearing mice (injected
with MDA-MB-231 cells), compared to iTSLs alone. It was observed that the short FUS
treatment (10 min and 42 °C) reduced tumor growth substantially and prolonged survival
times. The researchers suggested that the single and short rounds of FUS can help avoid
skin damage and off-target drug release that can happen when prolonged heating (pre-
and post-injection) is employed, all while enhancing tumor uptake and local cytotoxicity.

To sensitize liposomes to mild hyperthermia, the main lipid, as well as the composition
of the lipids within the bilayer membrane, must be selected appropriately. Commonly,
DPPC is usually utilized as the main lipid to synthesize thermosensitive liposomes, as it has
a main phase transition temperature (around 42 °C) that falls within the mild hyperthermia
region. However, to increase the stability of DPPC-based liposomes and prevent pre-leakage
of the drug, other lipids with longer acyl chains (higher phase transition temperature) are
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usually added to the formulations, such as hydrogenated soy phosphatidylcholine (HSPC)
and 1,2-disteraroyl-sn-glycero-3-phosphocholine (DSPC) [93]. Recently, Gaal et al. [94]
tested the effect of varying DPPC and HSPC compositions on liposomal thermosensitivity.
The PEGylated liposomal formulations encapsulated a toxic copper complex as an anti-
cancer agent. Liposomes with different DPPC/HSPC weight ratios were prepared and
tested for their in vitro anticancer activity against HT-29 human colon adenocarcinoma and
C26 mouse colon carcinoma. It was shown that none of the tested formulations presented
significant in vitro cytotoxicity without heating, indicating their stability and successful
drug encapsulation. However, after heat treatment, each formulation demonstrated a
distinct release behavior. Liposomes with no or 50 wt% DPPC content failed to release
their entrapped cargo at 39 °C. In contrast, those containing 80, 90, and 100 wt% DPPC
presented a significant cytotoxic effect upon heating only to 38 °C. Based on the obtained
results, it was determined that a PEGylated liposomal formulation with lipid content of 70
wt% DPPC and 30 wt% HSPC can remain stable at 37 and 38 °C but efficiently release the
anticancer agent at 39 °C.

In another study, Bejarano et al. [95] prepared DPPC-based thermosensitive liposomes
that are loaded with the cardioprotective peptide (angiotensin-(1-9)) and modified with
gold nanoclusters. Both DSPC and 1-stearoyl-2-hydroxy-sn-glycerol-3-phosphocholine
(MSPC) were incorporated into the lipid bilayer to obtain a phase transition temperature a
few degrees above the average body temperature. Gold nanoclusters were added to the
surface of the liposomes to sensitize them to near-infrared irradiation (NIR) to obtain a
localized and controlled temperature-induced release. This is achievable because nanoscale
gold particles can efficiently absorb NIR light and convert its energy into heat which
can generate hyperthermia. Indeed, the liposomal formulation demonstrated an efficient
leakage of the encapsulated cargo upon heating at the phase transition temperature. It was
reported that the inclusion of the lysolipid (MSPC) into the lipid membrane enhanced the
amount and rate of drug release. This is because when lysolipids are heated at the bilayer’s
phase transition temperature, they generate nanopores within the bilayer membrane,
through which the drug leaves the vesicle, rather than just enhancing the drug’s bilayer
solubility [95,96].

Several studies have been conducted to better understand the factors which affect
the sonosensitivity of liposomes upon exposure to US as an external triggering modality,
aiming to obtain sustainable drug release profiles [97-100]. As Evjen et al. [101] demon-
strated, phospholipid type, as well as its composition within the lipid bilayer, can be
altered to increase liposomal sonosensitivity. The study compared US-mediated drug
release from two Dox-loaded liposomal formulations, each composed of a different primary
lipid: 1,2 distearoyl-sn-glycero-3-phosphatidylethanolamine (DSPE) and DSPC. After 6
min of 40-kHz US irradiation, DSPC-based liposomes released only 9% of the encapsulated
Dox. However, when DSPC was replaced by DSPE, this percentage rose sharply to 69%,
indicating its high susceptibility to ultrasound. No release was observed from any tested
formulations before US exposure, confirming that the detected leakage was due to sonica-
tion. Based on these obtained results, DSPE was selected as the main lipid for liposomes,
and the effect of its composition within the liposomal membrane on acoustic sensitivity was
then evaluated. The increase of DSPE content has been shown to enhance the liposomes’
responsivity to the ultrasound as the optimal formulation yielded a sevenfold increase in
the release extent compared to the reference liposomes.

Besides lipid type and composition, liposomes were also found to be more sensitive to
low-frequency ultrasound (LFUS) than high-frequency ultrasound (HFUS), as reported by
Cohen-Levi et al. [102]. Dox release from Doxil, induced by LFUS at 20 kHz and HFUS at 1
and 3 MHz, was assessed. It was shown that LFUS released 85% of Dox in saline and 61%
in human plasma. When 1-MHz HFUS was applied, these percentages dropped sharply to
58% and 5% in saline and human plasma, respectively. In addition, irradiating US at 1 MHz
reduced the release rate compared to 20-kHz LFUS. The use of 3-MHz HFUS showed even
lower release levels. The detected increase in drug release at lower frequencies supports the
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fact that LFUS generates more cavitation events that ultimately lead to more drug leakage
from the liposomes in contrast to HFUS [102]. Thus, the application of ultrasound at higher
frequencies would be expected to require higher power densities than LFUS to increase
the degree of cavitation and enhance liposome disruption [79]. The lower release levels in
human plasma may be due to the presence of plasma proteins that absorb a great deal of
the ultrasonic energy, thus reducing the extent of cavitation [102].

Similarly, Pong et al. [103] reported the same conclusion above in which LFUS is more
efficient than HFUS as a liposomal drug release trigger when applied at the same power
density. Their work included the synthesis of PEGylated egg phosphatidylcholine vesicles,
with sizes ranging from 100 nm to 1 um. The formulations were loaded with the same
leakage assay as proposed by Ellens et al. [104], containing mainly 8-aminonaphthalene-
1,3,6-trisulfonic acid, disodium salt (ANTS), and p-xylene-bis-pyridinium bromide (DPX).
When encapsulated in the liposomal core, DPX quenched ANTS fluorescence due to the
proximity of the molecules. After leakage, DPX and ANTS molecules diffused into the
surrounding medium, restoring ANTS fluorescence. This increase in ANTS fluorescence
intensity was monitored to evaluate the leakage of the liposomal payload upon US exposure
at three different frequencies: 1.6 MHz, 1.0 MHz, and 20 kHz. While 20-kHz ultrasound
resulted in a complete release for all liposome sizes tested (100, 300, and 1000 nm), no
leakage was detected for sizes less than 100 nm when 1.0-MHz and 1.6-MHz US were used.
However, feasible release was recorded when large liposomes (300 and 1000 nm) were
irradiated with HFUS. The obtained results suggest that LFUS generates more leakage when
compared to HFUS and that the vesicles’ responsivity to US enhances as their diameter

increases. The latter can be explained by the Laplace formula: % = zr—;, describing the

pressure gradient (%) across a spherical interface, where vy is the interfacial tension,

and r is the liposome radius. According to this equation, a tenfold increase in the vesicle
radius reduces the pressure gradient required to perturb the lipid bilayer by a factor of one
hundred. Therefore, larger liposomes are expected to release more drugs than smaller ones
upon sonication [103]. Large liposomes may, however, not be as effective for in vivo use
since their size may hinder their penetration through the tumor endothelium and render
them susceptible to RES clearance.

The mechanism of US-induced drug release from liposomes is not yet fully under-
stood, which might partly be because of the methodological limitations in observing the
reversible changes that occur in the liposome membrane only while ultrasound is applied.
Nevertheless, many studies have evaluated the impact of relevant physical and chemical
factors on liposome disruption and have proposed some possible mechanisms accordingly.

Schroeder et al. [105] experimented with measuring the release of three different types
of drugs from PEGylated liposomes using ultrasound. All liposomal formulations had
the same bilayer lipid composition (hydrogenated soybean phosphatidylcholine as the
main lipid) and were the same size (about 100 nm). The three encapsulated drugs were
Dox, methylprednisolone hemisuccinate (MPHS), and cisplatin. All three formulations
were exposed to 20-kHz LFUS for up to 3 min and demonstrated a maximum drug release
of 80% regardless of the encapsulated drug type or its loading method. Instead, it was
shown that the amount of the released drug was a function of ultrasound’s amplitude and
actual exposure time. The dependence of drug release on LFUS amplitude was shown
to be biphasic and linear, with each phase having a different slope. The first phase had

a slope of 3.9 %release yvhereas that of the second was 16.1 2t€l€ase ' The slope increase
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occurred at a power density of 1.3 C%, and it implied a faster release rate. This behavior
can be explained by the onset of trainset cavitation above the specified threshold, which
disturbs the liposome membrane to a greater extent, thus increasing the rate and amount
of drug release. It was shown that the size of these PC-based liposomes remained the same
after ultrasound treatment, indicating that ultrasound did not cause substantial damage to
the liposomes’” structure; instead, it introduced pore-like defects in the bilayers through

which the drug escaped the vesicles. In addition, the researchers investigated whether the
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enhanced liposomal permeability is prolonged or confined only to the US irradiation period.
In this regard, liposomal suspensions were exposed to 3.3 C% LFUS for 30-180 seconds,
and drug release was measured directly after exposure and after 72 h. The percentages
were reported to be the same for both times, indicating that once LFUS irradiation was
terminated, the defects in the membrane resealed, preventing any further drug leakage.

As discussed, while US-induced inertial cavitation triggers drug release, the release
profiles are a function of the liposomes’ lipid types and/or compositions [106—-109]. This
indicates that the release mechanism is not solely determined by the cavitation events
but also depends on the type of phospholipids composing the liposome membrane and
how susceptible they are to ultrasound. In general, phospholipids can assume one of
three shapes: cone, cylinder, or inverse cone shape. These three geometries differ in
their packing parameter (PP), which is defined as the ratio of the cross-sectional area of
the apolar (acyl chains) to the polar (headgroup) regions in the phospholipid molecule.
For example, conically shaped phospholipids have a PP of less than 1, as they have
smaller acyl chains as compared to their headgroups. On the other hand, cylindrical-
shaped phospholipids have a PP of 1, as the cross-sectional area of their headgroups is
approximately the same as this of their acyl chains. Lastly, inverse-cone phospholipids
have a PP above 1, as the cross-sectional area of their acyl chains is larger than this of their
headgroups (Figure 6A) [110,111].

Because of their dissimilar geometries, phospholipids behave differently when hydrated
and aggregate to form layers of different structures. For instance, cylindrical-shaped phospho-
lipids tend to aggregate and form a bilayer by self-assembling into a liquid crystalline lamellar
structure (L« ), while inverse-cone phospholipids form a non-bilayer inverted-hexagonal
structure (Hyy) (see Figure 6B) [110,111]. Dioleoyl phosphatidylethanolamine (DOPE), for
example, spontaneously assembles to form reversed hexagonal structures when hydrated at
temperatures above 10 °C, whereas, below this temperature, a bilayer membrane is formed.
The tendency of DOPE to form an Hy; phase depends on the saturation degree of its acyl
chains and temperature. Such ability of certain phospholipids to transform their membrane
geometry from L« to Hy can be exploited in drug delivery to initiate pore-like defects
in the liposomal membrane through which the drug leaves the liposome. This can be
done by the inclusion of appropriate amounts of a non-bilayer forming (conically shaped)
phospholipid within the liposome bilayer membrane to introduce local instabilities, as
demonstrated by Kang et al. [112]. It was suggested that these instabilities are not enough
to perturb the liposomal membrane integrity without applying a stimulus. However, when
a trigger is applied, the transformation from lamellar to non-lamellar structure takes place,
imparting defects in the membrane and thus allowing for drug release. When the stimulus
is terminated, the defects are expected to self-heal, stopping any further leakage. To confirm
this hypothesis, two liposome formulations were synthesized: 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)-based liposomes and (DOPE)-based liposomes (containing both
DOPC and DOPE). Both formulations were exposed to 20-kHz ultrasound. DOPE-based li-
posomes demonstrated a higher sonosensitivity than DOPC-based liposomes, indicated by
the higher calcein release upon the same exposure time [112]. The former is suggested to be
more effective in destabilizing the membranes when sonicated because it tends to form non-
bilayer structures, whereas the latter tends to form a stable bilayer [113]. Furthermore, the
structural change of these liposomes upon ultrasonic exposure was observed using small
angle X-ray scattering. In the absence of ultrasound, DOPE-containing liposomes mostly
presented a lamellar phase; however, when they were exposed to ultrasound energy, their
membrane underwent a structural transformation through which an inverted hexagonal
phase became the dominant phase in the membrane. Conversely, DOPC-based liposomes
showed only a lamellar phase before and after ultrasound treatment, indicating that the
presence of DOPE molecules in the membrane is the reason behind the transformation to
Hp phase and the increased responsivity to ultrasound [112].

