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Abstract: Temperature excursions within a biological milieu can be effectively used to induce drug
release from thermosensitive drug-encapsulating nanoparticles. Oncological hyperthermia is of
particular interest, as it is proven to synergistically act to arrest tumor growth when combined with
optimally-designed smart drug delivery systems (DDSs). Thermoresponsive DDSs aid in making the
drugs more bioavailable, enhance the therapeutic index and pharmacokinetic trends, and provide
the spatial placement and temporal delivery of the drug into localized anatomical sites. This paper
reviews the fundamentals of thermosensitive polymers, with a particular focus on thermoresponsive
liposomal-based drug delivery systems.

Keywords: hyperthermia; thermosensitivity; liposomes; critical solution temperature; lysolipids;
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1. Introduction

Nanoparticles-based drug delivery systems (DDSs) combat the adverse limitations
associated with conventional treatment regimes, whether in cancer therapy, inflammatory
conditions, or cardiovascular diseases such as hypertension and myocardial infarction [1].
Site-specific delivery of therapeutic dosages of the drugs to the diseased cells, while sparing
the healthy tissues, is a key advantage of using DDSs. An effective DDS can retain, evade,
target, and release its load with controllable and well-regulated kinetics [2].

Nanoparticles (NPs) incorporated in DDSs have been developed over the years, using a
wide range of materials, and they exhibit unique chemical and physical properties, allowing
them to deliver drugs with high precision. NPs can be broadly classified based on their
chemical composition into organic and inorganic. Organic NPs can be lipid-based, such
as liposomes and solid lipid NPs, or polymeric-based, such as micelles and dendrimers.
On the other hand, inorganic NPs typically contain metals or metal-derivatives in their
composition; these include quantum dots (QDs), gold NPs, carbon nanotubes (CNTs), metal
organic frameworks (MOFs), and mesoporous silica. While some of these nanoparticles
are in the development stage, others have progressed to preclinical and clinical trials. The
efficacy of the different nanoparticles as DDSs varies, depending on their size, structure,
and physical/chemical properties [3-7]. Such nanocarrier-based systems have especially
shown notable implementation in the targeted treatment of cancer, by localizing the effect
of antineoplastic agents to diseased tumor sites. Cancer cells induce nearby vascularization
(angiogenesis) to meet the increased demands of oxygen and nutrient supply and to sustain
rapid proliferation and survival pathways. The resulting intratumoral networks and
neovasculature suffer from structural defects in the capillitial endothelium, as well as poor
lymphatic drainage and aberrant fluid transport mechanisms [8]. The small size of the NPs
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allows them to benefit from the innate characteristics of tumors, and they can accumulate at
the fenestrae of the tumoral matrices, in a phenomenon known as the enhanced permeability
and retention (EPR) effect, which is the basis of passive targeting [9,10].

Besides the merits of passive targeting, active targeting techniques have emerged to
further enhance the performance of such DDS. Uncontrolled cell proliferation stimulates
the overexpression of certain biomarkers on the cells” surfaces; nanocarriers can be dec-
orated with motifs or moieties that specifically bind to these receptors. The specificity
of active targeting emanates from the complementary arrangement of the overexpressed
receptor and the targeting ligand, akin to the lock-and-key mechanism [11]. Besides the
specific localization of the nanocarriers, surface functionalization can extend these carriers’
half-life and circulation time in biological systems. For example, PEGylation (modifying
the surface with polyethylene glycol chains) has proven to be effective in shielding the
nanocarriers from recognition and subsequent rapid elimination from the body by the
immune system [12,13].

Conventional NPs generally release their loaded drugs passively, with no control
over drug release. While some NPs show quick drug release and undesirable toxicity,
the slow drug release from other NPs reduces drug efficiency. Controlling drug release
from these NPs, after their accumulation at the targeted site, is essential to ensure spatial
and temporal drug release at the diseased site. Advancements in nanomedicine have
led to the development of smart NPs that can be triggered to release their load either
endogenously (naturally within the body) or exogenously (remotely). Triggers such as
ultrasound, light, pH, redox, enzymes, and heat have been widely investigated in the
literature as promising stimuli modalities [14-19]. This review will focus on thermosensitive
polymers and thermoresponsive NPs, particularly thermoresponsive liposomes, and the
effect of temperature fluctuations on altering the structure of these NPs and the subsequent
release of the loaded drugs.

