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Abstract: To improve currently available cancer treatments, nanomaterials are employed as smart
drug delivery vehicles that can be engineered to locally target cancer cells and respond to stimuli.
Nanocarriers can entrap chemotherapeutic drugs and deliver them to the diseased site, reducing
the side effects associated with the systemic administration of conventional anticancer drugs. Upon
accumulation in the tumor cells, the nanocarriers need to be potentiated to release their therapeutic
cargo. Stimulation can be through endogenous or exogenous modalities, such as temperature, electro-
magnetic irradiation, ultrasound (US), pH, or enzymes. This review discusses the acoustic stimulation
of different sonosensitive liposomal formulations. Emulsion liposomes, or eLiposomes, are liposomes
encapsulating phase-changing nanoemulsion droplets, which promote acoustic droplet vaporization
(ADV) upon sonication. This gives eLiposomes the advantage of delivering the encapsulated drug
at low intensities and short exposure times relative to liposomes. Other formulations integrating
microbubbles and nanobubbles are also discussed.

Keywords: drug-delivery; eLiposomes; emulsion liposomes; ultrasound

1. Introduction

Recent statistics show that cancer is the second leading cause of death globally, with
18,094,716 million diagnosed cancer cases. It is responsible for one in six deaths, up to
approximately 10 million deaths in 2020 [1]. This multifactorial disease has become a global
burden with high cancer morbidity and mortality rates. The heterogeneity of cancer re-
quires extensive research to develop effective treatment methods to reduce the detriment to
patients’ lives. Currently, available cancer treatment strategies include chemotherapy [2], ra-
diotherapy [3,4], surgery [5], hormonal therapy, targeted therapy (e.g., immunotherapy) [6],
or a combination of these methods [7-9].

Chemotherapy is the most used cancer treatment, especially for advanced-stage malig-
nancies, i.e., metastasis, where other treatment methods like surgery and radiation cannot
be employed. It uses anticancer drugs to intervene with the cancer cell cycle [10]. Anti-
cancer drugs are highly toxic, have short half-lives in vivo, have poor biodistribution, and
have low bioavailability. Moreover, these highly toxic drugs lack selectivity, distribute in
the entire body, and kill both cancerous and healthy cells, inducing severe temporary or
permanent side effects among long-term cancer survivors [11-13]. Some of the long-term
side effects include pain, hair loss, nausea, vomiting, pulmonary toxicity, neuropathy,
and cardiotoxicity [13-17]. Cancer cells possess self-renewal properties and evade drug-
induced cytotoxicity, enabling them to develop resistance against a wide range of anticancer
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drugs in a multidrug resistance (MDR) phenomenon, rendering the chemotherapeutic drug
ineffective [18]. Thus, conventional cancer treatments are not optimal and suffer from
limitations, including the lack of specificity, systemic toxicity, harmful side effects, and
tumor recurrence. To combat these limitations, drugs must be targeted and temporally
released at the tumor site using safe trigger mechanisms [19].

Research aims to develop less toxic alternative treatment platforms, including smart
nanotechnology for anticancer drug delivery, that can potentially address the challenges
posed by cancer cells” uncontrolled proliferation, metastasis, and MDR [20,21]. Smart
nanotechnology enables the encapsulation and targeted delivery of anticancer drugs.
Chemotherapeutic drugs act on healthy and tumor cells, thus reducing the treatment
selectivity towards diseased cells. Doxorubicin (DOX) is a commonly used anthracycline
that is usually administered to patients via intravenous injections, either as a continuous
infusion or a single dose [22]. Although it is an effective antitumor agent, its side effects
are most evident in cells exhibiting high division rates, such as hair follicles and the gas-
trointestinal tract lining; thus, hair loss, digestive tract ulcerations, vomiting, nausea, and
diarrhea are all common complications/side effects [23]. Moreover, it has been known to
induce cardiotoxicity by the upregulation of apoptosis receptors in cardiomyocytes [23].
The therapeutic index of chemotherapeutic drugs, defined as the ratio of the toxic dosage to
the therapeutic dosage, is close to one. Therefore, maximum tumor cell killing while protect-
ing healthy cells cannot be achieved due to the side effects limiting the chemotherapeutic
drug dosage [23]. A study investigating the toxicity profiles of free chemotherapeutics
versus chemotherapeutics delivered in nanovehicles reported safer and more effective
chemotherapy using nanoparticles, in vitro and in vivo [24]. Nanoparticles were loaded
with 30% of the standard dose of cisplatin and administered for 4 weeks and were found
to eradicate as many cancer cells as the higher dosage of cisplatin. Another in vivo study
on rats employed chemotherapy using inactive cisplatin (a prodrug that activates upon
release). The drug was injected as a free drug and via nanoparticles [25,26]. Figure 1
illustrates the concept of nanoparticle-based chemotherapy delivery to solid tumors. After
encapsulating the drug into the nanocarriers, they can be steered to localize at the diseased
site. Upon accumulation, internal or external triggers can stimulate the release of the loaded
drugs. These nanoplatforms allow for targeted delivery of the anticancer agents as well as
controlled dosing.

The United States Food and Drug Administration (FDA) has approved the use of some
nano-drug formulations to treat various diseases, including cancer. Current FDA-approved
nanocarriers include 56% lipid-based, 38% protein-based, and 6% metal-based formulations.
Some of the lipid-based nano-drugs, namely liposomal formulations approved by the
FDA and/or EMA from 1995 to May 2022 for the treatment of cancer, include Doxil,
DaunoXome, Myocet, Mepact, Marqibo, Onyvide, and Vyxeos (Table 1) [27,28]. Table 1
provides a summary of the liposomal nanopharmaceuticals approved by the FDA and/or
EMA for cancer treatment. These nanopharmaceuticals showed clinical success due to
their biocompatibility, selective toxicity, stability, biodegradability, and prolonged blood
circulation times [29]. Moreover, high drug loading capacity and bioavailability at the
tumor site by crossing physiological barriers leads to efficient, targeted drug delivery and
pared down off-target effects [30,31].
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Figure 1. Schematic illustration of liposome-based drug delivery system for the treatment of
solid tumors.

Table 1. Summary of the liposomal drugs approved by the FDA and/or EMA for cancer treatment

[28-40].
Encapsulated Drug,
Product™ Administration Approved Year/Area Indication Composition Size
Route
Doxil Doxorubicin, IV 1995, FDA Ovarian, breast cancer, HSPC, PEG-DSPE, chol SUVs (100 nm)
Kaposi’s sarcoma
Caelyx Doxorubicin, IV 1996, EMA Ovarian, breast cancer, HSPC, PEG-DSPE, chol SUVs (100 nm)
Kaposi’s sarcoma
DaunoXome Daunorubicin, IV 1996, FDA Kaposi’s sarcoma HSPC, DSPC, Chol SUVs (45-80 nm)
Myocet Mifamurtide, IV 2000, EMA Metastatic breast cancer EPC, Chol MLVs (80-90 nm)
Mepact Mifamurtide PE 2009, EMA Osteosarcoma POPC, OOPS MLVs (2.0-3.5 um)
Margibo Vincristine, IV 2012, FDA Acute lymphoid SM, Chol SUVs (130-150 nm)
leukemia
Lipusu Paclitaxel 2013, FDA Gas?;’\;‘é;ﬂ?;’ and Non-modified liposomes 400 nm
Metastatic
. . 2015, FDA . DSPC, MPEG2000-DSPE,
Onyvide Irinotecan, IV 2016, EMA adenocarcinoma of the Chol SUVs 110 nm
pancreas
Vyxeos Daucn;t;i:;fiiland 22811 87 ! ]SII\)/IAA Acute myeloid leukemia DSPC, DSPG, Chol 110 nm
Metastatic breast and
Zolsketil Adriamycin, IV 2022, EMA ovarian cancer, multiple  pyope ppe popE chol SUVs (100 nm)

myeloma, and Kaposi’s
sarcoma

Abbreviations: IV intravenous; FDA Food and Drug Administration; EMA European Medicines Agency;
HSPC hydrogenated soy phosphatidylcholine; PEG polyethylene glycol; DSPE 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine; SUVs small unilamellar vesicles; MLVs multilamellar vesicles.
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2. Liposomal-Based Smart Drug Delivery

Smart drug delivery systems (SDDSs) are nanoplatforms with essential characteristics
and bio-functions that make them optimal for encapsulating and shielding the proper
dosage of chemotherapeutic agents from healthy tissues, while remotely delivering drugs
to targeted tumor sites under controlled release conditions. SDDSs overcome shortcomings
of traditional treatment approaches, as they are designed to deliver appropriate dosages
to specific anatomical locations, combat systemic side effects, prolong the circulation time
of the drug and make it more bioavailable [18]. They incorporate nanoparticles (NPs) as
drug-delivery vehicles, usually ranging in size from 1 nm to 800 nm. The synthesis routes
of these NPs vary and are generally divided into chemical and biological ways, where the
latter are preferred as they are safer and innocuous [19].

The morphologies of the NPs play a substantial role in the success of the SDDS. For
instance, size and shape properties determine essential parameters such as circulation
time, the efficiency of targeting, and internalization by the cells. The optimal size range
for NPs is between 100 and 200 nm; as NPs exceeding 7 pm are expelled by the lungs, less
than 6 nm are filtered by the kidneys, and between 0.1 and 7 um are recognized by the
reticuloendothelial system (RES) and phagocytized [23]. Moreover, regularly shaped NPs,
as in spherical or cylindrical NPs, exhibit better performance than irregularly shaped ones,
as the former are promptly internalized by the cells and move easily through the endothelial
lining of the blood vessels. Likewise, surface functionalities such as hydrophobicity, charge,
and targeting moieties can potentially alter the performance of the NPs [19,23].

Among the most researched NPs are lipid-based nanocarriers, including FDA-approved
liposomes, which have shown significant success in the pharmaceutical industry. These
nanocarriers are nanoscale spherical vesicles primarily compromising one or more phospho-
lipid bilayers similar to the structure of the cell membranes [41,42]. They can be synthesized
using natural substances or sometimes synthetic surfactants that entrap molecules with
low molecular weights, drugs, imaging agents, vaccines, plasmid DNA, hormones, an-
tibodies, etc. [43,44]. Phospholipids are the main structural components of liposomes,
where the most commonly used are soy phosphatidylcholine (soy PC) [39], egg phos-
phatidylcholine (egg PC) [40], phosphatidylcholine (PC), and milk fat phospholipids [41].
Phospholipids occur abundantly in nature; however, their synthetic derivatives also exist,
such as 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) as derivatives of PC, and 1,2-Dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) as a derivative of PE, etc. [42].

Liposomes are versatile drug delivery vehicles as they have adequate stability, can
prolong the drug’s bioavailability and protect its rapid clearance from the body, are easily
tunable, and exhibit controlled release profiles that lead to remarkable therapeutic effects
with minimum unwanted side effects [43,44]. Due to the resemblance of cell membranes,
liposomes are also referred to as artificial cells and were previously called Banghasomes;
Alec D. Bangham discovered them in the 1960s when Bangham and colleagues observed
the swelling of lipid vesicles upon hydration. They were later named liposomes originating
from the Greek words “lipos” and “soma,” meaning fat and body, respectively [45].