However, in contrast to DOPE’s pore-mediated mechanism, Evjen et al. reported
a distinct mechanism that involved liposomal destruction upon US exposure, thereby
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releasing the drug. Specifically, Evjen et al. [97] investigated the kinetic mechanisms of
US-mediated drug release from liposomes with two different main lipids: DOPE and hydro-
genated soy L-a-phosphatidylcholine (HSPC). The liposome suspensions were analyzed
for: (1) size, (2) size distribution, and (3) morphology, before and after US application
at 40 kHz. The experiments revealed a significant change in these three parameters for
the DOPE-based liposomes after ultrasound treatment, but the HSPC-based liposomes
remained intact and maintained their size, with many vesicles not containing Dox in their
structure. This suggests that both liposomal formulations interacted differently with ul-
trasound, resulting in distinct drug release mechanisms. The researchers suggested that
sonication led to irreversible disruption of the DOPE-containing liposomes, followed by
drug release. Conversely, the unchanged size and structure of the HSPC liposomes indicate
a pore-mediated release mechanism. The different US interactions with the lipid bilayers
and the corresponding release mechanism can affect the ultrasound’s efficiency on both
liposomes and biological tissues.

hydration

B)

PP=1

fo TTTTTT ¥
%3: 666668 %mg

Micelle Bilayer Inverted hexagonal
pahse

Figure 6. (A) Classification of phospholipids based on their geometry and packing parameters;
(B) phospholipid arrangements when hydrated.

Several mechanisms have been proposed to explain how ultrasound induces sono-
poration of liposome membranes and concomitant drug release, even with the absence of
cavitation in the surrounding media. Schroder et al. [54] suggested that exposing liposomes
to an ultrasonic field may result in the formation of gas bubble nuclei in the hydrophobic
region of the lipid bilayer. The subsequent bubble’s expansion (during the US rarefaction
phase) or translocation might generate pore-like defects in the membrane providing a path
for drug escape into the exterior aqueous surrounding (Figure 7A). When sonication is ter-
minated, the lipid membrane retrieves its initial impermeability. However, the formation of
multiple pores in a single liposome membrane may lead to the complete destruction of the
formulation. The dissociated phospholipids might then aggregate, forming smaller micellar
vesicles (lipid-based monolayered vesicles) (Figure 7B). Similarly, Wrenn et al. [114] have
hypothesized that some gas molecules might partition from the aqueous surrounding into
the lipid bilayer, leading to the nucleation of bubbles within the membrane. These nanobub-
bles can then expand and contract upon low-frequency ultrasound application, leading to
local disruption in the liposomal membrane, followed by drug leakage. A mathematical
model was derived, predicting that the bubble’s nucleation possibility increases as the
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bilayer’s thickness decreases. The latter can be achieved by the incorporation of cholesterol
into the membrane, as it is known to affect the packing and, therefore, the thickness of the
bilayers. Another mechanism was proposed that did not suggest the formation of local
pore-like defects. Instead, it speculated an overall enhanced membrane’s permeability
upon sonication [115]. In this hypothesis, ultrasound may trigger nucleation of dissolved
gases (e.g., oxygen, carbon dioxide, or nitrogen) or vaporization of water molecules, inside
the aqueous core. The subsequent expansion of the gas or vapor dilates the liposome
membrane by increasing the separation between the phospholipid molecules (Figure 7C).
This enhanced permeability will then allow for drug leakage [115].

Gas nucleation Complete destruction Membrane dialation

Figure 7. (A) Ultrasound might initiate gas nucleation within the lipid bilayer. Subsequent expansion
of these gas nuclei during the ultrasound’s negative pressure might result in pore formation in the
membrane. (B) Multiple poration within the bilayer may lead to its destruction, which might be
followed by the formation of micelles. (C) The ultrasound rarefaction phase might vaporize dissolved
gases or evaporate water in the aqueous core of the liposomes. When expanded, they dilate the
bilayer, thus enhancing its overall permeability.

Based on the studies discussed, drug release occurs due to mechanical disruptions
that ultimately destabilize the liposomal membrane, rather than because the liposomes are
inherently sensitive to ultrasound. This insensitivity is due to the absence of gas bubbles in
the liposome structure that can instigate cavitation events inside the formulation. Hence,
the inclusion of gas bubbles or nanoemulsions in liposomes to act as cavitation nuclei
may render them susceptible to US. Liposomes of this type are called echogenic or bubble
liposomes, and they have been studied recently [116-118]. Lattin et al. [119] formulated
eLiposomes (liposomes containing liquid emulsion droplets), using either perfluoropentane
(PFCs) or perfluorohexane (PFCg) as emulsions. A release mechanism is proposed in which
the local pressure drops below the vapor pressure of the emulsion, during the US rarefaction
state. Consequently, the liquid nanodroplets convert into nanobubbles which then expand
inside the liposomes to eventually break them open. Calcein release from eLiposomes,
upon 20-kHz US exposure, was tested. Different emulsion sizes were studied: 100 and 400
nm. The results showed that eLiposomes increased calcein release by 3 to 5 times compared
to control liposomes. Furthermore, 400-nm emulsions promoted more liposomal drug
release than 100-nm emulsions. However, liposomes with large emulsions may not benefit
from the tumor EPR features and thus may fail to accumulate at target sites. Liposomes
containing small emulsions will be more suitable in a biological system. The in vitro results
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also showed that the PFCs droplets were more sensitive to US than PFCg, as their liposomes
exhibited higher levels of calcein release. Consistent with other studies, the extent of release
was reported to depend on the ultrasonic intensity and exposure time.

The studies discussed above demonstrated the ultrasound’s ability to trigger drug
release from liposomes, explored the influence of different factors on the liposomes” acoustic
sensitivity, and proposed some release mechanisms. The following studies, however,
involve some cellular in vitro and in vivo experiments that have been conducted to test the
therapeutic efficacy of liposomal systems with ultrasound as a trigger in cancer treatment.

In the same work described earlier [105], Schroeder et al. assessed the potency of LFUS-
released cisplatin by measuring its cytotoxicity against cisplatin-sensitive C26 murine colon
adenocarcinoma cells. Stealth liposomal cisplatin was added to the cell cultures, followed
by US irradiation. Higher levels of cisplatin release were reported with increasing US
exposure time. Compared to unirradiated free cisplatin, equal amounts of LFUS-released
cisplatin exhibited similar cytotoxicity in the treated cells. The latter finding indicates that
LFUS altered neither cisplatin’s chemical integrity nor its biological activity.

Modification of liposome surfaces with targeting ligands promotes higher rates of
cellular internalization and thus enhanced cytotoxicity, compared to control liposomes
or free drugs [120-122]. A study by Elamir et al. [123] showed that decorating liposomal
membranes with Trastuzumab (TRA), an anti-HER2 monoclonal antibody, increased the
liposomes’ cytotoxicity and their cellular uptake by HER2-positive breast cancer cells,
compared to control liposomes. For this, two cell lines were used: HER2 + (SKBR3) and
HER2- (MDA-MB-231), and incubated with either control or TRA-modified liposomes for
4 h. Cytometry analysis was then performed to measure calcein fluorescence intensity
within SKRB3 cells. Fluorescence was reported to be stronger in cells treated with TRA
liposomes (25,160 a.u.), compared to those treated with controls (7236 a.u.), suggesting that
TRA ligands led to more calcein uptake. The fluorescence intensity in the cells incubated
with TRA-liposomes was further enhanced to 32,735 a.u. when exposed to 35-kHz LFUS for
5 min, and it was more than that achieved by control liposomes alone by a factor of 4.5. It
was suggested that ultrasound enhanced the permeability of liposomes and cell membranes
through sonoporation, resulting in a better calcein release and uptake. Furthermore, the
increase in calcein fluorescence intensity by TRA-conjugated liposomes over the controls
may be due to the binding of TRA ligands to HER?2 receptors overexpressed by SKRB3
cells, leading to increased cellular uptake levels. The same test was repeated to verify this
hypothesis with MDA-MB-231 cells (with low expression of HER2 receptors). Both control
and TRA liposomes achieved approximately similar fluorescence intensities of 10,022 and
13,914 a.u., respectively, in the tested cells. This was explained by the low expression
levels of HER2 receptors on MDA-MB-231 cells, which reduced the targeting specificity
of TRA-conjugated liposomes, lowering the extent of cellular internalization compared to
SKBR3 cells. This work demonstrated that the combination of TRA-targeted liposomes
with LFUS is a non-invasive and effective breast cancer therapeutic tool that can be further
investigated in future in vivo and clinical work to evaluate its full therapeutic potential.

AlSawaftah et al. [124] assessed the targeting specificity of calcein-loaded transferrin
(Tf)-conjugated liposomes to HeLa cells by analyzing calcein cellular uptake, compared to
non-targeted (control) liposomes. HeLa cells incubated with transferrin-modified liposomes
showed significantly higher calcein uptake than control liposomes. The overexpression
of Tf receptors on Hela cells induced receptor-mediated endocytosis upon binding to Tf,
triggering greater uptake of the liposomal dye. Furthermore, HeLa cells, incubated with
control liposomes, were sonicated with 35-kHz LFUS, enhancing calcein uptake by 18%
compared to the non-sonicated cell system treated with control liposomes. Furthermore,
HeLa cells showed greater calcein uptake when incubated with Tf liposomes and irradiated
with LFUS, with an increase of approximately 42% over the unirradiated cell culture
medium. Combining active targeting with LFUS demonstrated a 151% enhancement in
calcein uptake by HeLa cells compared to non-sonicated controls. These findings support
the work by Elamir et al., discussed earlier [123], emphasizing the synergetic effect of
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ultrasound and targeted liposomes to improve the release and uptake of the encapsulated
therapeutic payloads. However, extensive research is needed to ensure that liposomes are
stable in vivo and that the drug retains its therapeutic activity after ligand attachment.

Initially, microbubbles were developed as contrast agents in diagnostic ultrasound. In
recent years, their use as both delivery vehicles and cavitation nuclei, to improve gene and
drug delivery, has been investigated [125,126]. These gas-filled cavities range in diameter
from 0.5 to 1 um and are coated with an outer shell to prevent them from dissolving,
thereby stabilizing them in biological systems. The microbubble’s shell can be formulated
using lipids or polymers, and the drug can be entrapped either within the shell or attached
directly to its surface. Under ultrasound exposure, these microbubbles begin to cavitate
and collapse, liberating the encapsulated drug into the tumor vicinity [127].

Despite their potential to enhance drug and gene therapy, microbubbles exhibit some
limitations when used in vivo. Due to their large size, they cannot easily extravasate through
the defective tumor vasculature. Even after extravasation, the high tumor interstitial
pressure, dense extracellular matrix, and tight intercellular spaces with a mean diameter
of 1.7 um limit the microbubble diffusion rates through the tumor interstitium, thereby
lowering the drug concentration at the desired regions. In addition, these formulations
possess low blood stability, as they are rapidly cleared by the RES, which ultimately reduces
their lifespan in the body and their concentration at the tumor site [25,127].