2. Thermosensitive Polymers

Heat has been used as a therapeutic tool since the 1800s [20]. In 1866, the German
surgeon Carl Busch reported the first account of effective long-term heating for damaging
tumor cells without affecting healthy cells [20]. Subsequently, several early in vivo investi-
gations were carried out to examine the thermosensitivity of tumors [21-23]. Raising the
temperature of the cells to 4043 °C, for around one hour, can destroy the structure of the
cancer cells and affect other cellular processes, making the cells more prone to radiation
and antineoplastic drugs [24]. Therefore, hypothermia is used as adjuvant therapy and
is usually combined with other cancer treatments, such as radiation, chemotherapy, and
immunotherapy [25]. However, it is extremely difficult to produce local hypothermia using
the traditional methods without damaging the surrounding healthy tissues, due to pro-
longed exposure to elevated temperatures. Thermo-sensitive NPs are smart NPs designed
to employ the local thermal energy to stimulate a spatial-temporal release of chemother-
apeutic drugs at the desired site, while producing no adverse effects on the neighboring
healthy tissues of normal temperature. Some NPs, such as liposomes and micro/nanogels,
can be designed using a thermo-sensitive composition that changes in structure in response
to the increase in the surrounding temperature, leading to a steady release of the encapsu-
lated drug. For example, liposomes can be designed to ‘melt’ (change from the gel state to
the liquid state) upon heating to a certain temperature. This type of liposomes is known as
the traditional thermosensitive liposomes (TTSL). Thermo-sensitive micro/nanogels, on
the other hand, are designed to change their volume by either shrinking or swelling when
exposed to a specific temperature, known as the volume phase transition temperature or
VPTT. Temperatures lower than the VPTT cause the polymer, forming the microgel, to
swell up with the water. Temperatures higher than VPTT will result in causing the polymer
to shrink [26,27] and release the encapsulated drug. Thermosensitive micro/nanogels
response to the change in temperature is generally through reversible disruption of the
hydrogen bonds located between the polymer and the surrounding water [28].
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A major advancement in the field of thermoresponsive NPs was the development of
different types of polymers that are sensitive to temperature (thermosensitive polymers).
Incorporating those polymers within the structure of the NPs allows them to be sensitive or
increase their sensitivity to a change in temperature, which alters their structure, resulting
in them releasing their load in a controlled manner. NPs incorporating specifically tailored
thermosensitive polymers can retain their payload at body temperature (37 °C) but deform
and undertake a reversible volume phase transition upon local heating (~40-43 °C) [29].

Potentiating drug release from nanocarrier-based delivery systems using temperature
as a triggering modality is a well-established area of research and application. It is essential
to fully comprehend the mechanism and rationale behind thermosensitive systems, to
develop effective and sophisticated therapeutic platforms. Thermo-responsive nanocarriers
incorporate thermosensitive polymers in their structures, which are designed to change
their conformation upon exposure to heating/cooling. As the temperature of the surround-
ing solution increases, thermo-sensitive polymers show coil-to-globule transition. These
thermo-responsive polymers usually contain hydrophobic and hydrophilic functionalities,
to aid in designing their response. They can transition from the hydration to a dehydration
state, in a ‘coil-to-globule’ shift from a homogenously dissolved state to a heterogeneously
biphasic state, in response to a small change in temperature (Figure 1) [30]. Previous
studies have also shown that both hydrogen bonding and hydrophobic interactions in
polymer-solvent systems play a role in the transition from the hydrated random coil to
the hydrophobic globule phase, as a result of temperature increase above the critical solu-
tion temperatures [31,32]. For example, thermosensitive polymers derived from neutral
amphiphilic polymers such as acrylics, carry hydrophilic amide, ether, or alcohol groups
and have hydrophobic hydrocarbon backbone chains [33]. Initially, when the homogenous
monophasic system exists, the hydrophilic groups in the polymeric network interact readily
with water molecules to form hydrogen bonds, resulting in randomly shaped hydrated
coils. In response to heating/cooling effects, the conformation is altered where the hy-
drophilic units become isolated from the aqueous media, such that they are no longer
accessible to the water molecules (forming local regions referred to as regions of hydropho-
bic hydration), initiating crystallization of the polymers to form a biphasic dehydrated
nonhomogeneous system [33]. Disruptions to the shape and shrinkage in conformation
result in drug release [34].