Liposomes are amphiphilic in nature and consist of a hydrophilic head (water-loving)
and a hydrophobic/lipophilic (water-repelling) tail [46,47]. In an aqueous solution, lipid
molecules self-assemble due to hydrophobic interactions, forming bilayer spheres with the
hydrophobic tails directed inwards, acting as a permeability barrier, and hydrophilic heads
facing outwards. The bilayer structure enables liposomes to encapsulate lipid-soluble and
aqueous-soluble drugs simultaneously [48]. The hydrophilic, amphipathic, and lipophilic
molecules can be entrapped within the inner aqueous core or within the phospholipid
bilayer, which forges the effectiveness of drug loading ahead [49-51]. Encapsulating active
biomedical drugs within liposomes enables control over targeting cancer cells as it stabilizes
the encapsulated chemotherapeutic and can spatially release the payload in a controlled
manner, which will not only enhance the efficacy and therapeutic index of drugs but also
eliminate or minimize systemic toxicity [52,53].
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They can be classified based on lamellarity, size, and preparation method. However,
size and lamellarity significantly affect the blood circulation time and drug encapsulation
efficiency, whereas the preparation method determines the liposome type. Liposomes can
be classified as unilamellar vesicles (UV) with a single phospholipid bilayer membrane or
multilamellar vesicles (MLV) with several bilayer membranes resembling an onion-like
structure. ULVs can be further classified as small unilamellar vesicles (SUV, diameter of
20-100 nm), large unilamellar vesicles (LUV, diameter 100 nm-1 um), giant unilamellar
vesicles (GUV diameter > 1 um, [24], and multivesicular vesicles (MVV, 1.6-10.5 um) that
demonstrate a honeycomb-like structure with multiple vesicles embedded in a single lipid
bilayer structure [47,54-56]. Liposomes ranging between 50 and 450 nm? in volume are
used for medical applications. SUVs are most commonly used in drug-delivery applications
due to their uniform encapsulation of drugs and longer circulation times [54-56].

Moreover, liposomes are among the most researched NPs partly because of the ease
of their surface modification and functionalization to better fit the application as per the
tumor pathophysiology. Functionalized liposomes showed significant improvement in
physiological behavior when compared to non-functionalized conventional ones (Figure 2).
To enhance the liposomes’ physical stability in the bloodstream, increase the fluidity of
their membranes, and prolong their retention time, natural sterols such as cholesterol are
added. Cholesterol is a hydrophobic molecule that interacts with the core of the liposomal
membrane and helps reduce its permeability to water [36,42]. This, in turn, increases the
liposomal membrane micro-viscosity and fluidity by making them less rigid, prevents
crystallization of the phospholipid acyl chains, and increases their stability in the presence
of blood/plasma, both in vivo and in vitro. [57,58]. Furthermore, cholesterol can anchor
or attach polyethylene glycol (PEG) chains, shielding them from abrupt recognition and
elimination from the body and rendering them thermodynamically and sterically stable.
PEGylation enhances the half-life of the nanocarrier in the bloodstream, as non-stealth
liposomes get rapidly phagocytosed by the reticuloendothelial system (RES) and cleared
from the body [42,59,60].

PEG chains are soluble in aqueous and organic solvents, highly biocompatible, easily
synthesized, have a linear or branched structure, and show low immunogenicity [61].
The chains can vary in length and configuration, and they are grafted into the liposomes
through linkers to create the PEGylated liposomes, commonly referred to as stealth li-
posomes. Noble et al. [62] claimed that optimum circulation times could be achieved
by incorporating five mol% polyethylene glycol with a molecular weight of 2000 g/mol,
PEG2000, into the formulation and elaborated the use of PEG2000 is “based more on tra-
dition rather than scientific reasoning.” The choice of the linker is essential, as it alters
the extent to which the PEG chains are implanted into the liposomal membranes and can
also impose behavioral changes on the liposomes. For example, phosphate linkages are
suspected of provoking opsonization, while ester linkages, which are pH-sensitive, are
vulnerable to biological decomposition [62].
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Figure 2. A schematic illustration of liposomes, their functionalization, and common triggering
modalities to release the encapsulated payload from liposomes.

A study [61] compared the in vivo pharmacokinetic performance of free DOX with
PEGylated and non-PEGylated liposomal formulations. Interestingly, the PEGylated liposomal
DOX clearance rate decreased by 100-fold (Cl = 0.023 L/h), and its half-life (t1/2 = 83.7 h)
was prolonged by eightfold, compared to free DOX (Cl =25.3 L/h, t1/2 = 10.4 h). Moreover,
the distribution volume decreased significantly from 364 L to 139 L to 3.0 L in the free DOX,
non-PEGylated, and PEGylated liposomal DOX, respectively. This conclusion demonstrated
that PEGylation prevents premature drug release and that most of it remained entrapped
without leakage. Another study by Awad et al. [59] investigated the effects of PEGylation
on the US-mediated release kinetics from calcein-loaded liposomes. This research concluded
that the calcein (model drug) PEGylated liposomes were more sonosensitive and presented
significantly enhanced release profiles when exposed to pulsed US at 20 kHz. The release
profiles of the PEGylated liposomes were higher than the non-PEGylated ones at all tested
power densities. It was reported that the PEGylated liposomes released 57.5% =+ 4.5 of their
contents, whereas the non-PEGylated ones released only 22.7% =+ 1.7 by the end of the third
US pulse at 12 W/cm? power density. The conclusions of this study further emphasize the
effectiveness of PEGylation in enhancing the overall performance of the SDDS.

Passive and Active Targeting

Primarily targeting cancer cells follows the natural course by targeting anatomical and
physiological feature differences between the normal cells and tumor microenvironment.
Controlling the physicochemical factors such as size, charge, and hydrophobicity of the
liposomes enables passively targeting cancer microvasculature with larger pores sizes
compared to normal capillaries” cells. The tumor vasculature is characterized by its porous
and leaky structuring, allowing liposome passage, permeability, and retention, typically
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<200 nm [63]. This effect is known as the enhanced permeability and retention (EPR) effect,
which forms the basis for passive targeting mechanisms (Figure 3A). Since healthy tissues
do not allow liposomes to extravasate through their non-porous and tight junctions, this
leads to a differentially higher concentration and accumulation of the drug in tumor cells
compared to the rest of the body [64].

Healthy
tissue O

Normal

Vasculature o 08
<
Leaky Vasculature
Passive targeting:
Drug-loaded EPR Effect
Liposomes

Active targeting:
Receptor-mediated
endocytosis

Figure 3. (A) Passive targeting. Liposomes accumulate and retain at the target site with the help
of leaky vasculature and a defective lymphatic drainage system (EPR effect); (B) Active targeting.
Liposomes accumulate via a passive targeting mechanism; drug carriers are endocytosed by spe-
cific receptor-mediated interactions between the overly-expressed tumor cell-surface receptors and
targeting ligands on the liposomes’ surface.

Some tumor-related factors to consider when utilizing the EPR effect include, but
are not limited to, tumor type and density and its vascular permeability as a function
of secretion of permeability factors. As far as the nanocarrier design is concerned, their
chemical properties, surface functionalization, and charge and morphologies are all consid-
erably impactful aspects [64]. However, designing SDDSs with complete dependence on
passive targeting has significant limitations, such as the possible accumulation of the NPs
in the spleen and liver as these organs have fenestrated vasculature and the incapability
of the NPs to sufficiently penetrate deep enough through the complex tumoral network
due to heterogeneities in structure [65]. Moreover, the EPR effect may result in a slower
uptake of nanocarriers and delayed drug pharmacokinetics, where the slow drug release
would not allow the drug to reach the desired therapeutic concentration. Moreover, passive
targeting is limited to certain solid tumors larger than approximately 4.6 mm, with porosity
depending on the type and location of the tumor. Furthermore, non-vascularized sites are
questionable when taking advantage of the EPR effect; therefore, facilitating the uptake of
nanocarriers by the tumor cells and protecting healthy cells by other means of targeting
becomes essential. Active targeting mechanisms allow functionalizing the surface of the
nanocarriers to make them more affinized towards cancer cells than healthy ones. It can
compromise the inadequacies mentioned above, as it depends on specific receptor-ligand
interactions between highly expressed cell-surface receptors on the tumor cells and the
engineered drug carrier’s surface. NPs can be functionalized with ligands, or moieties,
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including proteins, poly-peptide sequences, antibodies, enzymes, vitamins, and carbohy-
drates [66—69]. Since tumor cells are known to overexpress receptors that participate in
growth and survival pathways, such receptors make promising active targets. To this end,
nanocarriers could be conjugated to the natural ligands of these receptors to ensure their
accumulation and internalization at the tumor site [70]. Ideally, these receptors would be
tumor neoantigens as these are overexpressed on tumor cells compared to healthy cells.
Therefore, for this system to work, the ligand in question must have a high affinity to the
target receptor to elicit a specific response akin to a lock-and-key mechanism (Figure 3B).

3. Acoustic Stimulation by Ultrasound

Upon injection into the patient’s bloodstream, the nanocarriers tend to accumulate
at the tumor’s leaky vasculature due to the EPR effect. To unleash the full potential of
these drug-loaded vehicles, it is mandated to utilize a triggering mechanism to release
the encapsulated drug in a controlled, timely, and efficient manner. Ultrasound (US) has
gained considerable attention in research as one of the best drug release mechanisms due
to its non-invasiveness, safety record, and relatively low costs. Although it is best known
in the medical field for its imaging application, i.e., embryo monitoring and imaging, it has
developed to become a means of diagnostics and therapies. The US’s mechanism of action
relies on its waves. US waves are longitudinal mechanical sound waves that require a
medium for transmitting energy transducers containing piezoelectric crystals that produce
acoustic waves as an alternate electrical current is converted into mechanical energy. When
an electric pulse is generated and sensed by the crystal, it vibrates; consequently, the
surrounding medium experiences pull and push forces, and thus waves are generated [71].

There are two main mechanisms by which US impacts cells and tissues in therapeutic
applications, i.e., thermal and mechanical effects [71]. Sonicated tissues experience thermal
effects due to hyperthermia, whereby exposed tissues experience an overall increase in the
medium’s temperature. The extent to which the medium absorbs energy is a function of
multiple factors, such as the frequency of the US and the exposure time. Moreover, some
factors are intrinsic to the medium, such as its absorption coefficient; the higher the value of
this coefficient, the more thermal effects will be experienced by the tissues [71]. The impact
of US on drug release from liposomes is a well-developed area of research [72-74]. When
the acoustic waves interact with liposomes, some of the acoustic energy will be dissipated
and absorbed by the phospholipid bilayer, causing an increase in temperature, which in
turn slightly liquifies the microstructure of these nano vehicles and promotes drug release.
In drug-delivery applications and to achieve hyperthermia, the tissue temperature should
not exceed 43 °C. Within a temperature range of 40 to 43 °C, the increase in temperature
accompanied by the rise in blood flow causes vasodilation as well as an increase in the
permeability of the tumor’s vasculature, hence enhancing the accumulation of nanoparticles
at the diseased site. However, strong hyperthermia, which occurs when temperatures
increase beyond 43 °C, could cause necrosis to both healthy and cancerous cells and cause
severe burns [73].