Currently, some studies have been aiming at combining the advantages of liposomes
and microbubbles for better ultrasonic therapeutic activity [128,129]. Lentacker et al. [130]
conjugated biotinylated Dox-containing liposomes to the shell of a biotinylated microbub-
ble via avidin molecules and evaluated this system’s cytotoxicity against melanoma BLM
cells, upon US irradiation. Exposure of cells to liposomal-Dox-loaded microbubbles and
1-MHz US resulted in a two-fold increase in cell death compared to exposure to liposomal
Dox and ultrasound. When cells were incubated with the liposome-microbubble system,
instantaneous Dox uptake by the cells was observed, with most of the released Dox detected
in the nuclei of cancer cells. On the contrary, when cells were treated with Dox-loaded
liposomes, the majority of the released drug was present in the cells’ cytoplasm. It was spec-
ulated that the faster and higher Dox uptake, associated with the microbubble formulations,
is due to the high extent of sonoporation induced by the synergistic effect of ultrasound
and microbubbles. US exposure resulted in cavitation and implosion of the microbubbles,
followed by perforation of liposomes and cell membranes, leading to greater drug release
and uptake, respectively, compared to Dox-loaded liposomes. Based on the obtained in vitro
results, the research group believes that this liposomal-Dox-microbubble system could
be a promising tool to enhance the US-triggered Dox delivery in vivo, as both liposomal
Dox (Doxil) and microbubbles are already used in the clinic. While such an approach
could successfully enhance the drug’s loading capacity and release [130], the micron-sized
liposome-bubble system will not benefit from the tumor EPR effect and extravasate readily
into the tumor interstitium due to their relatively large size [131]. Nevertheless, the local
application of ultrasound at the tumor site, besides liberating the drug, might also increase
the permeability of tumor endothelium, as suggested by Yuh et al. [132], allowing extrava-
sation of the microbubble system. To confirm this possibility, in vivo experiments should be
performed by which the effectiveness of such a system can be assessed.

An alternative to pre-existing microbubbles is the development of liposome-nanobubble
systems or emulsion liposomes that utilize the phenomenon of acoustic droplet vaporiza-
tion (ADV) to induce drug release (see Figure 8). Prabhakar and Banerjee [133] conjugated
paclitaxel-loaded liposomes to the surface of a nanobubble (NB-PTXLp) to form a complex
with a mean size of 528.7 nm. The cytotoxicity of the developed formulation combined
with 1-MHz ultrasound was tested against four cell lines: MiaPaCa-2, Panc-1, MDA-MB-
231, and AW-8507. It was shown that NB-PTXLp exhibited higher cytotoxicity by several
folds in all cell lines tested compared to the commercial paclitaxel-containing formulation
ABRAXANE (nanoparticle albumin-bound paclitaxel). In this case, the ultrasound burst the
nanobubble in the NB-PTXLp complex, which resulted in the sonoporation of liposomes
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and cancerous cells, thus allowing the drug to enter target cells more effectively. Despite
the promising in vitro results, preclinical tests should be performed to evaluate NB-PTXLp
efficiency before clinical usage.
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Figure 8. Liposomes containing nano-emulsions (emulsion liposomes). When exposed to ultra-
sound’s negative pressure, the nanodroplet vaporizes and expands inside the aqueous core, disturbing
the liposomal membrane and leading to drug release.

The work of Javadi et al. [134] exploited the ADV phenomenon to liberate calcein from
folated eLiposomes. PFCs emulsions were successfully encapsulated in calcein-loaded
folated liposomes. The effect of folate ligand and PFCs emulsion in delivering calcein
into HeLa cells under ultrasound irradiation was evaluated. A measurable calcein release
required the combination of emulsions and sonication, as a minimal release was obtained
when used separately. The study also revealed that folated eLiposomes delivered significant
calcein to HeLa cells, compared to non-folated eLiposomes or when folate receptors on
HeLa cells were blocked, where in the latter two cases, only a negligible calcein uptake was
detected. It was speculated that this low intracellular delivery is because a large number
of liposomes were not endocytosed by cancer cells. The proposed formulation of this
study offers a triple-targeted drug delivery system: (1) Its small size permits the passive
extravasation through the defected tumor endothelium, (2) folate ligands incorporated
onto the liposome’s surface can actively target folate receptors on cancer cells, inducing
receptor-mediated endocytosis, and lastly, (3) local application of ultrasound triggers the
droplet vaporization, thus rupturing the liposomes at the tumor site and allowing for
spatiotemporal control of drug release.

Although DOXIL, the first liposomal formulation approved by the FDA, presents
many advantages over free DOX, such as longer blood circulation and fewer side effects,
its sufficient stable membrane hinders the release of the chemotherapeutic agents from its
structure to the tumor vicinity. Therefore, the effect of the anticancer drug is limited by its
low accumulation at the tumor site. Thus, to enhance the local release of the chemother-
apeutic agents, different stimuli have been combined with DOXIL and tested for their
efficiency. One of these stimuli that have been intensively studied recently is ultrasound
due to its ease of control and non-invasiveness [135].

Yuh et al. [132] tested Dox release from Doxil® using pulsed 1.5-MHz HIFU in
C3H/Km mice bearing a murine squamous carcinoma (SCC7 cell line). The mean Dox
concentration in tumors treated with Dox alone was 4.2 pug/g £0.95, while this measured
in tumors exposed to Dox and HIFU was 9.4 ug/g £ 2.1, representing a 124% enhance-
ment. Dextran-fluorescein isothiocyanate was also administered to the mice to observe
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its extravasation into the tumor vicinity using in vivo confocal microscopy. It was shown
that, in the control tumors (not exposed to HIFU), the extravasation of the fluorophore
conjugate was restricted to the tumor vasculature. In contrast, HIFU application increased
the tumor vascular permeability, which was evident in the presence of larger amounts of
Dextran-fluorescein isothiocyanate in the tumor interstitium. The authors suggested that
cavitation and/or hyperthermia may be responsible for this US-induced release. Another
work by Dromi et al. [78] investigated the role of HIFU-induced hyperthermia as a Doxil
release trigger in BALB/c mice bearing a murine mammary adenocarcinoma (JC cell line).
In contrast to the previous study, the combination of Doxil and pulsed HIFU (used to
raise the temperature to 42 °C) did not show significant Dox release compared to Doxil
or LTSL alone. However, exposing tumors, injected with LTSLs, to HIFU led to a 3- to
4-fold increase in Dox release in comparison to non-exposed controls, indicating the role
of hyperthermia and thermosensitive liposomes in enhancing the local drug delivery in
tumors. The lack of Dox release from Doxil at elevated temperatures might be due to its
membrane’s high cholesterol content (40% mole fraction). High cholesterol levels introduce
a liquid-ordered phase in the lipid bilayer, lowering the membrane’s permeability and
temperature sensitivity [136,137].

Typically, the PEGylated liposomal formulation, Doxil, remains intact when circulating
in plasma, but begins to release its content upon reaching tumor tissues, even when no
external stimulus is applied. This suggests that Dox release from Doxil might be due to
differences in the microenvironment between healthy and cancerous tissues, which can
act as an internal trigger [138]. Although the release mechanism of Doxil has not been
clearly defined, Lisa et al. demonstrated that the high ammonia levels at the tumor site,
produced by glutaminolysis, enhance the release and, thus, the therapeutic efficiency of the
encapsulated Dox [138]. However, other liposomal systems, such as liposomal cisplatin,
showed very low release kinetics in the tumor vicinity, leading to poor therapeutic activ-
ity [139,140]. To achieve higher release levels, Schroeder et al. [136] used 20-kHz LFUS to
study the release of cisplatin from liposomes in vivo and to assess its impact on therapeutic
efficacy. Mice bearing J6456 murine lymphoma tumors were injected intraperitoneally
(i.p.) with cisplatin-loaded liposomes. When the abdominal wall was exposed to LFUS
for 2 min, about 70% of the drug was released, whereas less than 3% leaked from the
nonirradiated liposomes. To estimate the therapeutic efficiency, BALB/c mice with C26
colon adenocarcinoma tumors were injected intravenously (i.v.) with either liposomal
cisplatin or free cisplatin. Tumors were exposed to LFUS after the passage of 24 h upon
injection, allowing liposomes to extravasate and accumulate at the tumor site. The results
showed that the US-liposome system showed the best therapeutic activity compared to all
other treatments, including liposomal cisplatin, free cisplatin with or without LFUS, and
LFUS alone. This study showed that the combination of liposomal cisplatin and ultrasound
prevented tumor growth and resulted in its regression.

Pitt et al. [141] investigated the delivery of Dox-loaded PC-based liposomes to bilateral
intradermal DHD /K12 tumors implanted in BDIX rats” hind legs. After injecting the
encapsulated Dox into the tail vein, low-frequency ultrasound (20 kHz) was applied to one
of the tumors for 15 min. The therapy was repeated weekly for four weeks. The experiment
showed that, unlike the non-sonicated tumors, sonicated tumors regressed to unmeasurable
sizes, highlighting the potential of ultrasound for site-specific therapy of solid tumors [141].
Furthermore, Evjen et al. [142] explored the in vivo effects of ultrasound as a trigger for
liposomal drug release. In their work, DOPE-based liposomes were loaded with a near-
infrared fluorochrome (Al (III) Phthalocyanine Chloride Tetrasulphonic acid (AlPcS4))
and administered into Balb/c mice inoculated with 22Rv1 human prostate tumor cells.
Subsequent exposure of tumors to 1.1-MHz US significantly increased the fluorescence,
indicating that ultrasound enhanced the release from DOPE-based liposomes. However, no
increase in fluorescence was detected in tumors treated with HSPC-based liposomes and
ultrasound, implying that DOPE lipids were more responsive to ultrasound. Tables 3-5
summarize the studies discussed in this section.
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Table 3. In vitro release experiments of nanodrugs from liposomes using ultrasound.

Liposome Type Payload US Parameters Overview References
For LTSLs:
e Low-temperature sensitive e  ultrasound-induced hyperthermia achieved 35%
liposomes (LTSLs) Pulsed high-intensity focused release at 39 °C and 50% at 42 °C, within 2 min.
° Non-thermosensitive Doxorubicin ultrasound, 1300%, 10% duty ° A complete release was achieved after 12 min of [78]
liposomes (NTSLs) cycle (100 ms ON/ 900 ms OFF) high-intensity ultrasound exposure at 42 °C.
For NTSLs:
No release was detected.
° After 6-min ultrasound exposure, DSPE-based
liposomes released 69% of the encapsu lated
doxorubicin compared to 9% from DSPC-based
II;ESYiatej Bzﬁg Doxorubicin 40 kHz, continuous mode (100% liposome [101]
ate 0, ;
Y duty cycle), 20% amplitude DSPE lipids enhanced the liposomes’ sonosensitivity,
with the optimized formulation resulting in a 7-fold
increase in doxorubicin release compared to reference
liposomes.
20-kHz low-frequency ultrasound released more
Doxil Doxorubicin 20 kHz, 1 and 3 MHz doxorubicin compared to 1- and 3-MHz [102]
high-frequency ultrasound.
e  Low-frequency ultrasound achieved higher
e 20KkHz 013 Y. 100% dut leakage than high-frequency ultrasound.
A buffer composed of cycle 7T em?’ o quty ° }Jowifrfquency ull’;rasouild.induced 1t(;uffer release
p-xylene-bls—pyltldlnlum bromide o 1MHz 3 W/cm? 40% duty . I—(I)r 1 p 1po soma l(t)rmu a (lio'nsd es Z p )
PEGylated, egg PC (DPX) and 8-aminonaphthalene- cycle lgh-irequency ultrasound mduced drug release [103]
1,3,6-trisulfonic acid, disodium salt 4 1.6 MHz, 46.9 W 40% duty from 300- apd 1000-nm vesicles, but not from
(ANTS). cm 100-nm vesicles.

cycle ° Vesicles’ responsivity to ultrasound enhances as

their diameter increases.
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Table 3. Cont.