An important characteristic of the solutions containing thermoresponsive polymers
(polymeric solutions) is their critical solution temperature (CST). Generally, thermorespon-
sive polymers can be divided into upper critical solution temperature (UCST) and lower
critical solution temperature (LCST) types. The phase diagram for each is depicted in
Figure 2. Figure 2a shows a UCST system, whereby the polymers would be in the monopha-
sic state above a certain temperate threshold. To alter the conformation of such systems,
cooling would be necessary. These are referred to as “positive thermosensitive polymers”.
On the other hand, Figure 2b shows an LCST system, and this is the preferred type em-
ployed in drug delivery applications. The LCST defines the limiting temperature, above
which the system transitions to the binary phase and causes conformation contraction.
These polymers are referred to as “negative thermosensitive polymers”. Thermodynami-
cally, a UCST system is an enthalpy-driven system, where interpolymer interactions are
more significant and dominant at low temperatures. In contrast, LCST systems are entropy-
driven, where an increase in temperature causes the release of the hydrated water molecules
(hydrophobic interactions dominate) [34].
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Figure 1. Schematic depicting the reversible phase transition from coil-to-globule and vice versa upon
heating/cooling. (A) shows the hydrated state of the polymer, where hydrogen bonds are formed
with surrounding water molecules at the hydrophilic ends, while (B) shows the nonhomogeneous
state, where the chains dehydrate into globules and fold up, forming a water-rich and a polymer-rich
phase. The change in conformation results from a change in the temperature of the system.
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Figure 2. A diagram showing the phase transition behaviors of thermosensitive polymers in aqueous
solutions, showing (a) lower critical solution temperature (LCST) system and (b) upper critical
solution temperature (UCST) system.

One important LCST polymer is a polyalkylacrylamide derivative, namely poly(N-
isopropyl acrylamide) (PNIPAAm). This polymer forms soluble chains in the water below
its LCST due to hydrogen bonding between the water and the polymer’s polar groups.
Above 32 °C, the waters molecules are expelled from the network, causing the structures
to contract, by dehydration of the isopropyl groups [29,30]. The chemical structure of the
N-isopropyl acrylamide (NIPAAm) monomer is shown in Figure 3. Generally, the volume
phase transition temperature (VPTT) and behavior of thermosensitive hydrogels/microgels
can be tailored by changing the balance of the hydrophilic and hydrophobic groups or by
introducing an electrostatic charge into the polymer that would influence the polymer—
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polymer and water—polymer interactions [35]. Thus, copolymerization of PNIPAAm
with different monomers that induce different conformational and swelling/de-swelling
behaviors from the pure homopolymers conformations is regarded as a flexible strategy
to modulate the thermoresponsivity of PNIPAAm-based copolymer systems [35]. The
copolymerization monomers can be positively, negatively, or neutrally charged, where
philicities, polarities, and concentration come into play. These initiators can be added to the
precursor mix during synthesis [35]. Figure 4 shows some of the most common comonomers
used to synthesize PNIPAAm copolymers, classified based on charge. For example, the
VPTT of PNIPAAm can be changed to ~45 °C by copolymerizing with hydrophilic co-
monomers such as acrylamide (AAm), which increase the copolymer chain stiffness and
hydrophilicity, as well as limit intramolecular interactions [36]; or with acrylic acid (AAc),
which due to its carboxylate groups provides additional repulsive electrostatic interactions
that result in a two-step temperature-induced conformational change [37,38]. Polymer size
was found to increase with the increase in AAc concentration, as well as a shift in VPTT to
a higher temperature due to the hydrophilic nature of AAc [39].

-,

Hydrophobic
amide
bond

Hydrophilic

isopropyl
bond

Figure 3. The chemical structure of NIPAAm monomers.