The other mechanism by which US induces biological effects is mechanical, mainly
through cavitation events. Bubbles pre-exist or are generated in the fluid due to the pressure
dropping below the liquid’s vapor pressure. The pressure drop could be induced by
exposure to US waves. Acoustic cavitation occurs when these cavitation nuclei—gas-filled
bubbles in the insonated liquid media—form, grow, oscillate, and eventually collapse [75].
It has two primary modes; stable and transient [76]. A specific phenomenon of transient
cavitation occurs when the bubbles are bounded by any given biological boundary from
one side while the other side oscillates freely; it is referred to as asymmetric collapse.
The bursting bubbles do not generate a regular shock wave that propagates in spherical
dimensions, but rather the energy from the collapse is directed inwards towards the center
of the bubble from the free side, propagating linearly. This non-spherical collapse induces
high-speed energy-intensive acoustic microjets. The shock waves and shooting microjets
can cause neighboring liposomal membranes to burst, thus promoting drug release [77].
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Similarly, if the bubbles are close to the tumor site, their collapse can induce the formation
of pores in the plasma membranes of the cells in a process called sonoporation [78,79].
This further enhances the accumulation of the drug at the tumor site. When considering
the application of US in drug delivery, collapse cavitation has a more predominant role
compared to stable cavitation. The former has been shown to enhance drug uptake, and
the payload delivery to the individual cells as their permeability is altered with the aid of
shock waves and microjets. In contrast, stable cavitation has some effects on changing the
overall permeability of diseased vessels.

The application of ultrasound for the treatment of organs such as lungs pose obstacles
to acoustic energy due to their respiratory movement, access limitations offered by lung-
enclosing ribs, and air-filled spaces that derange the acoustic energy deposition due to
impedance mismatch between the ventilated lungs and the adjacent tissues, causing total
absorption or total reflection of the acoustic energy [80]. While research ventures to new
methods for utilizing US safely, an in vivo investigation tested a lung flooding technique
by infusing saline into the lungs prior to applying high-intensity focused ultrasound
(HIFU), which aided in matching the impedance while keeping the patient ventilated.
This helped eliminate the total absorbance or reflection of acoustic energy, with highly
selective penetration of HIFU causing a local increase in the temperature of ex vivo tumor
tissue by 7.5-fold than the flooded lung tissue. Furthermore, flooded lung tissues showed
a 100% successful sonographic tumor detection rate compared to atelectatic lungs, which
were only 43% [80,81].

Clinical studies conducted by Idbaih and colleagues [82,83] on patients with glioblas-
toma revealed improved penetration and enhanced efficacy of carboplatin chemotherapy
through the disrupted blood-brain barrier (BBB) with the help of the implantable low-
intensity pulsed ultrasound (LIPU) device SonoCloud-1 (SC1). The device emitted US
waves with a resonance frequency of 1.05 MHz, coupled with Sonovue microbubbles
(Bracco). Disruption of the BBB was observed to be proportional to an increase in acoustic
pressures, with no sign of dose-limiting toxicity [82]. Whereas, Sonocloud-9 (SC9), with a
similar concept currently undergoing clinical research, proves the potential of US-mediated
BBB disruption and enhancement of chemotherapeutic efficacy.

Aryal et al. [84] investigated the delivery of liposomal doxorubicin (Lipo-DOX) for the
treatment of glioma in rats through disrupted BBB induced by focused US (US parameters:
0.69 MHz frequency, 10 ms bursts, pulse repetition frequency 1 Hz, 0.55-0.81 MPa, 60 s)
coupled with microbubbles. The study reported the absence of side effects such as neu-
rotoxicity; however, capillary damage was observed during sonication due to inertial
cavitation. It was recommended to use lower-pressure amplitude ultrasound to avoid
inertial cavitation.

Perfluorocarbon (PFC) gas nanobubbles, ranging in size from 450-690 nm, are used
as US contrast agents, as they allow enhancement of image contrast upon vaporization
and backscattered echoes. First exploited by Effinger and Wheatley [85], they found that
these nanobubbles extravasated through leaky tumor vasculatures and contributed to
in vitro image enhancement of breast cancers. Wheatley et al. [86] further investigated
ST68 nanobubble-assisted acoustic enhancement in vitro and in vivo and demonstrated
nanobubble oscillation upon US irradiation, which resulted in an enhancement of more
than 20 dB. Besides enhancing imaging efficiency, nanobubbles can improve the therapeutic
performance of nanocarriers when accompanied by US. Wang et al. [87] discovered the
significant inhibition of cell growth in human prostate cancer cell lines (C4-2, LNCaP, and
PC-3 cells) by employing 609.5 & 15.6 nm-sized nanobubbles coupled with ultrasound.
Upon sonication, nanobubbles encapsulated with AR siRNA showed the lowest expression
of AR mRNA in the C4-2 prostate tumor xenograft mouse model compared to the rest of
the groups in the study.

To increase liposomal sonosensitivity, microbubbles /nanobubbles or phase shift emul-
sion droplets that are highly sensitive to ultrasound can be incorporated or coupled with
liposomes and can enhance liposomal sonosensitivity and dramatically increase the drug
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uptake by cancer cells [88]. Several studies have been conducted on these enhancers of
ultrasound-mediated drug delivery [89] in targeting renal cell carcinoma [90], prostate
cancer cell lines [87], breast cancers [91], and brain cancers [92].

Along the same lines, echogenic liposomes and bubble liposomes increased the sen-
sitivity to ultrasound by sonoporation of liposomes and cancer cell membranes. FDA-
approved microbubbles filled with a hydrophobic gas phase, e.g., PFC stabilized by a
shell of lipid or polymer, can oscillate and generate contrast in response to US pressure
variations. However, the microbubbles’ larger size relative to pores in the tumor’s leaky
vasculature did not allow extravasation into cancer cells [93-95]. This limitation was, how-
ever, overcome by employing multifunctional nanocarriers with perfluorocarbon gas cored
or PFC nanodroplets/emulsions that convert into echogenic microbubbles upon heating to
physiological temperatures or/and ultrasonic negative peak pressures. The coalescence of
microbubbles in tumor cells, followed by cavitation and eventual disintegration, results in
the release of the encapsulated drug at the tumor site [96-99].

Microbubbles can be introduced into the liposomes with other therapeutic compounds
to promote cavitation and sonoporation (pore formation by applying acoustic US) and
release the drug at the tumor site. A study by Ingram and colleagues showed a significant
increase in the efficacy of cytotoxic low-dose medicines, irinotecan, and SN38, by triggering
microbubbles using the US in colorectal cancer mouse models [99].

Olsman et al. investigated the effect of focused ultrasound (FUS), and microbubbles
on the transferrin (Tf) targeted liposomes in enhancing the permeability of the blood-
brain barrier in rats, overexpressing TfR in the BBB. The study revealed that FUS and
microbubbles helped safely increase blood—brain barrier permeability and recorded a 40%
increase in the accumulation of Tf-targeted liposomes in the brain hemisphere compared
with isotype immunoglobulin G (IgG) liposomes. However, the size of microbubbles, i.e.,
1 um or above, limits them within the tumor vasculature and prevents microbubbles from
penetrating the tumor cells. Thus, they have been used as intra-vascular agents to actively
target endothelial markers such as VEGFR2 and «v[33 integrin. The size restriction of
microbubbles introduced the use of nano-scale-sized nanobubbles and nanoemulsions
that would easily extravasate into the tumor tissues and get endocytosed into the tumor
cells [100-103].

Emulsions on a nanoscale are called nanoemulsions, and they have nanodroplets of
liquid dispersed through another immiscible liquid. Liposomes encapsulate phase shift
nano-sized liquid droplets such as perfluorocarbons (PFCs, with a low boiling point) for
drug delivery applications. PFCs enhance the sensitivity of liposomes to the US waves.
Upon exposure to the US, during the low-pressure wave, the pressure around emulsion
droplets falls below the vapor pressure, and they vaporize, resulting in the expansion and
explosion of the liposome. Lipid bilayer liposomes can only undergo 3% expansion in their
structure before they break or puncture; this aids in releasing the encapsulated drug at the
tumor site [35,66].

Perfluorocarbons (PFCs) are considered excellent candidates for emulsions in drug
delivery applications due to their biocompatibility, non-toxicity, and hydrophobic behavior;
hence, they have a very low solubility in aqueous solutions or even blood. In medicine,
PFCs find their application as ultrasound imaging contrast agents and oxygen carriers in
blood substitutes [35,66,102,103].

In a study by Lattin et al. [103], the behavior of PFC5 emulsion droplets upon exposure
to the US demonstrates that only tiny emulsion droplets were visible before the application
of US; however, upon exposure to the US, tiny emulsion droplets had vaporized into
large gas bubbles. Gracia et al. [104] investigated the phase-transitioning behavior of
perfluorocarbon nanodroplets to microbubbles under US negative peak pressure and their
application as ultrasound contrast agents for in vitro human breast carcinoma-derived cell
line SK-BR-3, confirming their stability with significant image enhancement in B mode
of US.
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4. Ultrasound-Activated Agents as Nanocarriers

eLiposomes are liposomes with encapsulated nanoemulsions that help in the rupturing
of the drug-carrying liposomal membrane upon sonication, leading to the vaporization
of PFC liquid. The bursting of the liposome membrane causes a faster release of the
encapsulated drug compared to conventional liposomes, as liposomes sustain only a 3%
expansion in volume and consequently rupture due to expansion [105]. Nanoemulsions are
nano-sized emulsions with two immiscible phases, a hydrophilic phase and a hydrophobic
phase, that are thermodynamically unstable. Protein and lipids are used as surfactants
to stabilize nanoemulsions [106]. PFCs are commonly used as nanoemulsions, because of
their hydrophobic nature, biocompatibility, and non-toxic, and stable organic compounds.
PFC droplets are non-carcinogenic fluoroalkanes extensively used as contrast enhancers in
ultrasound imaging. These nanoemulsions undergo phase shifts and convert into echogenic
microbubbles, making them good candidates for ultrasonic imaging or nuclei for cavitation
events necessary for effective smart drug delivery. PFCs” high interfacial energy in water
makes them an attractive choice; perfluoropentane (PFP), in particular, has been extensively
used due to its low boiling point close to physiological temperatures of 29 °C and requires
low acoustic amplitude to induce vaporization [105-110]. Koroleva and Plotniece [111]
studied the stability of nanoemulsions within liposomes using Langevin dynamics. It
was reported that the stability of nanoemulsions with higher fractions of dispersed phase
highly depends on their {-potentials. It was found to be higher than 40 mV, in addition to a
surfactant layer, to reduce the toxicity of dispersed phase droplets.