Liposome Type Payload US Parameters Overview References
Hyperthermia enhanced drug release, with the largest
PEGylated DPPC Calcein 20 kHz, 25% duty cycle, 1 CVIXZ enhancement at the lipid transition temperature [79]
(41°C).
e A maximum release of 80% was reported after
o 3-min ultrasound exposure for all formulations.
ll\D/IZ(ErTb;Zi&isolone e 20 KkHz, full duty cycle, e  The drug release rate increased substantially after
PEGylated, hydrogenated soybean 1P varying intensities: from 0 to a power density threshold of 1.3 ;.
PC hemisuccinate ‘z cm’ [105]
o Cisplatin 7 ° The proposed release mechanism is that the onset
of cavitation introduced pore-like de fects in the
liposomal membrane, allowing for drug release.
DOPE-based liposomes underwent a structural change
DOPC 20 kHz. 10-min exposure tme, 20% from lamellar to non-lamellar phase upon sonication,
DOPE Calcein am lit1’1 de P 7“7 resulting in more drug release, compared to [112]
p DOPC-based liposomes, which showed a lamellar
phase before and after US irradiation.
e  Ultrasound interacted differently with different
phospholipids leading to distinct drug re lease
mechanisms.
PEGvlated DOPE e  Suggested mechanisms:
ate 2 i
PEGzlated HSPC Doxorubicin 40 kHz, 12 cm? continuous mode -  DOPE-based liposomes: irreversible damage and [97]

(100% duty cycle)

deformed structure that led to drug release.

- HSPC- based liposomes: introduction of
pore-like defects in the membrane through which
drug escaped.
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Table 3. Cont.
Liposome Type Payload US Parameters Overview References
e  Eliposomes, containing perfluorohexane (PFCg)
and perfluoropentane (PFCs) nanoemulsions,
released 3-5 times more calcein than control
) ) ) liposomes.
eLiposomes Calcein 20 kHz, intensity Wevs varied ° eLiposomes, with 400-nm emulsions, resulted in [119]
between 0.5 and 5 om? a higher calcein release than those containing
100-nm emulsions, upon US exposure.
e  The drug release extent depended on
ultrasound’s power density and exposure time.
DSPE (1,2 distearoyl-sn-glycero-3-phosphatidylethanolamine); DSPC, (1,2 distearoyl-sn-glycero-3-phosphatidylcholine); PC (phosphatidylcholine); DPPC (dipalmitoyl phosphatidyl-
choline); DOPC (1,2-dioleoyl-sn-glycero-3- phosphocholine), DOPE (dioleoyl phosphatidylethanolamine); HSPC (hydrogenated soy L-a-phosphatidylcholine).
Table 4. In vitro cell studies using liposomal drugs and ultrasound.
Liposome Type Payload Cancer Cell Line US Parameters Overview References
e  Longer ultrasound exposure time increased the level of
cisplatin release.
olati C26 murine colon 20 kHZ' full du.t}’ C?’Ele' e  Cytotoxicity of cisplatin release.d by .low-freque.ncy .
PEGylated Cisplatin adenocarcinoma Var‘zmg intensities: from 0 to ultrasound was the same as unirradiated free cisplatin. [105]
7 omZ ° Exposure to ultrasound did not modify the chemical

properties or the biological potency of cisplatin.
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Table 4. Cont.

Liposome Type Payload Cancer Cell Line US Parameters Overview References
SKBR3 cells incubated with trastuzumab-modified
liposomes showed higher calcein fluorescence intensity
than those incubated with controls.
Irradiating the cells (treated with trastuzumab-modified
liposomes) with low-frequency ultrasound led to

PEGylated DPPC, cholesterol e  HER2 + (SKBR3) fluorescence intensity enhancement by a factor of 4.5

with trastuzumab Calcein . HER2- (MDA-MB-231) 35 kHz, 20 LV\Q compared to treating with control liposomes alone. [123]

(ot om No significant difference in fluorescence intensities
modification O significan

inside MDA-MB-231 cells was recorded when
incubated with either targeted or control liposomes.
The results suggest that trastuzumab ligands targeted
the overexpressed HER2 receptors on SKBR3, hence
inducing faster calcein cellular internalization.

PEGylated DPPC, cholesterol

; . e lcei HelLa cell
with transferrin modification Calcein elLa cells

W
35kHz, 1 P

Transferrin-modified liposomes resulted in higher

calcein uptake by HeLa cells compared to control

liposomes.

Low-frequency ultrasound enhanced HeLa cells’ calcein

uptake from control liposomes by 18% and from [124]
transferrin-targeted liposomes by 42%.

Calcein uptake from sonicated transferrin-targeted

liposomes was approximately two-and-a-half times

higher than that from non-sonicated control liposomes.
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Table 4. Cont.
Liposome Type Payload Cancer Cell Line US Parameters Overview References
e  Microbubbles decorated with doxorubicin-loaded
liposomes showed a two-fold increase in cell death com
pared to doxorubicin-loaded liposomes.

) - ) e  Most of the released doxorubicin was detected in the
A microbubble modified with 1y | 1iin Melanoma BLM cells 1MHz, 50% duty cycle, 2 W, nuclei of cancer cells when incubated with the [130]
PEGylated-DPPC liposomes o liposome-microbubble system.

e  Most of the released doxorubicin was present in the
cytoplasm of cancer cells when incubated with
doxorubicin-loaded liposomes.

A nanobubble modified with . .

. . . MiaPaCa-2, Panc-1, w o NB-PTXLp achieved higher intracellular uptake by several
paclitaxel-loaded liposomes Paclitaxel MDA-MB-231, and AW-8507 1MHz, 1 e 75% duty cycle folds compared to ABRAXANE. [133]
(NB-PTXLp)

e  Perfluoropentane (PFCs) emulsion and ultrasound
combined resulted in measurable release compared to

Folated eLip osomes Calcein HeLa cells 20kHz, 1 %, when used separately. [134]

e  Folated eLiposomes enhanced calcein uptake compared
to non-folated eLiposomes.

DPPC (dipalmitoyl phosphatidylcholine).
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Table 5. In vivo studies using liposomal drugs and ultrasound.
Liposome Type Payload Cancer Cell Line US Parameters Overview References
Murine squamous carcinoma 1.5-MHz hich-intensit Treating tumors with Doxil and ultrasound enhanced
Doxil® Doxorubicin (SCC7 cell line), C3H/Km f(')cuse d ultfasoun d lese d doxorubicin accumulation at the tumor site by 124% [132]
mice ! compared to treating with doxorubicin alone.
e Doxilas e  The combination of LTSLs and high-intensity focused
non-thermosensitive ) Pulsed high- intensity ultrasound demonstrated a 3- to 4-fold increase in
liposomes (NTSLs) o Murine mammary ) focused ultrasound, 1300 Y, doxorubicin release compared to non-exposed controls.
e  Low-temperature Doxorubicin adenocarapoma (JC cell line), 10% duty cycle (100 ms OIC\II“/ e  Exposing Doxil with high-intensity focused ultrasound [78]
sensitive liposomes BALB/c mice 900 ms OFF) showed no significant increase in release compared to
(LTSLs) non-sonicated Doxil or LTSLs.
. e  Release test: Sonicated liposomal cisplatin released 70%
e  J6456 murine - o
. of their content compared to only 3% release from
Gvlated lymphoma, mice non-sonicated liposomes
PEGylated, . . :
HSP% Cisplatin e (2% colon. 20 kHz, 5.9 % ° Therapeutic efficiency: Liposomal cisplatin with [136]
adenocarcinoma, . .
. ultrasound showed the best therapeutic activity
BALB/c mice
compared to other treatments.
e  Tumors, treated with low-frequency ultrasound and
PC, cholesterol, ¢ Colorectal tumo; 1 20kHz 1 W continu ous liposomal doxorubicin, regressed in size significantly
DSPE-PEG2000, Doxorubicin (DHD/KI12/TRb cells), for 15 rélin cm?’ compared to those treated with liposomal doxorubicin [141]
alpha-tocopherol BDIX rats only.
Aluminum (m) e  DOPE-based liposomes and ultrasound increased the
e DOPE Phtha}ocyamne e  22Rv1 human prostate oW fluorescence in tumors.
e HSPC Chloride ) tumor cells, Balb/c mice 1.1 MHz, 10 5 e  No increase in fluorescence in tumors treated with [142]
Tetrasulphonic HSPC-based liposomes and ultrasound.
acid (AlPcS4)

HSPC (Hydrogenated soybean phosphatidylcholine); PC (phosphatidylcholine); DSPE (1,2 distearoyl-sn-glycero-3-phosphatidylethanolamine); PEG (polyethylene glycol); DOPE
(dioleoyl phosphatidylethanolamine.
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6. Conclusions and Future Prospects

Research has been focused on developing new technologies to minimize the systemic
side effects of conventional chemotherapy. As entailed in this paper, nanoparticles hold the
key to this endeavor. They can target tumors by three mechanisms: passive, active, and
triggered targeting.

Passive targeting utilizes the leaky nature of the cancer vasculature to deliver a suffi-
cient amount of the drug to the tumor interstitium while preventing its accumulation in
healthy tissues. However, due to the wide variety of cancer types that show differences in
their microenvironments, passive diffusion cannot always be guaranteed. As for active tar-
geting, ligand-receptor interactions facilitate cellular liposome internalization, increasing
the drug concentration in cancer cells. Research shows that this targeting mechanism has
a promising future in clinical practice. However, more studies are needed to ensure the
stability of the liposomal structure, its drug loading capacity, and its release kinetics after
ligand attachment. Furthermore, the therapeutic activity of the drug should not be altered
by the active ligands.

After endocytosis, drug release from the liposomes into the cytosol can be achieved
using an internal or external trigger. The liposomes should have the ability to remain
intact until a trigger is applied at the tumor site. This character is essential because a leaky
liposome will release its payload slowly into the cancer cell without achieving an effective
therapeutic concentration, while a stimulus-mediated release will ensure an instant surge
in the intracellular drug concentration to reach the lethal level. Although such stimuli may
enhance the release profile, an appropriate therapeutic window should be specified within
which the desired therapeutic effect is achieved with minimum trigger-related side effects.
One of the most researched triggers is ultrasound. The different parameters of ultrasound
must be optimized to release the drug from liposomes in the tumor without damaging
healthy neighbor cells.

Ultrasound induces liposomal drug release by giving rise to either mechanical effects,
thermal effects, or both. To enhance liposomes’ acoustic sensitivity, researchers have been
exploring the inclusion of nano-emulsions or nanobubbles within the liposomal structure.
As such, ultrasonic energy will evaporate the nano-emulsion or cavitate the nanobubble,
thus disturbing the lipid bilayer and releasing the encapsulated drug.

In conclusion, both liposomes and ultrasound are being used separately in clinics.
Current in vitro and in vivo studies have demonstrated that combining these two modalities
results in a synergistic effect that can potentially improve the therapeutic efficacy and
minimize the side effects of traditional chemotherapy.

Author Contributions: Original draft preparation: W.N.B. Reviewing and editing: W.H.A. and
G.A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dana Gas Endowed Chair for Chemical Engineering,
American University of Sharjah Faculty Research Grants (FRG20-L-E48, eFRG18-BBRCEN-03), and
the Sheikh Hamdan Award for Medical Sciences MRG/18/2020, and Friends of Cancer Patients
(FoCP).

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the financial support of the American
University of Sharjah Faculty Research Grants, the Al-Jalila Foundation (AJF 2015555), the Al Qasimi
Foundation, the Patient’s Friends Committee-Sharjah, the Biosciences and Bioengineering Research
Institute (BBRI18-CEN-11), the GCC Co-Fund Program (IRF17-003), the Takamul program (POC-
00028-18), the Technology Innovation Pioneer (TIP) Healthcare Awards, the Sheikh Hamdan Award
for Medical Sciences MRG/18/2020, and the Dana Gas Endowed Chair for Chemical Engineering.
The work in this paper was supported, in part, by the Open Access Program from the American
University of Sharjah (Grant No. OAPCEN-1410-E00088). This paper represents the opinions of the
author(s) and does not mean to represent the position or opinions of the American University of
Sharjah.



Nanomaterials 2022, 12, 3051 31 of 36

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.
14.

15.
16.