Although PNIPAAm-based copolymers have garnered great interest in research, there
are other thermosensitive particles derived from other types of polymers. For example,
Pluronic F127 (Poloxamer 407) is an amphiphilic ABA-type triblock copolymer composed
of poly(ethylene oxide)gg—poly(propylene oxide)sy—poly(ethylene oxide)gg blocks (PEOgg—
PPOg7—-PEQOgg) [40]. It is an attractive biomaterial for the synthesis of thermosensitive drug
delivery systems, as it was approved by the FDA for human use. In addition to their re-
versible gelation capabilities, non-toxicity, biodegradability, and biocompatibility, Pluronic
F127-based systems exhibit prolonged drug residence times [40,41]. Table 1 presents some
studies that proposed Pluronic F-127-based systems for different drug delivery applica-
tions. The main mechanism driving the volume transition above the LCST is attributed
to thermal-induced collapse, due to micellization and self-association of the crosslinked
Pluronic copolymers dominated by inward hydrophobic interactions [42—44]. Such systems
with flexible thermal response windows and physical properties have promising potentials
for diagnostic and therapeutic applications.
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Figure 4. Chemical structures of monomers commonly used in the synthesis of PNIPAAm copolymers
with modulated thermoresponsive properties, classified based on their charge.

Table 1. Volume change % and transition temperatures (in D,O or PBS) of some thermo-responsive
Pluronic F127-based particles.

Material Preparation Method Volume Change (%) Transition Onset (T °C) Ref.

Pluronic® Modified emulsification/solvent ~99 5 [45]
F127/heparin evaporation method

Pluronic® Modified emulsification/solvent

F127/poly(ethylenimine) evaporation method 92-97 21 [43]

Au/Pluronic® F127 Self-assembly then conjugation ~96 ~18 [44]

Pluronic® F127/PEG Modified emul§1flcat10n/ solvent -89 3 [42]
evaporation method
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Thermosensitive nanoparticles (TNPs) benefit from their small size (100-200 nm)
in penetrating biological barriers, aiding in the localized delivery of agents and drugs.
In addition, the small size of the TNPs allows for rapid reaction to physical changes,
as the relaxation time of the volumetric change is directly proportional to the particles’
radius squared (at the critical point) [46]. A rapid transition rate at the critical solution
temperature (CST) is always favorable in practical applications. Moreover, TNPs exhibit
high specific surface areas compared to particle size, providing a larger number of active
sorption sites, which aids in their uptake and biological mobility. Another important
property is dispersity of the size distribution, as monodisperse populations exhibit better
reaction kinetics to changes at the CST. The current synthesis routes are mostly successful
in producing populations with small polydispersity indices, which are calculated as the
ratio of weight-average diameter to the number-average diameter of the particles in the
distribution [47].

To form thermosensitive polymeric particles with desirable properties, synthesis can
be initiated from monomers, polymeric solutions, or macrogels. The most common syn-
thesis routes start with vinyl monomers, which can be neutral or charged. Moreover, a
polymeric solution, which contains a crosslinking agent, can be a synthesis precursor or
a macrogel that can be physically reduced to form microgel particles [35]. Pelton and
Hoare [48] broadly classified the synthesis routes of thermosensitive polymers into three
approaches, which are homogenous nucleation, emulsification, and complexation. In the
homogenous nucleation approach, the synthesis precursor is a homogenous polymeric so-
lution that contains at least one type of monomer and one crosslinker substance. Including
more monomer types increases the complexity of the final product and allows for facile
functionalization [35]. The process can be carried out through emulsion polymerization
or surfactant free emulsion polymerization (also known as precipitation polymerization).
In the emulsion polymerization route, the starting solution contains a suspension of large
monomer droplets that are stabilized by surfactant molecules. An example is the prepara-
tion of colloidal dispersions of PNIPAAm [49], starting with a precursor solution containing
two types of monomers: NIPAAm and methylene-bis-acrylamide, and sodium dodecyl
sulfate (SDS) surfactant. The transition temperature of the produced particles was 32 °C,
below which the polymer chains would be swollen. Above it, they would shrink due to
water rejection, decreasing the average diameter by 2-fold, as a function of the experimental
parameters tested. The thermoresponsive behavior and physical properties of the particles
was found to be dependent on the concentration of SDS during the polymerization process.
Moreover, the particles exhibited a charge due to the carboxyl and sulfate groups from
the initiator, which had a noticeable impact on the swelling behavior of the particle at low
electrolytic ionic strengths only. This method is widely used because it is robust, versatile,
and well-understood. An example of surfactant-free synthesis is the preparation of latex dis-
persions using monomers of NIPAAm, acrylamide, and N,N’-methylenebisacrylamide [50].
Potassium persulfate was used as an initiator for the free radical polymerization reaction.
The precursor solution also contained certain amounts of N,N’-methylenebisacrylamide
as a crosslinker. The resulting hydrogels decreased by 10-folds in average diameter upon
heating above the LCST. The LCST was found to be a function of acrylamide concentration.