The phase transition of PFC droplets from liquid to gas under the effect of an acoustic
wave is called acoustic droplet vaporization (ADV) (Figure 4). This occurs when the gas’s
vapor pressure is no longer in equilibrium with its liquid state at a specified temperature,
and the liquid quickly escapes to the gaseous phase [112]. Furthermore, Laplace pressure
is the pressure imposed on the interior of the droplet because of the interfacial energy of
surface tension between the two immiscible phases compressed within the droplet. This
phenomenon is widely being used to increase the efficacy of drug delivery applications.
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transition from liquid

Figure 4. Schematic representation of ADV and bursting of liposomes upon sonication.
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Gao et al. enhanced the ultrasonic sensitivity of DOX micelles by incorporating
perfluoropentane (PFP) emulsion nanodroplets. Nanodroplets with block copolymers
poly(ethylene oxide)-block-poly(L-lactide) (PEG-PLLA) and poly(ethylene oxide)-block-
poly(caprolactone) (PEG-PCL) vaporized into nanobubbles upon insonation by acoustic
droplet vaporization [96,112,113], which passively accumulated at the tumor site and
demonstrated a 15% decrease in size from 770 & 86 nm to 674 & 72 nm after heating for
4 h at 37 °C. Nanobubbles coalesced into microbubbles and synergistically enhanced the
ultrasound-mediated DOX delivery in ovarian cancer A2780 cells in vitro. For in vivo
studies of breast cancer, MDA MB231 in nu/nu mice reveals a regression of tumor size post
administration of drug-loaded microbubbles and sonication for 150 s, with 2 W/cm? at
3 MHz with a duty-cycle of 20%. However, in the absence of ultrasound, drug release did
not occur and was retained [97]. This was confirmed by Rapoport et al., where non-thermal
pulsed ultrasound (20% duty cycle) was used to vaporize PFP and (perfluoro-15-crown-
ether) PFCE nanodroplets to larger-sized microbubbles, as a result of the coalescence of
nanobubbles, which can further enhance echogenicity [114].

Several studies have reported the acoustically stimulated response of eLiposomes
due to the acoustically induced thermal and mechanical effects. Upon exposure to a
lower ultrasound pressure wave, nanoemulsions encapsulated inside liposomes vaporize,
resulting in an increased radius by fivefold and reduced interfacial tension 3 dyn/cm (for
DPPC). This causes the liposomes to expand and burst, releasing the drug at short exposure
times. Blasting of liposomes produces shockwaves or liquid jets that induce sonoporation
of the cell membrane, further enhancing membrane permeability [66,72,115,116]

Lattin et al. [105] were the first to utilize the novel technique of encapsulating monodis-
perse phase-shifting perfluorocarbons (PFCg) nanoemulsion droplets within the liposomes
to enhance liposomal sensitivity to ultrasound. PFC emulsion droplets were reported to
undergo acoustic droplet vaporization within the liposomal core, a phenomenon by which
liquid emulsion vaporizes to gas bubbles and cavitates upon exposure to the low-pressure
phase of ultrasound. Upon endocytosis and US exposure, expansion of PFC gas helps
rupture the endosomal membrane and release the drug directly into the cytosol of the
cell, thus, as discussed earlier, increasing ultrasound responsiveness and overcoming size
limitations posed by microbubbles. The authors discussed the properties of eLiposomes
which highly depend on the type of lipid and emulsion droplet employed. Experimental
research has suggested that using PFCs emulsion droplets with a lower boiling point (29 °C)
and high vapor pressure can allow controlled vaporization and efficient drug release at
physiological temperatures.

Subsequently, they studied the release of a model drug, i.e., calcein, from eLiposomes
and explored the role of PFC emulsion droplets in drug release [117]. PFC emulsions
interacted with ultrasound and demonstrated sonosensitive behavior by undergoing a
phase transition from liquid to large gas bubbles up to 20 um upon exposure to ultrasound.
Lattin et al. varied ultrasound power density and exposure times to demonstrate the release
of calcein from eLiposomes with different emulsions droplet sizes and control liposomes
with large or small emulsion droplets to their exterior. PFC5/PFC¢ eLiposomes with large
and small emulsion droplets showed a significant increase of calcein release of up to three
to fourfold compared to control liposomes. The ultrasound exposure time of up to 10 s
demonstrated efficient calcein release (94% and 47%) from large /small-PFCs eLiposomes,
respectively, compared to control liposomes. This was attributed to rupturing of the
liposomal membrane as a result of emulsion vaporization and sonoporation by ultrasound.
Calcein release was also proportional to ultrasound power densities, with control liposomes
showing the lowest release at every power density compared to eLiposomes. It should also
be noted that there was no significant difference in calcein release from control liposomes
with and without exterior emulsion droplets.

In another study, Javadi et al. [116] used the technique carried out by Lattin et al. [117]
to enhance drug delivery into HeLa cells by encapsulating perfluorocarbon emulsion
droplets (perfluoropentane PFCs /perfluorohexane PFCg) within the liposomal core. This
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study used low-frequency (1 W/cm? power density and 20 kHz frequency) ultrasound
to irradiate folated emulsion liposomes in HeLa cells for 2 s. The researchers also demon-
strated the phase transition of PFC emulsion droplets from the liquid to gaseous phase
with liquid-to-gas expansion ratios of 137-fold and 125.9-fold PFCs and PFCg. Sonication of
folate-conjugated eLiposomes demonstrated an improved in vitro uptake calcein delivery
in HeLa cells compared to non-targeted eLiposomes or targeted conventional liposomes
without PFCs emulsions. It should be noted that targeting ligands on the surface and
phase-transitioning emulsions in the core had a synergistic effect on calcein delivery to
HeLa cells. eLiposomes were found to be ultrasound responsive to low power densities
and short exposure duration and overcome the size limitation posed by microbubbles in
helping extravasation through tumor vasculature.

In a following study, the researchers [118] further investigated the delivery of cal-
cein and plasmid transfection into HeLa cells using low-frequency ultrasound (1 W /cm?
power density and 20 kHz frequency) to trigger eLiposomal vehicles with folate conjugated
to their surfaces. eLiposomes were prepared using the same method from the previous
study [116]. Javadi et al. conducted parallel experiments to study the role of emulsion
droplets, targeting ligands, and ultrasound for drug and plasmid transfection under identi-
cal optical conditions. By comparing relative fluorescence, it was found that non-insonated
eLiposomes showed negligible calcein release; on the other hand, insonated eLiposomes
showed significantly high calcein release. In this study, the authors demonstrated a more
efficient calcein release and plasmid transfection as folated eLiposomes were endocytosed
and released their cargo into the cytosol of cells upon exposure to ultrasound. In contrast,
negligible relative fluorescence was observed in the absence of emulsions or targeting
ligands. The authors also highlighted the stability of eLiposomes in retaining uncoated
plasmids without degradation post-endocytosis.

The in vitro release of doxorubicin from folated PFCs eLipoDox (eLiposomes seques-
tering Dox) in HeLa cells upon exposure to low-intensity ultrasound was also investi-
gated [119]. Exposure to ultrasound (1 W/cm?, 20 kHz) at increasing exposure times from
2-60 s released 80% of Dox from eLipoDox and only 50% from LipoDox. This was attributed
to the vaporization of PFCs nanoemulsions within the liposomal core. Dox release further
increased upon increasing power intensities; however, Dox release from both eLipoDox
and LipoDox was observed to decrease as frequencies were increased. Furthermore, it
was demonstrated that folate aided the uptake of eLipoDox by HeLa cells and raised the
fluorescence intensity sixfold when compared with the release from eLipoDox with blocked
folate receptors. The authors hypothesized that the disruption of liposomal and endosomal
membranes, as a result of acoustic droplet vaporization, was responsible for the Dox release
directly into the cytosol and significantly increased cytotoxicity compared to free Dox. Thus,
eLiposomes sequestered Dox, decreasing systemic toxicity and minimizing Dox-induced
side effects such as cardiotoxicity.

Along the same lines, Husseini et al. [120] investigated the behavior and stability of
eLiposomes at elevated temperatures by monitoring the release of calcein after incubat-
ing for 15 min in order to confirm the premature vaporization of PFCs in the absence of
ultrasound. It was suggested that heterogenous nucleation might be the possible mecha-
nism responsible for the disintegration and release at high temperatures due to dissolved
oxygen/nitrogen in PFCs, the presence of contaminants in the emulsion droplets, or other
sources. Results showed that release increased exponentially as a function of temperature;
however, eLiposomes remained stable at physiological temperatures (37 °C), which was
above the boiling point of PFCs (29 °C). This was attributed to the Laplace pressure im-
posed on the PFCs droplets, which raises the boiling point, keeping them stable well above
their boiling point. eLiposomes do not show premature breakage or release content until
exposed to ultrasound, thus, potentially facilitating temporal and spatial control over drug
release in drug delivery systems.

In another study, eLiposomes were tested in vitro to investigate their uptake and
release of high-molecular-weight cytotoxic mistletoe lectin-1 (ML1) and protein horseradish



Pharmaceutics 2023, 15, 421

14 of 22

peroxidase (HRP) when exposed to HIFU. Parallel experiments were conducted to study the
role of PFC nanoemulsions in drug release [121]. It was demonstrated that eLiposomes emit-
ted stronger signals at second harmonic, subharmonic, and broadband noise signals than
PFC nanoemulsions and conventional eLiposomes. eLiposome signals further increased
upon increasing peak negative pressure from 1.5 MPa to 3.0 MPa, thus helping in forming
cavitating bubbles inside the liposomes and confirming the importance of nanoemulsions
in the interior of liposomes. eLiposome with intermediate DSPE-PEG2000 amine was
reported to be highly stable and released the highest ML1 upon exposure to 24 MPa HIFU
for 1 min inhibiting CT26 cell growth. US thermal effects were reported to be negligible.
Table 2 provides a summary of the different US-enhancing agents used in medical appli-
cations, while Table 3 presents a summary of some in vitro reports about the response of
acoustically-stimulated eLiposomes due to induced thermal and mechanical effects.

Table 2. Comparison between different US-enhancing agents [87,97,106,115].

Microbubbles

Nanobubbles

Nanoemulsions

1-10 pm which limits

200-300 nm to pass through the

10-1000 nm to improve their
stability and vaporize to form

Size accumulation to the tumor tumor vasculature and destruct .
. L large microbubbles upon
vasculature (380-780 nm) upon ultrasound irradiation A .
US irradiation
due to low solubility, PFC gases
Circulation stability Short circulation time (a couple longer circulation time remain stable for much longer in

of minutes)

aqueous solutions in comparison
with air bubbles

Physical structure

Micron-sized gas core stabilized
by polymer, lipid, or protein
surfactants with low drug loading
capacity

Sub-micron-sized gas core
stabilized by polymer, protein, or
lipid surfactants with high drug
loading capacity

Same lipid or different lipid layers
can be used as a surfactant for
nanodroplets as well as the
liposomes encapsulating them
with high drug-loading capacity

Echogenicity

Excellent echogenicity and
enhancement of membrane
permeability by sonoporation

Echogenicity is smaller compared
to micron-sized bubbles

limited echogenicity compared
to microbubbles

Action mechanism

Upon ultrasound irradiation,
micro-scaled microbubbles may
collapse and release the drug
outside the tumor cells, leading to
a decreased anticancer efficacy

Upon ultrasound irradiation,
nanobubbles cavitate, collapse,
and release the drug within the
tumor cells.