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

Sung, H,; Ferlay, ].; Siegel, R.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bary, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Hellman, S.; Vokes, E.E. Advancing Current Treatments for Cancer. Sci. Am. 1996, 275, 118-123. [CrossRef] [PubMed]
Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the future of chemotherapy.
Eur. ]. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef] [PubMed]

Mohammad, A.A.; Farooq, U.; Singh, R.; Dubey, V.; Kumar, S.; Kumari, R.; Naik, K.; Tripathi, B.; Dhar, K. Chemotherapy
Treatment and Strategy Schemes: A Review. Open Access J. Toxicol. 2018, 2, 55. [CrossRef]

Al Basha, S.; Salkho, N.; Dalibalta, S.; Husseini, G.A.; Sameer, A.S.; Banday, M.Z.; Nissar, S.; Saeed, S.A. Liposomes in Active,
Passive and Acoustically-Triggered Drug Delivery. Mini-Rev. Med. Chem. 2019, 19, 961-969. [CrossRef] [PubMed]

Aslam, M.S.; Naveed, S.; Ahmed, A.; Abbas, Z.; Gull, I; Athar, M.A. Side Effects of Chemotherapy in Cancer Patients and
Evaluation of Patients Opinion about Starvation Based Differential Chemotherapy. J. Cancer Ther. 2014, 2014, 817-822. [CrossRef]
Seynhaeve, A.L.B.; Amin, M.; Haemmerich, D.; Van Rhoon, G.C.; ten Hagen, T.L.M. Hyperthermia and smart drug delivery
systems for solid tumor therapy. Adv. Drug Deliv. Rev. 2020, 163-164, 125-144. [CrossRef]

Alvarez-Lorenzo, C.; Concheiro, A. Smart drug delivery systems: From fundamentals to the clinic. Chem. Commun. 2014, 50,
7743-7765. [CrossRef]

Sanchez-Moreno, P.; Ortega-Vinuesa, ].L.; Peula-Garcia, ].M.; Marchal, J.A.; Boulaiz, H. Smart Drug-Delivery Systems for Cancer
Nanotherapy. Curr. Drug Targets 2018, 19, 339-359. [CrossRef]

Shi, Z.; Zhou, Y.; Fan, T.; Lin, Y.; Zhang, H.; Mei, L. Inorganic nano-carriers based smart drug delivery systems for tumor therapy.
Smart Mater. Med. 2020, 1, 32-47. [CrossRef]

Xia, W,; Tao, Z.; Zhu, B.; Zhang, W.; Liu, C.; Chen, S.; Song, M. Targeted Delivery of Drugs and Genes Using Polymer Nanocarriers
for Cancer Therapy. Int. ]. Mol. Sci. 2021, 22, 9118. [CrossRef] [PubMed]

Liu, C.Y,; Chen, H.; Zhou, H.; Yu, S.; Yao, W.; Wang, N.; Lu, A.; Qiao, W. Precise delivery of multi-stimulus-responsive nanocarriers
based on interchangeable visual guidance. Biomater. Adv. 2021, 134, 112558. [CrossRef] [PubMed]

Sapra, P; Allen, TM. Ligand-targeted liposomal anticancer drugs. Prog. Lipid Res. 2003, 42, 439-462. [CrossRef]

Liu, D.; Yang, F,; Xiong, F.; Gu, N. The Smart Drug Delivery System and Its Clinical Potential. Theranostics 2016, 6, 1306-1323.
[CrossRef]

Hua, S.; Wu, S.Y. The use of lipid-based nanocarriers for targeted pain therapies. Front. Pharmacol. 2013, 4, 143. [CrossRef]
Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.Y.; Sood, A.K.; Hua, S. Advances and challenges of liposome assisted drug delivery.
Front. Pharmacol. 2015, 6, 286. [CrossRef]

Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as drug delivery systems. Pharmacol. Rep. 2012, 64,
1020-1037. [CrossRef]

Siddique, S.; Chow, ].C.L. Gold nanoparticles for drug delivery and cancer therapy. Appl. Sci. 2020, 10, 3824. [CrossRef]

Cheng, Z.; Li, M,; Dey, R.; Chen, Y. Nanomaterials for cancer therapy: Current progress and perspectives. J. Hematol. Oncol. 2021,
14, 85. [CrossRef]

Kadian, R. Nanoparticles: A promising drug delivery approach. Artic. Asian J. Pharm. Clin. Res. 2018, 11, 30-35. [CrossRef]
Hossen, S.; Hossain, M.K,; Basher, M.K.; Mia, M.N.H.; Rahman, M.T.; Uddin, M.]. Smart nanocarrier-based drug delivery systems
for cancer therapy and toxicity studies: A review. J. Adv. Res. 2019, 15, 1-18. [CrossRef] [PubMed]

Raza, A.; Rasheed, T.; Nabeel, F.; Hayat, U.; Bilal, M.; Igbal, HM.N. Endogenous and Exogenous Stimuli-Responsive Drug
Delivery Systems for Programmed Site-Specific Release. Molecules 2019, 24, 1117. [CrossRef]

David, M.E.; Grigore, M.E. 3 Organic and Inorganic Nano-Systems Used in Cancer Treatment. ]. Med. Res. Health Educ. 2017, 1, 1.
Available online: http:/ /www.imedpub.com/medical-research-and-health-education/iMedPubJournalshttp:/ /www.imedpub.
com (accessed on 20 April 2022).

Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. |. Nanomed. 2015, 10, 975-999. [CrossRef] [PubMed]

Ahmed, S.E.; Martins, A.M.; Husseini, G.A. The use of ultrasound to release chemotherapeutic drugs from micelles and liposomes.
J. Drug Target. 2014, 23, 16-42. [CrossRef]

Elkhodiry, M.A.; Momah, C.C.; Suwaidi, S.R.; Gadalla, D.; Martins, A.M.; Vitor, R.F; Husseini, G.A. Synergistic nanomedicine:
Passive, active, and ultrasound-triggered drug delivery in cancer treatment. J. Nanosci. Nanotechnol. 2016, 16, 1-18. [CrossRef]
Guimaraes, D.; Cavaco-Paulo, A.; Nogueira, E. Design of liposomes as drug delivery system for therapeutic applications. Int. J.
Pharm. 2021, 601, 120571. [CrossRef]

Alsawaftah, N.M.; Awad, N.S.; Pitt, W.G.; Husseini, G.A. pH-Responsive Nanocarriers in Cancer Therapy. Polymers 2022, 14, 936.
[CrossRef]

Huang, S.L. Liposomes in ultrasonic drug and gene delivery. Adv. Drug Deliv. Rev. 2008, 60, 1167-1176. [CrossRef]

Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal Formulations in Clinical Use: An Updated Review. Pharma-
ceutics 2017, 9, 12. [CrossRef] [PubMed]

Kim, E.-M,; Jeong, H.-J. Liposomes: Biomedical Applications. Chonnam Med. |. 2021, 57, 27-35. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1038/scientificamerican0996-118
http://www.ncbi.nlm.nih.gov/pubmed/8701280
http://doi.org/10.1016/j.ejpb.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/25813885
http://doi.org/10.19080/OAJT.2018.02.555600
http://doi.org/10.2174/1389557519666190408155251
http://www.ncbi.nlm.nih.gov/pubmed/30961495
http://doi.org/10.4236/jct.2014.58089
http://doi.org/10.1016/j.addr.2020.02.004
http://doi.org/10.1039/C4CC01429D
http://doi.org/10.2174/1389450117666160527142544
http://doi.org/10.1016/j.smaim.2020.05.002
http://doi.org/10.3390/ijms22179118
http://www.ncbi.nlm.nih.gov/pubmed/34502028
http://doi.org/10.1016/j.msec.2021.112558
http://www.ncbi.nlm.nih.gov/pubmed/35525754
http://doi.org/10.1016/S0163-7827(03)00032-8
http://doi.org/10.7150/thno.14858
http://doi.org/10.3389/fphar.2013.00143
http://doi.org/10.3389/fphar.2015.00286
http://doi.org/10.1016/S1734-1140(12)70901-5
http://doi.org/10.3390/app10113824
http://doi.org/10.1186/s13045-021-01096-0
http://doi.org/10.22159/ajpcr.2018.v11i1.22035
http://doi.org/10.1016/j.jare.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30581608
http://doi.org/10.3390/molecules24061117
http://www.imedpub.com/medical-research-and-health-education/iMedPubJournalshttp://www.imedpub.com
http://www.imedpub.com/medical-research-and-health-education/iMedPubJournalshttp://www.imedpub.com
http://doi.org/10.2147/IJN.S68861
http://www.ncbi.nlm.nih.gov/pubmed/25678787
http://doi.org/10.3109/1061186X.2014.954119
http://doi.org/10.1166/jnn.2016.11124
http://doi.org/10.1016/j.ijpharm.2021.120571
http://doi.org/10.3390/polym14050936
http://doi.org/10.1016/j.addr.2008.03.003
http://doi.org/10.3390/pharmaceutics9020012
http://www.ncbi.nlm.nih.gov/pubmed/28346375
http://doi.org/10.4068/cmj.2021.57.1.27
http://www.ncbi.nlm.nih.gov/pubmed/33537216

Nanomaterials 2022, 12, 3051 32 of 36

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhang, J.; Pan, Y.; Shi, Q.; Zhang, G,; Jiang, L.; Dong, X.; Gu, K.; Wang, H.; Zhang, X.; Yang, N.; et al. Paclitaxel liposome for
injection (Lipusu) plus cisplatin versus gemcitabine plus cisplatin in the first-line treatment of locally advanced or metastatic
lung squamous cell carcinoma: A multicenter, randomized, open-label, parallel controlled clinical study. Cancer Commun. 2021,
42,3-16. [CrossRef]

Nosoudi, N.; Powers, D. Liposomes; from synthesis to targeting macrophages. Biomed. Res. 2019, 30, 288-296. [CrossRef]
Barba, A.A.; Bochicchio, S.; Dalmoro, A.; Lamberti, G. Lipid delivery systems for nucleic-acid-based-drugs: From production to
clinical applications. Pharmaceutics 2019, 11, 360. [CrossRef]

Bangale GS, Rajesh KS, and Shinde GV, Stealth Liposomes:A Novel Approach of Targeted Drug Delivery In Cancer Therapy. Int.
J. Pharma Sci. Res 2014, 5, 750-759.

Lin, H.-Y. Interactions between Ultrasound and Liposomes; Columbia University ProQuest Dissertations Publishing: Ann Arbor, MI,
USA, 2003.

Betancourt, T.; Byrne, J.; Sunaryo, N.; Crowder, S.; Kadapakkam, M.; Patel, S.; Casciato, S.; Brannon-Peppas, L. PEGylation
strategies for active targeting of PLA/PLGA nanoparticles. ]. Biomed. Mater. Res. Part A 2009, 91, 263-276. [CrossRef]

Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive and active targeting in
the era of modern cancer biology. Adv. Drug Deliv. Rev. 2013, 66, 2-25. [CrossRef]

Dadwal, A.; Baldi, A.; Narang, R.K. Nanoparticles as carriers for drug delivery in cancer. Artif. Cells Nanomed. Biotechnol. 2018, 46,
295-305. [CrossRef]

Le Couteur, D.G.; Warren, A.; Cogger, V.; Smedsred, B.; Serensen, K.; Cabo, R.; Fraser, R.; Mccuskey, R. Old Age and the Hepatic
Sinusoid. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2008, 291, 672—683. [CrossRef]

Haley, B.; Frenkel, E. Nanoparticles for drug delivery in cancer treatment. Urol. Oncol. Semin. Orig. Investig. 2008, 26, 57-64.
[CrossRef]

Gaumet, M.,; Vargas, A.; Gurny, R.; Delie, F. Nanoparticles for drug delivery: The need for precision in reporting particle size
parameters. Eur. . Pharm. Biopharm. 2008, 69, 1-9. [CrossRef] [PubMed]

Byrne, ].D.; Betancourt, T.; Brannon-Peppas, L. Active targeting schemes for nanoparticle systems in cancer therapeutics. Adv.
Drug Deliv. Rev. 2008, 60, 1615-1626. [CrossRef] [PubMed]

Bazak, R.; Houri, M.; El Achy, S.; Kamel, S.; Refaat, T. Cancer active targeting by nanoparticles: A comprehensive review of
literature. J. Cancer Res. Clin. Oncol. 2015, 141, 769-784. [CrossRef] [PubMed]

Alsawaftah, N.; Pitt, W.G.; Husseini, G.A. Dual-Targeting and Stimuli-Triggered Liposomal Drug Delivery in Cancer Treatment.
ACS Pharmacol. Transl. Sci. 2021, 4, 1028-1049. [CrossRef] [PubMed]

Torchilin, V.P. Drug targeting. Eur. ]. Pharm. Sci. 2000, 11, S81-S91. [CrossRef]

Marques, A.C.; Costa, PJ.; Velho, S.; Amaral, M.H. Functionalizing nanoparticles with cancer-targeting antibodies: A comparison
of strategies. J. Control. Release 2020, 320, 180-200. [CrossRef]

Sapra, P.; Allen, TM. Improved Outcome When B-Cell Lymphoma Is Treated with Combinations of Immunoliposomal Anticancer
Drugs Targeted to Both the CD19 and CD20 Epitopes. Clin. Cancer Res. 2004, 10, 2530-2537. [CrossRef]

Behera, A.; Padhi, S. Passive and active targeting strategies for the delivery of the camptothecin anticancer drug: A review.
Environ. Chem. Lett. 2020, 18, 1557-1567. [CrossRef]

Saravanan, M.; Barabadi, H. Cancer Nanotheranostics; Springer: Berlin/Heidelberg, Germany, 2021.