Besides the homogenous nucleation approach, emulsification and complexation are
other common routes for thermosensitive particle synthesis. Emulsification is also referred
to as inverse emulsion polymerization or mini-emulsion polymerization. A dispersion of
hydrophilic monomers in an aqueous phase would be emulsified and polymerized in a
continuous non-aqueous phase [35]. Typically, a pre-gel solution (either free monomers
or a polymeric solution) is emulsified in oil or any other non-aqueous medium. The
droplets are polymerized and crosslinked to form the thermosensitive particles. Polyacrylic
acid-based microgels were synthesized using this method by using cyclohexane as the
nonpolar continuous medium [51]. Chen et al. [52] characterized the emulsification process
of acrylic acid monomers into micelles and concluded that the reaction kinetics (i.e., rate of
polymerization) were a direct function of the starting concentration of the monomer. In
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addition, the monodispersity of the size distribution was dependent on the concentration
of the crosslinking agent. The copolymers produced via this synthesis route were robust
and less susceptible to coagulation, as the crosslinking agent copolymerizing interfacially
yielded hard particles. Meanwhile, complexation depends on forming a colloidal poly-
electrolyte complex comprised of two dilute hydrophilic polymers, where one is in excess
abundance compared to the other, in order to provide electrostatic stabilization. Feng and
colleagues [53] studied the complexation interactions between poly(vinyl amine) and car-
boxymethyl cellulose and concluded that the mean size of the synthesized complexes was
insensitive to the mixing ratio of each polymer, although the particle size distribution was
broad. Moreover, mixing the two polymers at different ratios resulted in soluble complexes,
colloidal complexes, and macroscopic precipitates; although, stable colloidal complexes
were formed only when one of the polymers was provided in excess of the other, in order
to contribute to the electrosteric stabilization of the mix. However, the two drawbacks
of this approach are (i) the difficulty in separating the excess polymer, and (ii) the high
polydispersity index in the particle distribution.

3. Thermoresponsive Liposomal-Based Drug Delivery Systems

Liposomes are nanosized carriers that resemble in their structure those of cell mem-
branes. They have a lipid bilayer architecture comprised of phospholipids that assemble
into concentric spherical shells of lipid bilayers with each bilayer’s inner and outer sur-
faces made up of hydrophilic heads and the hydrophobic tails arranged inside the bilayer
and, hence, shielded from the surrounding aqueous environment [6]. This distinguish-
ing arrangement allows for the encapsulation of hydrophobic and hydrophilic drugs
simultaneously, expanding the potential prospects of exploiting liposomes in the field
of chemotherapeutics delivery. Moreover, the encapsulated drugs are protected by the
liposomes’ physiological stability and biocompatibility; and are, hence, less susceptible to
degradation and dilution upon administration [54-56].

3.1. Traditional Thermosensitive Liposomes (TTSL)

Given the merits of these nanocarriers, different modifications have been proposed
and assessed to further exploit these advantages and improve their therapeutic perfor-
mance. Temperature-induced drug release from liposomes is a concept that emerged in
the late 1970s. The first thermosensitive liposomes (TSLs) were introduced in 1978 by
Yatvin and colleagues [57], who were able to release neomycin from liposomal carriers at
different temperatures to hinder in vitro protein synthesis pathways. These liposomes are
designed to ‘melt’ upon heating above a certain temperature threshold, called the transi-
tion temperature (Tc). They undergo a reversible thermotropic “gel-to-liquid crystalline’
transition, with gel being the ordered state and liquid crystalline being the disordered
state [57]. The thermosensitive formulation, which consisted of 1,2-Dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) (molar
ratio 3:1) showed 100-times more drug release at 44 °C than at 37 °C. In the gel phase, the
phospholipids are aligned and well-packed together in a perpendicular orientation with
respect to the surface plane of the lipid bilayer, resulting in a minimal cross-sectional area,
favoring thermodynamic stability. As such, the highly-ordered structure inhibits inter and
intramolecular dynamics, creating an impermeable barrier that completely separates the
intra- and extravesicular domains. As the temperature of the system approaches Tc, the
single bonds between the carbons in the hydrocarbon chains change the configuration from
trans to gauche, and the lipid heads become more mobile. Domains of highly disordered
and random incompatible packing start to exist at the interfaces between still-solid lipids
and ones that have melted, and these locations become permeable. Those microscopic
regions are named ‘grain boundaries’. Grain boundaries separate the domains containing
phospholipids in the gel phase from the other domains containing phospholipids in the
liquid phase located within the same liposomal membrane. As the temperature exceeds
the Tc, the membrane becomes fully fluidized and leaky, to release the cargo [57,58].