Upon local ultrasonic irradiation,
nanoemulsion droplets vaporize
into microbubbles and enhance
the intracellular drug uptake by
tumor cells, providing a spatial
control of up to a few millimeters
or sub-millimeters.

Table 3. A summary of some in vitro studies on eLiposomes triggered by US.

eLiposome Targeting Ligand/
Composition Targeted Cancer US Parameters Load Remarks Ref.
Cells
Low-intensity US insonated
eLiposomes showed signifi-
cantly higher uptake of cal-
cein or plasmid transfection
by HeLa cells relative to non-
insonated eLiposomes.
DPPA /PFCs Folate/ HeLa varying power Calcein and The presence of encapsulated [118]
emulsion droplets cancer cells densities (0.25-1 plasmid protein emulsion droplets and folate
(100 nm) W/em?) and variable moiety had a synergistic effect
encapsulated by exposure for 2-6.4 s in acoustically-stimulated
DMPC, DSPE-

PEG2000-amine
liposomes (200 nm)

drug delivery within the
cell’s interior.
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Table 3. Cont.

eLiposome
Composition

Targeting Ligand/
Targeted Cancer
Cells

US Parameters

Load

Remarks

Ref.

DMPC/Cholesterol/
DSPE-PEG2000-
amine liposomes
(200 nm)
encapsulated with
DPPC/PFCs
nanoemulsions
(100 nm)

Non-
modified /murine
CT26 colon
carcinoma cells

High-intensity
focused ultrasound
(peak negative
pressure 2-24 MPa,
frequency
1.3 MHz)

Mistletoe lectin-1
(ML1) and protein
horseradish
peroxidase (HRP)

It was demonstrated that
eLiposomes were emit-
ted stronger at second
harmonic, subharmonic,
and broadband noise
signals compared to PFC
nanoemulsions and con-
ventional eLiposomes
further increased with
the increase in ultrasound
peak negative pressures.
HIFU-exposed liposomes
demonstrated  fourfold
more cytotoxin uptake and
apoptosis than the ones
not exposed to HIFU.
Ultrasound-sensitive lipo-
somal formulations with
less DSPE-PEG showed the
highest stability and ul-
trasound sensitivity with
the highest drug release of
80%.

Studies reported negligible
thermal effects with inhibi-
tion of tumor cell viability
primarily induced by cav-
itation of echogenic PFC
emulsion droplets.

[72]

eLipoDox-
DPPC/Cholesterol/
DSPE-PEG2000-
amine liposomes
encapsulated with
DPPC/PFCs
nanoemulsions

Folate/HeLa
cancer cells

1 W/cm? power
density, 20 kHz
frequency, and
100% duty cycle
for2s

Doxorubicin

The  cytotoxicity  of
acoustically-stimulated
folated eLipoDox is sixfold
higher than non-folated
eLipoDox or free Dox.
Acoustic stimulation helps
release 80% of the Dox
from folated eLipoDox,
whereas LipoDox without
encapsulated emulsions
only released 50% of the
encapsulated Dox.

[119]
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Table 3. Cont.

eLiposome Targeting Ligand/
Composition Targeted Cancer US Parameters Load Remarks Ref.
Cells

e  Ultrasound-mediated dis-
ruption of liposomes with
folated surfaces and emul-
sions encapsulated within
them showed significant
calcein delivery into HeLa
cells compared to conven-

DSPE-PEG2000 Folate/HeLa 1 W/cm? power Calcein tional liposomes or non- [116]
amine/ DMPC cancer cells density, 20 kHz targeted liposomes.
liposomes (200 nm) frequency for2s e  Results demonstrate the ne-
encapsulated with cessity of both sonosensi-
DMPC/PFCs tive emulsions and target-
nanoemulsions ing ligand (folate) to en-
hance drug delivery.

e  Avidin/HVJ co-modified
ligands helped bind PFCs
emulsion liposomes to the
MCEF-7 cells, whereas ultra-
sound irradiation caused
acoustic droplet vaporiza-
tion of PCF5 and lowered
the cell viability of MCF-7

DMPA /DPPC/ Avidin/ 1.2 W/cm? power Calcein and cells by 43%. ) [121]
Cholesterol/DSPE-  hemagglutinating density, 1 MHz phenylphenanthri- ® Ultljasqund' induces
PEG2000-amine virus of Japan frequency, and 30%  dinium diiodide cav1tat10.n-a1ded sheér
liposomes (HVJ])/MCE-7 duty cycle for 30 s (PD) force/mild hyperthermm
encapsulated with Human breast fluorescent dyes that can temporarily en-
DPPA /PFCs cancer cells hance the permeability of
nanoemulsions tumor vasculature and aid

in liposomal endocytosis
and drug uptake

5. Concluding Remarks

Due to the detriment to the patient’s quality of life and the potential lethality of some
of the side effects associated with the common treatments, researchers and professionals are
always venturing to find alternative novel therapeutic modalities to preserve the quality of
cancer patients’ lives. Such ventures aim at reducing the adverse side effects associated
with the available therapies, as well as to have more targeted and efficient treatments.
One of the most well-established advances is state-of-the-art nanocarriers incorporated in
SDDSs. SDDSs are nanoplatforms with important characteristics and bio-functions that
make them optimal for the remote delivery of drugs to targeted sites under controlled
release conditions. Also, the release mechanisms of such systems are controlled and can be
tuned to be stimuli-responsive to endogenous or exogenous triggers, which is an added
controlling advantage. Disadvantages associated with traditional chemotherapy, such as
nonselective systemic activity, poor drug solubility, hepatic biodegradation, dose-limiting
toxicity, and the deterioration of healthy cells, can all be overcome using nanoparticles
(NPs) as drug delivery vehicles.

Conclusively, ultrasound-mediated eLiposomal drug delivery has the potential to
significantly improve the therapeutic effects of chemotherapeutic drug delivery. With
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comparatively faster drug release at short insonation times, it is a complex process that
requires acoustic activation of phase-shifting PFC nanoemulsion droplets to vapor, which
shear opens the nanocarriers and allows the release of the drug to the cells. eLiposomal
application still holds scope for improvement in order to fully exploit the benefits of ultra-
sound parameters for drug-delivery applications. Further research must be conducted on
eLiposomal design considerations, developing uniform-size phase-shift PFC nanoemul-
sion droplets and PFC emulsion droplet incorporation in combination with other PFCs.
Furthermore, PFC nanoemulsions droplets and their use in drug delivery require in vivo
proof with a focus on eLiposomal interaction with ultrasound in an in vivo mimicking
environment and associated bioeffects with acoustic droplet vaporization.

Author Contributions: Original draft writing and visualization: M.N.Z. and W.H.A. Reviewing
and editing: WH.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, FRG22-C-E08), Sheikh
Hamdan Award for Medical Sciences MRG/18/2020, and Friends of Cancer Patients (FoCP).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
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, Friends of Cancer Patients (FOCP), 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 and does not represent the position or opinions of
the American University of Sharjah. The author M.N.Z dedicates this work to her parents for their
endless compassion and her husband, Farhan Baksh, who has always been a pillar of support.

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

References

1. WHO. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /cancer (accessed on 10 August 2022).

2. Kumar, L.; Upadhyay, A.; Jayaraj, A.S. Chemotherapy and immune check point inhibitors in the management of cervical cancer.
Curr. Probl. Cancer 2022, 46, 100900. [CrossRef] [PubMed]

3. Hennequin, C.; Barillot, I; Azria, D.; Belkacémi, Y.; Bollet, M.; Chauvet, B,; Cowen, D.; Cutuli, B.; Fourquet, A,
Hannoun-Lévi, J.; et al. Radiotherapy of breast cancer. Cancer Radiother. 2016, 20, S139-5146. [CrossRef] [PubMed]

4. Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, KW. Cancer and Radiation Therapy: Current Advances and Future Directions. Int. |. Med. Sci.
2012, 9, 193-199. [CrossRef] [PubMed]

5. Zhou, S.; Chen, H; Jiang, Y.; Xu, J.; Pei, W.; Liang, J. Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy in
Young Patients with Peritoneal Metastasis of Colorectal Cancer—An Asian Experience. |. Surg. Res. 2023, 281, 97-103. [CrossRef]
[PubMed]

6. Li, S; Chen, P; Cheng, B.; Liu, Y.; Zhang, X.; Xu, Q.; Huang, M.; Dai, X.; Huang, K.; Zhang, L.; et al. Pyroptosis predicts
immunotherapy outcomes across multiple cancer types. Clin. Immunol. 2022, 245, 109163. [CrossRef] [PubMed]

7. Redman, J.; Hill, E.; AlDeghaither, D.; Weiner, L. Mechanisms of Action of Therapeutic Antibodies for Cancer. Mol. Immunol.
2015, 67, 28-45. [CrossRef]

8. Ning, X;; Yu, Y;; Shao, S.; Deng, R.; Yu, J.; Wang, X.; She, X.; Huang, D.; Shen, X.; Duan, W.; et al. The prospect of immunotherapy
combined with chemotherapy in patients with advanced non-small cell lung cancer: A narrative review. Ann. Transl. Med. 2021,
9,1703. [CrossRef]

9.  Vanneman, M.; Dranoff, G. Combining Immunotherapy and Targeted Therapies in Cancer Treatment. Nat. Rev. Cancer 2012, 12,
237-251. [CrossRef]

10. Anand, U; Dey, A.; Chandel, A.K.S,; Sanyal, R.; Mishra, A.; Pandey, D.K,; De Falco, V.; Upadhyay, A.; Kandimalla, R.;

Chaudhary, A.; et al. Cancer chemotherapy and beyond: Current status, drug candidates, associated risks and progress in
targeted therapeutics. Genes Dis. 2022, 5-8. [CrossRef]


https://www.who.int/news-room/fact-sheets/detail/cancer
http://doi.org/10.1016/j.currproblcancer.2022.100900
http://www.ncbi.nlm.nih.gov/pubmed/36265252
http://doi.org/10.1016/j.canrad.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27522187
http://doi.org/10.7150/ijms.3635
http://www.ncbi.nlm.nih.gov/pubmed/22408567
http://doi.org/10.1016/j.jss.2022.08.018
http://www.ncbi.nlm.nih.gov/pubmed/36137358
http://doi.org/10.1016/j.clim.2022.109163
http://www.ncbi.nlm.nih.gov/pubmed/36244669
http://doi.org/10.1016/j.molimm.2015.04.002
http://doi.org/10.21037/atm-21-4878
http://doi.org/10.1038/nrc3237
http://doi.org/10.1016/j.gendis.2022.02.007

Pharmaceutics 2023, 15, 421 18 of 22

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mudd, TW.,; Khalid, M.; Guddati, A.K. Cardiotoxicity of chemotherapy and targeted agents. Am. ]. Cancer Res. 2021, 11,
1132-1147.