Chen, W.C; Zhang, A.X.; Li, S.D. Limitations and niches of the active targeting approach for nanoparticle drug delivery. Eur. J.
Nanomed. 2012, 4, 89-93. [CrossRef]

Deshpande, P.P.; Biswas, S.; Torchilin, V.P. Current trends in the use of liposomes for tumor targeting. Nanomedicine 2013, 8,
1509-1528. [CrossRef]

Pitt, W.G.; Husseini, G.; Staples, B.]. Ultrasonic drug delivery—A general review. Expert Opin. Drug Deliv. 2004, 1, 37-56.
[CrossRef] [PubMed]

Schroeder, A.; Kost, J.; Barenholz, Y. Ultrasound, liposomes, and drug delivery: Principles for using ultrasound to control the
release of drugs from liposomes. Chem. Phys. Lipids 2009, 162, 1-16. [CrossRef] [PubMed]

Erikson, K.R.; Fry, E].; Jones, ].P. Ultrasound in Medicine—A Review. In IEEE Transactions on Sonics and Ultrasonics; IEEE: New
York, NY, USA, 1974.

Szabo, T.L.; Lewin, P.A. Ultrasound Transducer Selection in Clinical Imaging Practice. J. Ultrasound Med. 2013, 32, 573-582.
[CrossRef] [PubMed]

Carovac, A.; Smajlovic, F; Junuzovic, D. Application of Ultrasound in Medicine. Acta Inform. Med. 2011, 19, 168-171. [CrossRef]
[PubMed]

Barozzi, L.; Capannelli, D.; Valentino, M.; Bertolotto, M. Kidney Stones. In Atlas of Ultrasonography in Urology, Andrology, and
Nephrology; Springer: Berlin/Heidelberg, Germany, 2017; pp. 67-72.

Karshafian, R.; Bevan, P.D.; Williams, R.; Samac, S.; Burns, PN. Sonoporation by Ultrasound-Activated Microbubble Contrast
Agents: Effect of Acoustic Exposure Parameters on Cell Membrane Permeability and Cell Viability. Ultrasound Med. Biol. 2009, 35,
847-860. [CrossRef]

Boissenot, T.; Bordat, A.; Fattal, E.; Tsapis, N. Ultrasound-triggered drug delivery for cancer treatment using drug delivery
systems: From theoretical considerations to practical applications. J. Control. Release 2016, 241, 144-163. [CrossRef] [PubMed]


http://doi.org/10.1002/CAC2.12225
http://doi.org/10.35841/biomedicalresearch.30-19-058
http://doi.org/10.3390/pharmaceutics11080360
http://doi.org/10.1002/jbm.a.32247
http://doi.org/10.1016/j.addr.2013.11.009
http://doi.org/10.1080/21691401.2018.1457039
http://doi.org/10.1002/ar.20661
http://doi.org/10.1016/j.urolonc.2007.03.015
http://doi.org/10.1016/j.ejpb.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17826969
http://doi.org/10.1016/j.addr.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18840489
http://doi.org/10.1007/s00432-014-1767-3
http://www.ncbi.nlm.nih.gov/pubmed/25005786
http://doi.org/10.1021/acsptsci.1c00066
http://www.ncbi.nlm.nih.gov/pubmed/34151199
http://doi.org/10.1016/S0928-0987(00)00166-4
http://doi.org/10.1016/j.jconrel.2020.01.035
http://doi.org/10.1158/1078-0432.CCR-03-0376
http://doi.org/10.1007/s10311-020-01022-9
http://doi.org/10.1515/ejnm-2012-0010
http://doi.org/10.2217/nnm.13.118
http://doi.org/10.1517/17425247.1.1.37
http://www.ncbi.nlm.nih.gov/pubmed/16296719
http://doi.org/10.1016/j.chemphyslip.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19703435
http://doi.org/10.7863/jum.2013.32.4.573
http://www.ncbi.nlm.nih.gov/pubmed/23525382
http://doi.org/10.5455/aim.2011.19.168-171
http://www.ncbi.nlm.nih.gov/pubmed/23408755
http://doi.org/10.1016/j.ultrasmedbio.2008.10.013
http://doi.org/10.1016/j.jconrel.2016.09.026
http://www.ncbi.nlm.nih.gov/pubmed/27667179

Nanomaterials 2022, 12, 3051 33 of 36

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Repacholi, M.H.; Gandolfo, M.; Rindi, A. Ultrasound: Medical Applications, Biological Effects, and Hazard Potential; Plenum Press:
New York, NY, USA, 1987; p. 386.

Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki, K.
Liposome: Classification, preparation, and applications. Nanoscale Res. Lett. 2013, 8, 102. [CrossRef]

Nayak, D.; Tippavajhala, V.K. A Comprehensive Review on Preparation, Evaluation and Applications of Deformable Liposomes.
Iran. ]. Pharm. Res. 2021, 20, 186-205. [CrossRef]

Andra, V.VS.N.L.; Bhatraju, L.VK.P; Ruddaraju, L.K. A Comprehensive Review on Novel Liposomal Methodologies, Commercial
Formulations, Clinical Trials and Patents. Bionanoscience. 2022, 12, 274-291. [CrossRef]

Ong, S.G.M.; Chitneni, M.; Lee, K.S.; Ming, L.C.; Yuen, K.H. Evaluation of Extrusion Technique for Nanosizing Liposomes.
Pharmaceutics 2016, 8, 36. [CrossRef]

Lapinski, M.M.; Castro-Forero, A.; Greiner, A J.; Ofoli, R.Y.; Blanchard, G.J. Comparison of liposomes formed by sonication and
extrusion: Rotational and translational diffusion of an embedded chromophore. Langmuir 2007, 23, 11677-11683. [CrossRef]
[PubMed]

Sirsi, S.R.; Borden, M.A. State-of-the-art materials for ultrasound-triggered drug delivery. Adv. Drug Deliv. Rev. 2013, 72, 3-14.
[CrossRef] [PubMed]

Kono, K.; Yoshino, K.; Takagishi, T. Effect of poly(ethylene glycol) grafts on temperature-sensitivity of thermosensitive polymer-
modified liposomes. J. Control. Release 2002, 80, 321-332. [CrossRef]

Moholkar, VS.; Sable, S.P.; Pandit, A.B. Mapping the cavitation intensity in an ultrasonic bath using the acoustic emission. AIChE
J. 2000, 46, 684—-694. [CrossRef]

Kennedy, J.E. High-intensity focused ultrasound in the treatment of solid tumours. Nat. Rev. Cancer 2005, 5, 321-327. [CrossRef]
Husseini, G.A.; de la Rosa, M.A.D; Richardson, E.S.; Christensen, D.A.; Pitt, W.G. The role of cavitation in acoustically activated
drug delivery. J. Control. Release 2005, 107, 253-261. [CrossRef]

Zong, Y.,; Xu, S.; Matula, T.; Wan, M. Cavitation-enhanced mechanical effects and applications. In Cavitation in Biomedicine;
Springer: Berlin/Heidelberg, Germany, 2015; pp. 207-263.

Van Ballegooie, C.; Man, A.; Win, M.; Yapp, D.T. Spatially specific liposomal cancer therapy triggered by clinical external sources
of energy. Pharmaceutics 2019, 11, 125. [CrossRef]

Yudina, A.; Lepetit-Coiffé, M.; Moonen, C.T.W. Evaluation of the temporal window for drug delivery following ultrasound-
mediated membrane permeability enhancement. Mol. Imaging Biol. 2011, 13, 239-249. [CrossRef]

Mason, T.].; Riera, E.; Vercet, A.; Lopez-Buesa, P. Application of ultrasound. Emerg. Technol. Food Processing 2005, 7, 323-351.
[CrossRef]

Son, S.; Min, H.S.; You, D.G.; Kim, B.S.; Kwon, I.C. Echogenic nanoparticles for ultrasound technologies: Evolution from
diagnostic imaging modality to multimodal theranostic agent. Nano Today 2014, 9, 525-540. [CrossRef]

Weinstein, ].N.; Magin, R.L.; Cysyk, R.L.; Zaharko, D.S. Treatment of solid L1210 murine tumors with local hyperthermia and
temperature-sensitive liposomes containing methotrexate. Cancer Res. 1980, 40, 1388-1395. [PubMed]

Dromi, S.; Frenkel, V.; Luk, A.; Traughber, B.; Angstadt, M.; Bur, M.; Poff, J.; Xie, J.; Libutti, S.; Li, K.; et al. Pulsed-high intensity
focused ultrasound and low temperature-Sensitive liposomes for enhanced targeted drug delivery and antitumor effect. Clin.
Cancer Res. 2007, 13, 2722-2727. [CrossRef] [PubMed]

Lin, H.Y,; Thomas, ].L. Factors affecting responsivity of unilamellar liposomes to 20 kHz ultrasound. Langmuir 2004, 20, 6100-6106.
[CrossRef] [PubMed]

Magin, R.L.; Niesman, M.R. Temperature-dependent drug release from large unilamellar liposomes. Cancer Drug Deliv. 1984, 1,
109-117. [CrossRef]

Yudina, A.; Moonen, C. Ultrasound-induced cell permeabilisation and hyperthermia: Strategies for local delivery of compounds
with intracellular mode of action. Int. J. Hyperth. 2012, 28, 311-319. [CrossRef]

Dicheva, B.M.; Hagen, T.L.T.; Li, L.; Schipper, D.; Seynhaeve, A.L.; Rhoon, G.C.V.; Eggermont, A.M.; Lindner, L.H.; Koning, G.A.
Cationic thermosensitive liposomes: A novel dual targeted heat-triggered drug delivery approach for endothelial and tumor cells.
Nano Lett. 2012, 13, 2324-2331. [CrossRef]

Li, R; Lyu, Y,; Luo, S.; Wang, H.; Zheng, X,; Li, L.; Ao, N.; Zha, Z. Fabrication of a multi-level drug release platform with
liposomes, chitooligosaccharides, phospholipids and injectable chitosan hydrogel to enhance anti-tumor effectiveness. Carbohydr.
Polym. 2021, 269, 118322. [CrossRef]

Zhu, S.; Qian, L.; Hong, M.; Zhang, L.; Pei, Y.; Jiang, Y. RGD-modified PEG-PAMAM-DOX conjugate: In vitro and in vivo
targeting to both tumor neovascular endothelial cells and tumor cells. Adv. Mater. 2011, 23, H84-HS89. [CrossRef]

Knudsen, K.B.; Northeved, H.; Ek, PK.; Permin, A.; Gjetting, T.; Andresen, T.L.; Larsen, S.; Wegener, K.M.; Lykkesfeldst, J.; Jantzen,
K.; et al. In vivo toxicity of cationic micelles and liposomes. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 467-477. [CrossRef]
Dan, N. Effect of liposome charge and PEG polymer layer thickness on cell-liposome electrostatic interactions. Biochim. Biophys.
Acta (BBA)-Biomembr. 2002, 1564, 343-348. [CrossRef]

Nosova, A.S.; Koloskova, O.0.; Nikonova, A.A.; Simonova, V.A.; Smirnov, V.V,; Kudlay, D.; Khaitov, M.R. Diversity of PEGylation
methods of liposomes and their influence on RNA delivery. Medchemcomm 2019, 10, 369-377. [CrossRef] [PubMed]

Degors, LM.S.; Wang, C.; Rehman, Z.U.; Zuhorn, 1.S. Carriers break barriers in drug delivery: Endocytosis and endosomal escape
of gene delivery vectors. Acc. Chem. Res. 2019, 52, 1750-1760. [CrossRef]


http://doi.org/10.1186/1556-276X-8-102
http://doi.org/10.22037/IJPR.2020.112878.13997
http://doi.org/10.1007/s12668-022-00941-x
http://doi.org/10.3390/pharmaceutics8040036
http://doi.org/10.1021/la7020963
http://www.ncbi.nlm.nih.gov/pubmed/17939695
http://doi.org/10.1016/j.addr.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24389162
http://doi.org/10.1016/S0168-3659(02)00018-4
http://doi.org/10.1002/aic.690460404
http://doi.org/10.1038/nrc1591
http://doi.org/10.1016/j.jconrel.2005.06.015
http://doi.org/10.3390/pharmaceutics11030125
http://doi.org/10.1007/s11307-010-0346-5
http://doi.org/10.1016/B978-012676757-5/50015-3
http://doi.org/10.1016/j.nantod.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/6892792
http://doi.org/10.1158/1078-0432.CCR-06-2443
http://www.ncbi.nlm.nih.gov/pubmed/17473205
http://doi.org/10.1021/la049866z
http://www.ncbi.nlm.nih.gov/pubmed/15248690
http://doi.org/10.1089/cdd.1984.1.109
http://doi.org/10.3109/02656736.2012.664307
http://doi.org/10.1021/nl3014154
http://doi.org/10.1016/j.carbpol.2021.118322
http://doi.org/10.1002/adma.201003944
http://doi.org/10.1016/j.nano.2014.08.004
http://doi.org/10.1016/S0005-2736(02)00468-6
http://doi.org/10.1039/C8MD00515J
http://www.ncbi.nlm.nih.gov/pubmed/31015904
http://doi.org/10.1021/acs.accounts.9b00177

Nanomaterials 2022, 12, 3051 34 of 36

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

Petrini, M.; Lokerse, W.J.M.; Mach, A.; Hossann, M.; Merkel, O.M.; Lindner, L.H. Effects of Surface Charge, PEGylation and
Functionalization with Dipalmitoylphosphatidyldiglycerol on Liposome-Cell Interactions and Local Drug Delivery to Solid
Tumors via Thermosensitive Liposomes. Int. |. Nanomed. 2021, 16, 4045. [CrossRef]

Lokerse, W.J.M.; Lazarian, A.; Kleinhempel, A.; Petrini, M.; Schwarz, P.; Hossann, M.; Holdt, L.M.; Maildnder, V.; Lindner, L.H.
Mechanistic investigation of thermosensitive liposome immunogenicity and understanding the drivers for circulation half-life: A
polyethylene glycol versus 1,2-dipalmitoyl-sn-glycero-3-phosphodiglycerol study. J. Control. Release 2021, 333, 1-15. [CrossRef]
[PubMed]

Lindner, L.H.; Eichhorn, M.E.; Eibl, H.; Teichert, N.; Schmitt-Sody, M.; Issels, R.D.; Dellian, M. Novel Temperature-Sensitive
Liposomes with Prolonged Circulation Time. Available online: http://aacrjournals.org/clincancerres/article-pdf/10/6/2168/19
54614 /2168.pdf (accessed on 21 August 2022).

Cressey, P.; Amrahli, M.; So, PW.; Gedroyc, W.; Wright, M.; Thanou, M. Image-guided thermosensitive liposomes for focused
ultrasound enhanced co-delivery of carboplatin and SN-38 against triple negative breast cancer in mice. Biomaterials 2021, 271,
120758. [CrossRef] [PubMed]

Chen, J.; Cheng, D.; Li, J.; Wang, Y.; Guo, ].X; Chen, Z.P; Cai, B.C.; Yang, T. Influence of lipid composition on the phase transition
temperature of liposomes composed of both DPPC and HSPC. Drug Dev. Ind. Pharm. 2012, 39, 197-204. [CrossRef] [PubMed]
Gaal, A.; Garay, TM.; Horvath, I.; Mathé, D.; Szoll6si, D.; Veres, D.S.; Mbuotidem, J.; Kovacs, T.; Tévari, J.; Bergmann, R.; et al.
Development and In Vivo Application of a Water-Soluble Anticancer Copper Ionophore System Using a Temperature-Sensitive
Liposome Formulation. Pharmaceutics 2020, 12, 466. [CrossRef]

Bejarano, J.; Rojas, A.; Ramirez-Sagredo, A.; Riveros, A.L.; Morales-Zavala, F.; Flores, Y.; Riquelme, J.A.; Guzman, F.; Araya, E.;
Chiong, M.; et al. Light-induced release of the cardioprotective peptide angiotensin-(1-9) from thermosensitive liposomes with
gold nanoclusters. |. Control. Release 2020, 328, 859-872. [CrossRef]

Mills, J.K.; Needham, D. Lysolipid incorporation in dipalmitoylphosphatidylcholine bilayer membranes enhances the ion
permeability and drug release rates at the membrane phase transition. Biochim. Biophys. Acta (BBA)-Biomembr. 2005, 1716, 77-96.
[CrossRef]

Evjen, T.].; Hupfeld, S.; Barnert, S.; Fossheim, S.; Schubert, R.; Brandl, M. Physicochemical characterization of liposomes after
ultrasound exposure—Mechanisms of drug release. J. Pharm. Biomed. Anal. 2013, 78-79, 118-122. [CrossRef]

Olsman, M.; Sereti, V.; Andreassen, K.; Snipstad, S.; van Wamel, A.; Eliasen, R.; Berg, S.; Urquhart, A.].; Andresen, T.L.; de Lange
Davies, C. Ultrasound-mediated delivery enhances therapeutic efficacy of MMP sensitive liposomes. J. Control. Release 2020, 325,
121-134. [CrossRef] [PubMed]

Awad, N.S.; Paul, V.; Mahmoud, M.S.; Al Sawaftah, N.M.; Kawak, P.S.; Al Sayah, M.H.; Husseini, G.A. Effect of Pegylation and
Targeting Moieties on the Ultrasound-Mediated Drug Release from Liposomes. ACS Biomater. Sci. Eng. 2019, 6, 48-57. [CrossRef]
[PubMed]

Regenold, M.; Steigenberger, J.; Siniscalchi, E.; Dunne, M.; Casettari, L.; Heerklotz, H.; Allen, C. Determining critical parameters
that influence in vitro performance characteristics of a thermosensitive liposome formulation of vinorelbine. J. Control. Release
2020, 328, 551-561. [CrossRef] [PubMed]

Evjen, T.J.; Nilssen, E.A.; Rognvaldsson, S.; Brandl, M.; Fossheim, S.L. Distearoylphosphatidylethanolamine-based liposomes for
ultrasound-mediated drug delivery. Eur. J. Pharm. Biopharm. 2010, 75, 327-333. [CrossRef]

Cohen-Levi, D.; Kost, J.; Barenholz, Y. Ultrasound for Targeted Delivery of Cytotoxic Drugs from Liposomes; Ben Gurion University:
Beer Sheva, Israel, 2000.

Pong, M.; Umchid, S.; Guarino, A.].; Lewin, P.A.; Litniewski, J.; Nowicki, A.; Wrenn, S.P. In vitro ultrasound-mediated leakage
from phospholipid vesicles. Ultrasonics 2006, 45, 133-145. [CrossRef]

Ellens, H.; Bentz, J.; Szoka, F.C. H*- and Ca%*-Induced Fusion and Destabilization of Liposomes. Biochemistry 1985, 24, 3099-3106.
[CrossRef]

Schroeder, A.; Avnir, Y.; Weisman, S.; Najajreh, Y.; Gabizon, A.; Talmon, Y.; Kost, ].; Barenholz, Y. Controlling liposomal drug
release with low frequency ultrasound: Mechanism and feasibility. Langmuir 2007, 23, 4019-4025. [CrossRef]

Man, V.H,; Li, M.S.; Derreumaux, P.; Wang, ].; Nguyen, P.H. Molecular Mechanism of Ultrasound-Induced Structural Defects in
Liposomes: A Nonequilibrium Molecular Dynamics Simulation Study. Langmuir 2021, 37, 7945-7954. [CrossRef]

Graham, S.M.; Carlisle, R.; Choi, ].J.; Stevenson, M.; Shah, A.R.; Myers, R.S,; Fisher, K.; Peregrino, M.B.; Seymour, L.; Coussios, C.C.
Inertial cavitation to non-invasively trigger and monitor intratumoral release of drug from intravenously delivered liposomes. J.
Control. Release 2014, 178, 101-107. [CrossRef]

De Matos, M.B.C.; Deckers, R.; Van Elburg, B.; Lajoinie, G.; de Miranda, B.S.; Versluis, M.; Schiffelers, R.; Kok, R.J. Ultrasound-
sensitive liposomes for triggered macromolecular drug delivery: Formulation and in vitro characterization. Front. Pharmacol.
2019, 10, 1463. [CrossRef]

Lin, H.-Y,; Thomas, J.L. PEG-Lipids and Oligo(ethylene glycol) Surfactants Enhance the Ultrasonic Permeabilizability of Lipo-
somes. Langmuir 2003, 19, 1098-1105. [CrossRef]

Sakuma, Y.; Imai, M. From vesicles to protocells: The roles of amphiphilic molecules. Life 2015, 5, 651-675. [CrossRef] [PubMed]
Ball, W.B.; Neff, ].K.; Gohil, V.M. The role of nonbilayer phospholipids in mitochondrial structure and function. FEBS Lett. 2017,
592,1273-1290. [CrossRef] [PubMed]


http://doi.org/10.2147/IJN.S305106
http://doi.org/10.1016/j.jconrel.2021.03.014
http://www.ncbi.nlm.nih.gov/pubmed/33741385
http://aacrjournals.org/clincancerres/article-pdf/10/6/2168/1954614/2168.pdf
http://aacrjournals.org/clincancerres/article-pdf/10/6/2168/1954614/2168.pdf
http://doi.org/10.1016/j.biomaterials.2021.120758
http://www.ncbi.nlm.nih.gov/pubmed/33774525
http://doi.org/10.3109/03639045.2012.668912
http://www.ncbi.nlm.nih.gov/pubmed/22443684
http://doi.org/10.3390/pharmaceutics12050466
http://doi.org/10.1016/j.jconrel.2020.11.002
http://doi.org/10.1016/j.bbamem.2005.08.007
http://doi.org/10.1016/j.jpba.2013.01.043
http://doi.org/10.1016/j.jconrel.2020.06.024
http://www.ncbi.nlm.nih.gov/pubmed/32621827
http://doi.org/10.1021/acsbiomaterials.8b01301
http://www.ncbi.nlm.nih.gov/pubmed/33463192
http://doi.org/10.1016/j.jconrel.2020.08.059
http://www.ncbi.nlm.nih.gov/pubmed/32896612
http://doi.org/10.1016/j.ejpb.2010.04.012
http://doi.org/10.1016/j.ultras.2006.07.021
http://doi.org/10.1021/bi00334a005
http://doi.org/10.1021/la0631668
http://doi.org/10.1021/acs.langmuir.1c00555
http://doi.org/10.1016/j.jconrel.2013.12.016
http://doi.org/10.3389/fphar.2019.01463
http://doi.org/10.1021/la026604t
http://doi.org/10.3390/life5010651
http://www.ncbi.nlm.nih.gov/pubmed/25738256
http://doi.org/10.1002/1873-3468.12887
http://www.ncbi.nlm.nih.gov/pubmed/29067684