Wagner, T.D.; Yang, G.Y. The Role of Chemotherapy and Radiation in the Treatment of Locally Advanced Non-Small Cell Lung
Cancer (NSCLC). Curr. Drug Targets 2010, 11, 67-73. [CrossRef]

Nekhlyudov, L.; Campbell, G.B.; Schmitz, K.H.; Brooks, G.A.; Kumar, A ]J.; Ganz, P.A; Von Ah, D. Cancer-related impairments
and functional limitations among long-term cancer survivors: Gaps and opportunities for clinical practice. Cancer 2022, 128,
222-229. [CrossRef]

Gupta, K.; Walton, R.; Kataria, S.P. Chemotherapy-Induced Nausea and Vomiting: Pathogenesis, Recommendations, and New
Trends. Cancer Treat. Res. Commun. 2021, 26, 100278. [CrossRef]

Brown, TJ.; Sedhom, R.; Gupta, A. Chemotherapy-Induced Peripheral Neuropathy. JAMA Oncol. 2019, 5, 750. [CrossRef]
Anonymous. Chemotherapy Side Effects. Available online: http://www.cancercare.org/chemo-side-effects (accessed on
10 August 2022).

Florescu, M.; Cinteza, M.; Vinereanu, D. Chemotherapy-induced Cardiotoxicity. Maedica 2013, 8, 59-67.

Gillet, J.; Gottesman, M.M. Mechanisms of multidrug resistance in cancer. Methods Mol. Biol. 2010, 596, 47-76. [CrossRef]
Chakraborty, S.; Rahman, T. The difficulties in cancer treatment. Ecancermedicalscience 2012, 6, ed16. [CrossRef]

Corrie, P.G. Cytotoxic chemotherapy: Clinical aspects. Medicine 2007, 36, 24-28. [CrossRef]

Dhar, S.; Kolishetti, N.; Lippard, S.J.; Farokhzad, O.C. Targeted delivery of a cisplatin prodrug for safer and more effective prostate
cancer therapy in vivo. Proc. Natl. Acad. Sci. USA 2011, 108, 1850-1855. [CrossRef]

Chamundeeswari, M.; Jeslin, J.; Verma, M.L. Nanocarriers for drug delivery applications. Environ. Chem. Lett. 2019, 17, 849-865.
[CrossRef]

Su, Z.; Dong, S.; Zhao, S.C.; Liu, K,; Tan, Y,; Jiang, X.; Assaraf, Y.G.; Qin, B.; Chen, Z.S.; Zou, C. Novel nanomedicines to overcome
cancer multidrug resistance. Drug Resist. Updates 2021, 58, 100777. [CrossRef] [PubMed]

Avula, L.R.; Grodzinski, P. Nanotechnology-aided advancement in the combating of cancer metastasis. Cancer Metastasis Rev.
2022, 41, 383-404. [CrossRef] [PubMed]

Volkova, M.; Russell, R. Anthracycline Cardiotoxicity: Prevalence, Pathogenesis and Treatment. Curr. Cardiol. Rev. 2011, 7,
214-220. [CrossRef] [PubMed]

Zhao, L.; Zhang, B. Doxorubicin induces cardiotoxicity through upregulation of death receptors mediated apoptosis in cardiomy-
ocytes. Sci. Rep. 2017, 7, 44735. [CrossRef] [PubMed]

Rodriguez, E; Caruana, P; De la Fuente, N.; Espafol, P, Gamez, M.; Balart, ]J.; Llurba, E.; Rovira, R.; Ruiz, R,;
Martin-Lorente, C.; et al. Nano-Based Approved Pharmaceuticals for Cancer Treatment: Present and Future Challenges.
Biomolecules 2022, 12, 784. [CrossRef]

Liu, P; Chen, G.; Zhang, J. A Review of Liposomes as a Drug Delivery System: Current Status of Approved Products, Regulatory
Environments, and Future Perspectives. Molecules 2022, 27, 1372. [CrossRef]

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

Grodzinski, P; Kircher, M.; Goldberg, M.; Gabizon, A. Integrating Nanotechnology into Cancer Care. ACS Nano 2019, 13,
7370-7376. [CrossRef]

Fan, Y.; Marioli, M.; Zhang, K. Analytical characterization of liposomes and other lipid nanoparticles for drug delivery. J. Pharm.
Biomed. Anal. 2021, 192, 113642. [CrossRef]

Zylberberg, C.; Matosevic, S. Pharmaceutical liposomal drug delivery: A review of new delivery systems and a look at the
regulatory landscape. Drug Deliv. 2016, 23, 3319-3329. [CrossRef]

Taléns-Visconti, R.; Diez-Sales, O.; de Julian-Ortiz, ].V.; Nacher, A. Nanoliposomes in Cancer Therapy: Marketed Products and
Current Clinical Trials. Int. . Mol. Sci. 2022, 23, 4249. [CrossRef]

Salcher-Konrad, M.; Naci, H.; Davis, C. Approval of Cancer Drugs With Uncertain Therapeutic Value: A Comparison of
Regulatory Decisions in Europe and the United States. Milbank Q. 2020, 98, 1219-1256. [CrossRef]

Ahmed, S.E.; Awad, N.; Paul, V.; Moussa, H.G.; Husseini, G.A. Improving the Efficacy of Anticancer Drugs via Encapsulation and
Acoustic Release. Curr. Top. Med. Chem. 2018, 18, 857-880. [CrossRef]

Guimaraes, D.; Cavaco-Paulo, A.; Nogueira, E. Design of liposomes as drug delivery system for therapeutic applications. Int. .
Pharm. 2021, 601, 120571. [CrossRef]

Nikolova, M.P,; Kumar, E.; Chavali, M.S. Updates on Responsive Drug Delivery Based on Liposome Vehicles for Cancer Treatment.
Pharmaceutics 2022, 14, 2195. [CrossRef]

Ye, L.; He, J.; Hu, Z.; Dong, Q.; Wang, H.; Fu, F; Tian, J. Antitumor effect and toxicity of Lipusu in rat ovarian cancer xenografts.
Food Chem. Toxicol. 2013, 52, 200-206. [CrossRef]

Kanda, H.; Katsube, T.; Goto, M. Preparation of Liposomes from Soy Lecithin Using Liquefied Dimethyl Ether. Foods 2021, 10,
1789. [CrossRef]

Calle, D.; Negri, V.; Ballesteros, P.; Cerdan, S. Magnetoliposomes Loaded with Poly-Unsaturated Fatty Acids as Novel Theranostic
Anti-Inflammatory Formulations. Theranostics 2017, 5, 489. [CrossRef]

Anonymous. Multi-Drug Resistance in Cancer. Available online: https://link.springer.com/book/10.1007/978-1-60761-416-6
(accessed on 10 August 2022).


http://doi.org/10.2174/138945010790030956
http://doi.org/10.1002/cncr.33913
http://doi.org/10.1016/j.ctarc.2020.100278
http://doi.org/10.1001/jamaoncol.2018.6771
http://www.cancercare.org/chemo-side-effects
http://doi.org/10.1007/978-1-60761-416-6_4
http://doi.org/10.3332/ecancer.2012.ed16
http://doi.org/10.1016/j.mpmed.2007.10.012
http://doi.org/10.1073/pnas.1011379108
http://doi.org/10.1007/s10311-018-00841-1
http://doi.org/10.1016/j.drup.2021.100777
http://www.ncbi.nlm.nih.gov/pubmed/34481195
http://doi.org/10.1007/s10555-022-10025-7
http://www.ncbi.nlm.nih.gov/pubmed/35366154
http://doi.org/10.2174/157340311799960645
http://www.ncbi.nlm.nih.gov/pubmed/22758622
http://doi.org/10.1038/srep44735
http://www.ncbi.nlm.nih.gov/pubmed/28300219
http://doi.org/10.3390/biom12060784
http://doi.org/10.3390/molecules27041372
http://doi.org/10.2147/IJN.S68861
http://doi.org/10.1021/acsnano.9b04266
http://doi.org/10.1016/j.jpba.2020.113642
http://doi.org/10.1080/10717544.2016.1177136
http://doi.org/10.3390/ijms23084249
http://doi.org/10.1111/1468-0009.12476
http://doi.org/10.2174/1568026618666180608125344
http://doi.org/10.1016/j.ijpharm.2021.120571
http://doi.org/10.3390/pharmaceutics14102195
http://doi.org/10.1016/j.fct.2012.11.004
http://doi.org/10.3390/foods10081789
http://doi.org/10.7150/thno.10069
https://link.springer.com/book/10.1007/978-1-60761-416-6

Pharmaceutics 2023, 15, 421 19 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

Nogueira, E.; Gomes, A.C.; Preto, A.; Cavaco-Paulo, A. Design of liposomal formulations for cell targeting. Colloids Surf. B
Biointerfac. 2015, 136, 514-526. [CrossRef]

Taira, M.C.; Chiaramoni, N.S.; Pecuch, K.M.; Alonso-Romanowski, S. Stability of Liposomal Formulations in Physiological
Conditions for Oral Drug Delivery. Drug Deliv. 2004, 11, 123-128. [CrossRef]

Shishir, M.R.I; Karim, N.; Gowd, V.; Zheng, X.; Chen, W. Liposomal delivery of natural product: A promising approach in health
research. Trends Food Sci. Technol. 2019, 85, 177-200. [CrossRef]

Bangham, A.D.; Standish, M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen phospholipids. ]. Mol. Biol.
1965, 13, 238-IN27. [CrossRef] [PubMed]

Antimisiaris, S.G.; Marazioti, A.; Kannavou, M.; Natsaridis, E.; Gkartziou, F; Kogkos, G.; Mourtas, S. Overcoming barriers by
local drug delivery with liposomes. Adv. Drug Deliv. Rev. 2021, 174, 53-86. [CrossRef] [PubMed]

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

Priev, A.; Zalipsky, S.; Cohen, R.; Barenholz, Y. Determination of Critical Micelle Concentration of Lipopolymers and Other
Amphiphiles: Comparison of Sound Velocity and Fluorescent Measurements. Langmuir 2002, 18, 612-617. [CrossRef]

Nisini, R.; Poerio, N.; Mariotti, S.; De Santis, F.; Fraziano, M. The Multirole of Liposomes in Therapy and Prevention of Infectious
Diseases. Front. Immunol. 2018, 9, 155. [CrossRef]

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

Aguilar-Pérez, K.M.; Avilés-Castrillo, ].I.; Medina, D.I.; Parra-Saldivar, R.; Igbal, H.M. Insight Into Nanoliposomes as Smart
Nanocarriers for Greening the Twenty-First Century Biomedical Settings. Front. Bioeng. Biotechnol. 2020, 8, 36. [CrossRef]
Nsairat, H.; Khater, D.; Sayed, U.; Odeh, E; Al Bawab, A.; Alshaer, W. Liposomes: Structure, composition, types, and clinical
applications. Heliyon 2022, 8, €09394. [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]

Etheridge, M.L.; Campbell, A.; Erdman, G.; Haynes, C.L.; Wolf, S.M.; McCullough, J. The big picture on nanomedicine: The state
of investigational and approved nanomedicine products. Nanomedicine. 2013, 9, 1-14. [CrossRef]

Minocha, N.; Kumar, V. Nanostructure system: Liposome—A bioactive carrier in drug delivery systems. Mater. Today Proc. 2022,
69, 614-618. [CrossRef]

Large, D.E.; Abdelmessih, R.G.; Fink, E.A.; Auguste, D.T. Liposome composition in drug delivery design, synthesis, characteriza-
tion, and clinical application. Adv. Drug Deliv. Rev. 2021, 176, 113851. [CrossRef]

Nakhaei, P; Margiana, R.; Bokov, D.O.; Abdelbasset, W.K.; Jadidi Kouhbanani, M.A.; Varma, R.S.; Marofi, F.; Jarahian, M.;
Beheshtkhoo, N. Liposomes: Structure, Biomedical Applications, and Stability Parameters With Emphasis on Cholesterol. Front.
Bioeng. Biotechnol. 2021, 9, 748. [CrossRef]

Semple, S.C.; Chonn, A.; Cullis, P.R. Influence of Cholesterol on the Association of Plasma Proteins with Liposomes. Biochemistry
1996, 35, 2521-2525. [CrossRef]

Allen, TM.; Hansen, C.; Martin, F; Redemann, C.; Yau-Young, A. Liposomes containing synthetic lipid derivatives of
poly(ethylene glycol) show prolonged circulation half-lives in vivo. Biochim. Biophys. Acta (BBA)-Biomembr. 1991, 1066, 29-36.
[CrossRef]

Weissig, V. Liposomes came first: The early history of liposomology. Liposomes 2016, 4, 1-15. [CrossRef]

Milla, P; Dosio, E; Cattel, L. PEGylation of proteins and liposomes: A powerful and flexible strategy to improve the drug delivery.
Curr. Drug Metab. 2012, 13, 105-119. [CrossRef]

Noble, G.T.; Stefanick, J.E,; Ashley, ].D.; Kiziltepe, T.; Bilgicer, B. Ligand-targeted liposome design: Challenges and fundamental
considerations. Trends Biotechnol. 2014, 32, 32-45. [CrossRef]

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. 2020, 6, 48-57. [CrossRef]
Danbhier, F; Feron, O.; Préat, V. To exploit the tumor microenvironment: Passive and active tumor targeting of nanocarriers for
anticancer drug delivery. J. Control. Release 2010, 148, 135-146. [CrossRef] [PubMed]

Faraji, A.H.; Wipf, P. Nanoparticles in cellular drug delivery. Bioorg. Med. Chem. 2009, 17, 2950-2962. [CrossRef] [PubMed]
Javadi, M.; Pitt, W.G.; Belnap, D.M.; Tsosie, N.H.; Hartley, ]. M. Encapsulating Nanoemulsions Inside eLiposomes for Ultrasonic
Drug Delivery. Langmuir 2012, 28, 14720-14729. [CrossRef] [PubMed]

Elkhodiry, M.A.; Momah, C.C.; Suwaidi, S.R.; Gadalla, D.; Martins, A.M.; Vitor, R.E; Husseini, G.A. Synergistic Nanomedicine:
Passive, Active, and Ultrasound-Triggered Drug Delivery in Cancer Treatment. J. Nanosci. Nanotechnol. 2016, 16, 1-18. [CrossRef]
Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the future of chemotherapy.
Eur. J. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef]

Liu, C; Chen, H.; Zhou, H.; Yu, S.; Zhao, Y.; Wang, N.; Yao, W.; Lu, A.-H.; Qiao, W. MRI-FI-guided superimposed stimulus-
responsive co-assembled liposomes for optimizing transmembrane drug delivery pathways and improving cancer efficacy. Appl.
Mater. Today 2022, 26, 101368. [CrossRef]

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


http://doi.org/10.1016/j.colsurfb.2015.09.034
http://doi.org/10.1080/10717540490280769
http://doi.org/10.1016/j.tifs.2019.01.013
http://doi.org/10.1016/S0022-2836(65)80093-6
http://www.ncbi.nlm.nih.gov/pubmed/5859039
http://doi.org/10.1016/j.addr.2021.01.019
http://www.ncbi.nlm.nih.gov/pubmed/33539852
http://doi.org/10.1186/1556-276X-8-102
http://doi.org/10.1021/la0110085
http://doi.org/10.3389/fimmu.2018.00155
http://doi.org/10.4068/cmj.2021.57.1.27
http://doi.org/10.3389/fbioe.2020.579536
http://doi.org/10.1016/j.heliyon.2022.e09394
http://doi.org/10.3389/fphar.2015.00286
http://doi.org/10.1016/j.nano.2012.05.013
http://doi.org/10.1016/j.matpr.2022.09.494
http://doi.org/10.1016/j.addr.2021.113851
http://doi.org/10.3389/fbioe.2021.705886
http://doi.org/10.1021/bi950414i
http://doi.org/10.1016/0005-2736(91)90246-5
http://doi.org/10.1007/978-1-4939-6591-5_1
http://doi.org/10.2174/138920012798356934
http://doi.org/10.1016/j.tibtech.2013.09.007
http://doi.org/10.1021/acsbiomaterials.8b01301
http://doi.org/10.1016/j.jconrel.2010.08.027
http://www.ncbi.nlm.nih.gov/pubmed/20797419
http://doi.org/10.1016/j.bmc.2009.02.043
http://www.ncbi.nlm.nih.gov/pubmed/19299149
http://doi.org/10.1021/la303464v
http://www.ncbi.nlm.nih.gov/pubmed/22989347
http://doi.org/10.1166/jnn.2016.11124
http://doi.org/10.1016/j.ejpb.2015.03.018
http://doi.org/10.1016/j.apmt.2022.101368
http://doi.org/10.2174/1389557519666190408155251

Pharmaceutics 2023, 15, 421 20 of 22

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

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

De Matos, M.B.; 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]

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]

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

Ahmed, S.E.; Martins, A.; Husseini, G.A. The use of ultrasound to release chemotherapeutic drugs from micelles and liposomes.
J. Drug Target. 2015, 23, 16-42. [CrossRef]

Moussa, H.G.; Martins, A.; Husseini, G.A. Review on triggered liposomal drug delivery with a focus on ultrasound. Curr. Cancer
Drug Targets 2015, 15, 282-313. [CrossRef]

Tachibana, K.; Uchida, T.; Ogawa, K.; Yamashita, N.; Tamura, K. Induction of cell-membrane porosity by ultrasound. Lancet 1999,
353, 1409. [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]

Wolfram, F.; Boltze, C.; Schubert, H.; Bischoff, S.; Lesser, T.G. Effect of lung flooding and high-intensity focused ultrasound on
lung tumours: An experimental study in an ex vivo human cancer model and simulated in vivo tumours in pigs. Eur. ]. Med. Res.
2014, 19, 1. [CrossRef]

Liu, D.; Adams, M.; Diederich, C.J. Endobronchial high-intensity ultrasound for thermal therapy of pulmonary malignancies:
Simulations with patient-specific lung models. Int. ]. Hyperth. 2019, 36, 1107-1120. [CrossRef]

Idbaih, A.; Canney, M.; Belin, L.; Desseaux, C.; Vignot, A.; Bouchoux, G.; Asquier, N.; Law-Ye, B.; Leclercq, D.; Bissery, A.; et al.
Safety and Feasibility of Repeated and Transient Blood—Brain Barrier Disruption by Pulsed Ultrasound in Patients with Recurrent
Glioblastoma. Clin. Cancer Res. 2019, 25, 3793-3801. [CrossRef]

Anonymous. A Study to Evaluate the Safety and the Efficacy of Transient Opening of the Blood-Brain Barrier (BBB) by Low
Intensity Pulsed Ultrasound with the SonoCloud-9 Implantable Device in Recurrent Glioblastoma Patients Eligible for Surgery
and for Carboplatin Chemotherapy. 2022. Available online: https://clinicaltrials.gov/ct2/show /NCT03744026 (accessed on 5
October 2022).

Aryal, M.; Vykhodtseva, N.; Zhang, Y.Z.; McDannold, N. Multiple sessions of liposomal doxorubicin delivery via focused
ultrasound mediated blood-brain barrier disruption: A safety study. J. Control. Release 2015, 204, 60-69. [CrossRef]

Oeffinger, B.E.; Wheatley, M.A. Development and characterization of a nanoscale contrast agent. Ultrasonics 2004, 42, 343-347.
[CrossRef] [PubMed]

Wheatley, M.A.; Forsberg, F.; Dube, N.; Patel, M.; Oeffinger, B.E. Surfactant-stabilized contrast agent on the nanoscale for
diagnostic ultrasound imaging. Ultrasound Med. Biol. 2006, 32, 83-93. [CrossRef] [PubMed]

Wang, L.; Zhang, M.; Tan, K.; Guo, Y.; Tong, H.; Fan, X.; Fang, K.; Li, R. Preparation of Nanobubbles Carrying Androgen Receptor
siRNA and Their Inhibitory Effects on Androgen-Independent Prostate Cancer when Combined with Ultrasonic Irradiation. PLoS
ONE 2014, 9, 96. [CrossRef] [PubMed]

Rapoport, N. Phase-shift, stimuli-responsive perfluorocarbon nanodroplets for drug delivery to cancer. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 2012, 4, 492-510. [CrossRef]

Paul, S.; Nahire, R.; Mallik, S.; Sarkar, K. Encapsulated microbubbles and echogenic liposomes for contrast ultrasound imaging
and targeted drug delivery. Comput. Mech. 2014, 53, 413-435. [CrossRef]

Yu, Z.; Wang, Y.; Xu, D.; Zhu, L.; Hu, M; Liu, Q.; Lan, W,; Jiang, J.; Wang, L.G. 250 Antigen-Targeting Drug-Loaded Nanobubbles
Combined with Ultrasound Targeted Nanobubble Destruction: A Potential Novel Treatment for Renal Cell Carcinoma. Int. J.
Nanomed. 2020, 15, 81-95. [CrossRef]

Zhong, S.; Ling, Z.; Zhou, Z.; He, J.; Ran, H.; Wang, Z.; Zhang, Q.; Song, W.; Zhang, Y.; Luo, J. Herceptin-decorated paclitaxel-
loaded poly(lactide-co-glycolide) nanobubbles: Ultrasound-facilitated release and targeted accumulation in breast cancers. Pharm.
Dev. Technol. 2020, 25, 454-463. [CrossRef]

Liu, H.L.; Fan, C.H,; Ting, C.Y.; Yeh, C.K. Combining Microbubbles and Ultrasound for Drug Delivery to Brain Tumors: Current
Progress and Overview. Theranostics 2014, 4, 432—444. [CrossRef]