Nanomaterials 2022, 12, 3051 35 of 36

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Kang, M.; Huang, G.; Leal, C. Role of lipid polymorphism in acoustically sensitive liposomes. Soft Matter 2014, 10, 8846-8854.
[CrossRef]

Mabhato, R.I.; Smith, L.C.; Rolland, A. Pharmaceutical Perspectives of Nonviral Gene Therapy. Adv. Genet. 1999, 41, 95-156.
[CrossRef]

Wrenn, S.P.; Small, E.; Dan, N. Bubble nucleation in lipid bilayers: A mechanism for low frequency ultrasound disruption. Biochim.
Biophys. Acta (BBA)-Biomembr. 2013, 1828, 1192-1197. [CrossRef]

Wrenn, S.P,; Dicker, S.M.; Small, E.F;; Dan, N.R.; Mleczko, M.; Schmitz, G.; Lewin, P.A. Bursting bubbles and bilayers. Theranostics
2012, 2, 1140-1159. [CrossRef]

Negishi, Y.; Omata, D.; lijima, H.; Takabayashi, Y.; Suzuki, K.; Endo, Y.; Suzuki, R.; Maruyama, K.; Nomizu, M.; Aramaki, Y.
Enhanced laminin-derived peptide AG73-mediated liposomal gene transfer by bubble liposomes and ultrasound. Mol. Pharm.
2010, 7, 217-226. [CrossRef]

Negishi, Y.; Matsuo, K.; Endo-Takahashi, Y.; Suzuki, K.; Matsuki, Y.; Takagi, N.; Suzuki, R.; Maruyama, K.; Aramaki, Y. Delivery
of an angiogenic gene into ischemic muscle by novel bubble liposomes followed by ultrasound exposure. Pharm. Res. 2011, 28,
712-719. [CrossRef]

Hamano, N.; Negishi, Y.; Omata, D.; Takahashi, Y.; Manandhar, M.; Suzuki, R.; Maruyama, K.; Nomizu, M.; Aramaki, Y. Bubble
liposomes and ultrasound enhance the antitumor effects of AG73 liposomes encapsulating antitumor agents. Mol. Pharm. 2013,
10, 774-779. [CrossRef]

Lattin, ].R; Pitt, W.G.; Belnap, D.M.; Husseini, G.A. Ultrasound-Induced Calcein Release From eLiposomes. Ultrasound Med. Biol.
2012, 38, 2163-2173. [CrossRef] [PubMed]

Saul, ].M.; Annapragada, A.; Natarajan, J.V.; Bellamkonda, R.V. Controlled targeting of liposomal doxorubicin via the folate
receptor in vitro. J. Control. Release 2003, 92, 49-67. [CrossRef]

Handali, S.; Moghimipour, E.; Rezaei, M.; Ramezani, Z.; Kouchak, M.; Amini, M.; Angali, K.A.; Saremy, S.; Dorkoosh, FA. A
novel 5-Fluorouracil targeted delivery to colon cancer using folic acid conjugated liposomes. Biomed. Pharmacother. 2018, 108,
1259-1273. [CrossRef] [PubMed]

Yang, L.; Xin, J.; Zhang, Z.; Yan, H.; Wang, J.; Sun, E.; Hou, J; Jia, X.; Lv, H. TPGS-modified liposomes for the delivery of
ginsenoside compound K against non-small cell lung cancer: Formulation design and its evaluation in vitro and in vivo. J. Pharm.
Pharmacol. 2016, 68, 1109-1118. [CrossRef]

Elamir, A.; Ajith, S.; AlSawaftah, N.; Abuwatfa, W.; Mukhopadhyay, D.; Paul, V.; Husseini, G. Ultrasound-triggered herceptin
liposomes for breast cancer therapy. Sci. Rep. 2021, 11, 7545. [CrossRef]

AlSawaftah, N.M.; Awad, N.S,; Paul, V.; Kawak, P.S.; Al-Sayah, M.H.; Husseini, G.A. Transferrin-modified liposomes triggered
with ultrasound to treat HeLa cells. Sci. Rep. 2021, 11, 11589. [CrossRef]

Lawrie, A.; Brisken, A.F.; Francis, S.E.; Cumberland, D.C.; Crossman, D.C.; Newman, C.M. Microbubble-enhanced ultrasound for
vascular gene delivery. Gene Ther. 2000, 7, 2023-2027. [CrossRef]

Shohet, R.V,; Chen, S.; Zhou, Y.T.; Wang, Z.; Meidell, R.S.; Unger, R.H.; Grayburn, P.A. Echocardiographic Destruction of Albumin
Microbubbles Directs Gene Delivery to the Myocardium. Circulation 2000, 101, 2554-2556. [CrossRef]

Mo, S.; Coussios, C.; Seymour, L.; Carlisle, R. Ultrasound-enhanced drug delivery for cancer. Expert Opin. Drug Deliv. 2012, 9,
1525-1538. [CrossRef]

Escoffre, ].M.; Mannaris, C.; Geers, B.; Novell, A.; Lentacker, I.; Averkiou, M.; Bouakaz, A. Doxorubicin liposome-loaded
microbubbles for contrast imaging and ultrasound-triggered drug delivery. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012,
60, 78-87. [CrossRef]

Cool, S.K,; Geers, B.; Roels, S.; Stremersch, S.; Vanderperren, K.; Saunders, ].H.; De Smedt, S.C.; Demeester, J.; Sanders, N.N.
Coupling of drug containing liposomes to microbubbles improves ultrasound triggered drug delivery in mice. J. Control. Release
2013, 172, 885-893. [CrossRef] [PubMed]

Lentacker, I; Geers, B.; Demeester, J.; de Smedt, S.C.; Sanders, N.N. Design and evaluation of doxorubicin-containing microbubbles
for ultrasound-triggered doxorubicin delivery: Cytotoxicity and mechanisms involved. Mol. Ther. 2010, 18, 101-108. [CrossRef]
[PubMed]

Wagstaffe, S.J.; Arora, M.; Coussios, C.-C.; Schiffter, H.A. Sonosensitive nanoparticle formulations for cavitation-mediated
ultrasonic enhancement of local drug delivery. MRS Online Proc. Libr. (OPL) 2011, 1316. [CrossRef]

Chen, L.; Frenkel, V.; Li, K.C. Delivery of Systemic Chemotherapeutic Agent to Tumors by Using Focused Ultrasound: Study in a
Murine Model. Radiology 2005, 234, 431-437. [CrossRef]

Prabhakar, A.; Banerjee, R. Nanobubble Liposome Complexes for Diagnostic Imaging and Ultrasound-Triggered Drug Delivery
in Cancers: A Theranostic Approach. ACS Omega 2019, 4, 15567-15580. [CrossRef]

Javadi, M,; Pitt, W.G.; Tracy, C.M.; Barrow, ].R.; Willardson, B.M.; Hartley, ].M.; Tsosie, N.H. Ultrasonic gene and drug delivery
using eLiposomes. ]. Control. Release 2013, 167, 92-100. [CrossRef]

Kim, Y.-S.; Ko, M.].; Moon, H.; Sim, W.; Cho, A.S.; Gil, G.; Kim, H.R. Ultrasound-Responsive Liposomes for Targeted Drug
Delivery Combined with Focused Ultrasound. Pharmaceutics 2022, 14, 1314. [CrossRef]

Schroeder, A.; Honen, R.; Turjeman, K.; Gabizon, A.; Kost, J.; Barenholz, Y. Ultrasound triggered release of cisplatin from
liposomes in murine tumors. J. Control. Release vol. 2009, 137, 63-68. [CrossRef]


http://doi.org/10.1039/C4SM01431F
http://doi.org/10.1016/S0065-2660(08)60152-2
http://doi.org/10.1016/j.bbamem.2012.12.017
http://doi.org/10.7150/thno.4305
http://doi.org/10.1021/mp900214s
http://doi.org/10.1007/s11095-010-0286-4
http://doi.org/10.1021/mp300463h
http://doi.org/10.1016/j.ultrasmedbio.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23062373
http://doi.org/10.1016/S0168-3659(03)00295-5
http://doi.org/10.1016/j.biopha.2018.09.128
http://www.ncbi.nlm.nih.gov/pubmed/30372827
http://doi.org/10.1111/jphp.12590
http://doi.org/10.1038/s41598-021-86860-5
http://doi.org/10.1038/s41598-021-90349-6
http://doi.org/10.1038/sj.gt.3301339
http://doi.org/10.1161/01.CIR.101.22.2554
http://doi.org/10.1517/17425247.2012.739603
http://doi.org/10.1109/TUFFC.2013.2539
http://doi.org/10.1016/j.jconrel.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24075924
http://doi.org/10.1038/mt.2009.160
http://www.ncbi.nlm.nih.gov/pubmed/19623162
http://doi.org/10.1557/opl.2011.323
http://doi.org/10.1148/radiol.2342030889
http://doi.org/10.1021/acsomega.9b01924
http://doi.org/10.1016/j.jconrel.2013.01.009
http://doi.org/10.3390/pharmaceutics14071314
http://doi.org/10.1016/j.jconrel.2009.03.007

Nanomaterials 2022, 12, 3051 36 of 36

137.

138.

139.

140.

141.

142.

Garbuzenko, O.; Barenholz, Y.; Priev, A. Effect of grafted PEG on liposome size and on compressibility and packing of lipid
bilayer. Chem. Phys. Lipids 2005, 135, 117-129. [CrossRef]

Silverman, L.; Barenholz, Y. In vitro experiments showing enhanced release of doxorubicin from Doxil® in the presence of
ammonia may explain drug release at tumor site. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1841-1850. [CrossRef]

Bandak, S.; Goren, D.; Horowitz, A.; Tzemach, D.; Gabizon, A. Pharmacological studies of cisplatin encapsulated in long-
circulating liposomes in mouse tumor models. Anticancer. Drugs 1999, 10, 911-920. [CrossRef] [PubMed]

Zamboni, W.C.; Gervais, A.C.; Egorin, M.].; Schellens, ].H.; Zuhowski, E.G.; Pluim, D.; Joseph, E.; Hamburger, D.R.; Working, PX,;
Colbern, G.; et al. Systemic and tumor disposition of platinum after administration of cisplatin or STEALTH liposomal-cisplatin
formulations (SPI-077 and SPI-077 B103) in a preclinical tumor model of melanoma. Cancer Chemother. Pharmacol. 2004, 53,
329-336. [CrossRef] [PubMed]

Pitt, W.G.; Husseini, G.A.; Roeder, B.L.; Dickinson, D.J.; Warden, D.R.; Hartley, ]. M.; Jones, P.W. Preliminary results of combining
low frequency low intensity ultrasound and liposomal drug delivery to treat tumors in rats. . Nanosci. Nanotechnol. 2011, 11,
1866-1870. [CrossRef] [PubMed]

Evien, T.J.; Hagtvet, E.; Moussatov, A.; Regnvaldsson, S.; Mestas, J.L.; Fowler, R.A.; Lafon, C.; Nilssen, E.A. In vivo monitoring of
liposomal release in tumours following ultrasound stimulation. Eur. J. Pharm. Biopharm. 2013, 84, 526-531. [CrossRef]


http://doi.org/10.1016/j.chemphyslip.2005.02.003
http://doi.org/10.1016/j.nano.2015.06.007
http://doi.org/10.1097/00001813-199911000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10630359
http://doi.org/10.1007/s00280-003-0719-4
http://www.ncbi.nlm.nih.gov/pubmed/14673619
http://doi.org/10.1166/jnn.2011.3117
http://www.ncbi.nlm.nih.gov/pubmed/21449322
http://doi.org/10.1016/j.ejpb.2012.12.007

	Introduction 
	Liposomes as Nanocarriers in SDDSs 
	Tissue-Specific Targeting Mechanisms: Passive and Active Targeting 
	Ultrasound as an External Triggering Modality 
	In Vitro and In Vivo Studies on Liposomal SDDSs Triggered by Ultrasound 
	Conclusions and Future Prospects 
	References