Ferrara, K.; Pollard, R.; Borden, M. Ultrasound microbubble contrast agents: Fundamentals and application to gene and drug
delivery. Annu. Rev. Biomed. Eng. 2007, 9, 415-447. [CrossRef]

Katiyar, A.; Sarkar, K.; Jain, P. Effects of encapsulation elasticity on the stability of an encapsulated microbubble. J. Colloid. Interfac.
Sci. 2009, 336, 519-525. [CrossRef]

Paul, S.; Russakow, D.; Nahire, R.; Nandy, T.; Ambre, A.H.; Katti, K.; Mallik, S.; Sarkar, K. In vitro measurement of attenuation
and nonlinear scattering from echogenic liposomes. Ultrasonics 2012, 52, 962-969. [CrossRef]


http://doi.org/10.1517/17425247.1.1.37
http://doi.org/10.3389/fphar.2019.01463
http://doi.org/10.1016/j.chemphyslip.2009.08.003
http://doi.org/10.1016/j.jconrel.2009.03.007
http://doi.org/10.1016/j.jconrel.2005.06.015
http://doi.org/10.3109/1061186X.2014.954119
http://doi.org/10.2174/1568009615666150311100610
http://doi.org/10.1016/S0140-6736(99)01244-1
http://doi.org/10.3390/pharmaceutics14071314
http://doi.org/10.1186/2047-783X-19-1
http://doi.org/10.1080/02656736.2019.1683234
http://doi.org/10.1158/1078-0432.CCR-18-3643
https://clinicaltrials.gov/ct2/show/NCT03744026
http://doi.org/10.1016/j.jconrel.2015.02.033
http://doi.org/10.1016/j.ultras.2003.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15047309
http://doi.org/10.1016/j.ultrasmedbio.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16364800
http://doi.org/10.1371/journal.pone.0096586
http://www.ncbi.nlm.nih.gov/pubmed/24798477
http://doi.org/10.1002/wnan.1176
http://doi.org/10.1007/s00466-013-0962-4
http://doi.org/10.2147/IJN.S230879
http://doi.org/10.1080/10837450.2019.1709500
http://doi.org/10.7150/thno.8074
http://doi.org/10.1146/annurev.bioeng.8.061505.095852
http://doi.org/10.1016/j.jcis.2009.05.019
http://doi.org/10.1016/j.ultras.2012.03.007

Pharmaceutics 2023, 15, 421 21 of 22

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

Huang, S.; Guo, W,; An, J.; Zhang, J.; Dong, E; Wang, D.; Feng, E; Zhang, ]. Enhanced Acoustic Droplet Vaporization through the
Active Magnetic Accumulation of Drug-Loaded Magnetic Particle-Encapsulated Nanodroplets (MPE-NDs) in Cancer Therapy.
Nano Lett. 2022, 22, 8143-8151. [CrossRef]

Gao, Z.; Kennedy, A.M.; Christensen, D.A.; Rapoport, N.Y. Drug-Loaded Nano/Microbubbles for Combining Ultrasonography
and Targeted Chemotherapy. Ultrasonics 2008, 48, 260-270. [CrossRef]

Kandadai, M.A.; Mohan, P; Lin, G.; Butterfield, A.; Skliar, M.; Magda, ].J. Comparison of surfactants used to prepare aqueous
perfluoropentane emulsions for pharmaceutical applications. Langmuir 2010, 26, 4655-4660. [CrossRef]

Ingram, N.; McVeigh, L.E.; Abou-Saleh, R.H.; Maynard, J.; Peyman, S.A.; McLaughlan, ].R.; Fairclough, M.; Marston, G.; Valleley,
E.M.A,; Jimenez-Macias, J.L.; et al. Ultrasound-triggered therapeutic microbubbles enhance the efficacy of cytotoxic drugs by
increasing circulation and tumor drug accumulation and limiting bioavailability and toxicity in normal tissues. Theranostics 2020,
10, 10973-10992. [CrossRef]

Abou-Saleh, R.H.; Peyman, S.A.; Johnson, B.R.; Marston, G.; Ingram, N.; Bushby, R.; Coletta, P.L.; Markham, A.F; Evans, S.D. The
influence of intercalating perfluorohexane into lipid shells on nano and microbubble stability. Soft Matter 2016, 12, 7223-7230.
[CrossRef]

Olsman, M.; Sereti, V.; Miihlenpfordt, M.; Johnsen, K.B.; Andresen, T.L.; Urquhart, A.J.; de Lange Davies, C. Focused Ultrasound
and Microbubble Treatment Increases Delivery of Transferrin Receptor-Targeting Liposomes to the Brain. Ultrasound Med. Biol.
2021, 47, 1343-1355. [CrossRef]

Lin, C.; Pitt, W.G. Acoustic Droplet Vaporization in Biology and Medicine. BioMed. Res. Int. 2013, 2013, e404361. [CrossRef]
Honari, A.; Merillat, D.A.; Bellary, A.; Ghaderi, M.; Sirsi, S.R. Improving Release of Liposome-Encapsulated Drugs with Focused
Ultrasound and Vaporizable Droplet-Liposome Nanoclusters. Pharmaceutics 2021, 13, 609. [CrossRef]

de Gracia Lux, C.; Vezeridis, A.M.; Lux, J.; Armstrong, A.M.; Sirsi, S.R.; Hoyt, K.; Mattrey, R.F. Novel method for the formation
of monodisperse superheated perfluorocarbon nanodroplets as activatable ultrasound contrast agents. RSC Adv. 2017, 7,
48561-48568. [CrossRef]

Lattin, J.R.; Belnap, D.; Pitt, W.G. Formation of eLiposomes as a drug delivery vehicle. Colloids Surf. B Biointerfac. 2012, 89, 93-100.
[CrossRef] [PubMed]

Wilson, R.J.; Li, Y.; Yang, G.; Zhao, C.X. Nanoemulsions for drug delivery. Particuology 2022, 64, 85-97. [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] [PubMed]

Guo, R;; Xu, N; Liu, Y;; Ling, G.; Yu, J.; Zhang, P. Functional ultrasound-triggered phase-shift perfluorocarbon nanodroplets for
cancer therapy. Ultrasound Med. Biol. 2021, 47, 2064-2079. [CrossRef] [PubMed]

Holman, R.; Lorton, O.; Guillemin, P.C.; Desgranges, S.; Contino-Pépin, C.; Salomir, R. Perfluorocarbon Emulsion Contrast
Agents: A Mini Review. Front. Chem. 2021, 9, 810029. [CrossRef]

Sheeran, P.S.; Rojas, ].D.; Puett, C.; Hjelmquist, J.; Arena, C.B.; Dayton, P.A. Contrast-enhanced ultrasound imaging and in vivo
circulatory kinetics with low-boiling-point nanoscale phase-change perfluorocarbon agents. Ultrasound Med. Biol. 2015, 41,
814-831. [CrossRef]

Koroleva, M.Y,; Plotniece, A. Aggregative Stability of Nanoemulsions in eLiposomes: Analysis of the Results of Mathematical
Simulation. Colloid J. 2022, 84, 162-168. [CrossRef]

Zhou, Y. Application of acoustic droplet vaporization in ultrasound therapy. J. Ther. Ultrasound 2015, 3, 20-22. [CrossRef]
Kripfgans, O.D.; Fabiilli, M.L.; Carson, P.L.; Fowlkes, ].B. On the acoustic vaporization of micrometer-sized droplets. J. Acoust.
Soc. Am. 2004, 116, 272-281. [CrossRef]

Rapoport, N.; Nam, K.H.; Gupta, R.; Gao, Z.; Mohan, P; Payne, A.; Todd, N.; Liu, X.; Kim, T.; Shea, ].; et al. Ultrasound-mediated
tumor imaging and nanotherapy using drug loaded, block copolymer stabilized perfluorocarbon nanoemulsions. J. Control.
Release 2011, 153, 4-15. [CrossRef]

Exner, A.A.; Kolios, M.C. Bursting microbubbles: How nanobubble contrast agents can enable the future of medical ultrasound
molecular imaging and image-guided therapy. Curr. Opin. Colloid Interfac. Sci. 2021, 54, 101463. [CrossRef]

Jaiswal, M.; Dudhe, R.; Sharma, P.K. Nanoemulsion: An advanced mode of drug delivery system. Biotech 2015, 5, 123-127.
[CrossRef]

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

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

Lin, C.Y,; Javadi, M.; Belnap, D.M.; Barrow, ].R.; Pitt, W.G. Ultrasound sensitive eLiposomes containing doxorubicin for drug
targeting therapy. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 67-76. [CrossRef]


http://doi.org/10.1021/acs.nanolett.2c02580
http://doi.org/10.1016/j.ultras.2007.11.002
http://doi.org/10.1021/la100307r
http://doi.org/10.7150/thno.49670
http://doi.org/10.1039/C6SM00956E
http://doi.org/10.1016/j.ultrasmedbio.2021.01.014
http://doi.org/10.1155/2013/404361
http://doi.org/10.3390/pharmaceutics13050609
http://doi.org/10.1039/C7RA08971F
http://doi.org/10.1016/j.colsurfb.2011.08.030
http://www.ncbi.nlm.nih.gov/pubmed/21962853
http://doi.org/10.1016/j.partic.2021.05.009
http://doi.org/10.1016/j.jconrel.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24368302
http://doi.org/10.1016/j.ultrasmedbio.2021.04.003
http://www.ncbi.nlm.nih.gov/pubmed/33992473
http://doi.org/10.3389/fchem.2021.810029
http://doi.org/10.1016/j.ultrasmedbio.2014.10.020
http://doi.org/10.1134/S1061933X22020065
http://doi.org/10.1186/s40349-015-0041-8
http://doi.org/10.1121/1.1755236
http://doi.org/10.1016/j.jconrel.2011.01.022
http://doi.org/10.1016/j.cocis.2021.101463
http://doi.org/10.1007/s13205-014-0214-0
http://doi.org/10.1016/j.ultrasmedbio.2012.08.001
http://doi.org/10.1016/j.jconrel.2013.01.009
http://doi.org/10.1016/j.nano.2013.06.011

Pharmaceutics 2023, 15, 421 22 of 22

120. Husseini, G.A ; Pitt, W.G.; Williams, ].B.; Javadi, M. Investigating the Release Mechanism of Calcein from eLiposomes at Higher
Temperatures. J. Colloid Sci. Biotechnol. 2014, 3, 239-244. [CrossRef]

121. Ninomiya, K.; Yamashita, T.; Tanabe, Y.; Imai, M.; Takahashi, K.; Shimizu, N. Targeted and ultrasound-triggered cancer cell
injury using perfluorocarbon emulsion-loaded liposomes endowed with cancer cell-targeting and fusogenic capabilities. Ultrason.
Sonochemistry 2016, 28, 54-61. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1166/jcsb.2014.1100
http://doi.org/10.1016/j.ultsonch.2015.06.032

	Introduction 
	Liposomal-Based Smart Drug Delivery 
	Acoustic Stimulation by Ultrasound 
	Ultrasound-Activated Agents as Nanocarriers 
	Concluding Remarks 
	References