Polymers 2022, 14, 925

9 of 26

While DOX release from the beforementioned liposomal system was successfully
induced at temperatures below 42 °C, in vitro studies showed that continuous heating at
temperatures exceeding 42 °C is needed to release at least 50% of the drug load [59,60]. Such
conditions are unfavorable in clinical settings, as higher thermal doses are associated with
thermal necrosis complications, besides the practical difficulty of raising the tumor tissue
temperature to such levels without pain to the patients or surface burns. Other traditional
thermosensitive liposomal systems (TTLSs) are listed in Table 2. Nonetheless, most of these
liposomal formulations have been abandoned due to several significant limitations that
hinder their progress in research and application. The impractical transition temperatures
at which TTSLs respond cannot be achieved in clinical settings, impeding their use [58].
Moreover, the lack of burst release kinetics (slow-release >30 min), formation of aggregates,
and thermodynamic instability contributed to the devising of optimized formulations that
can respond to hyperthermia at milder conditions (39-42 °C). Thermoresponsive systems
within this therapeutic window exploit the advantages of hyperthermia (i.e., sensitize
tumor cells to antineoplastic agents), while precluding its adverse side effects (i.e., thermal
skin damage) [60]. The two main approaches to achieving the desired optimized outcomes
of thermosensitive liposomal systems (TLSs) are the introduction of lysolipids into the
formulations, and modification of the bilayer by the inclusion of membrane-disruptive
polymers [60].

Table 2. Some traditional thermosensitive liposomal systems (TTSLs) and their corresponding

transition temperatures.

Composition Molar

Encapsulated Drug Ratio Experimental/Release Conditions Findings Ref.
Hyperthermia was induced by Simultaneous and
exposing TSLs samples quantitative release of the
Doxorubicin and MRI DPPC/HSPC/CH/ homogeneously distributed ina gel, =~ drug and the MRI contrast
DPPE-PEGyqgo / . o o
contrast agent DOTA-DSPE by heating from 37 °C to 42 °C agent was observed from the  [61]
[GA(HPDO3A)(H,0)] 50:05:15:3:1 inside a clinical (magnetic resonance TSLs at 42 °C, while none
e high intensity focused ultrasound) was observed 37 °C after
MR-HIFU setup. exposure for 1 h.
TSLs were added to preheated fetal ~ 89.1 & 4.0% of doxorubicin
calm serum (FCS) or HN buffer over was retained in the
DPPC/DSPC/ where the temperature was varied TSLs for 3 h at 37 °C in the
Doxorubicin DPPGOG from 37 to 45 °C over a time period presence of serum. The [62]
50:20:30 of up to 180 min, and doxorubicin ~ release rate was significantly
release was measured using increased by incorporating
fluorescence spectrometry. DPPGOG.
Pllutfd TSL samples were incubated The temperature-dependent
in 30% (volume/volume) rat plasma L o
. . content release efficiency %
for 60 min at the desired .
5 5 increased to 96% at the
temperature (37 °C and 44 °C), then hicher temperature. MMC
. . DPPC/DPPG the released MMC was removed & P X
Mitomycin C (MMC) . . . leakage from the [63]
7:3 with cation exchange resin and the .
. . . TSLs was suppressed in the
concentration of the retained drug in
. presence of
the liposomes was measured by
: . rat plasma and reached a
high-performance liquid lateau of 15%
chromatography (HPLC). P o
Dlluted TSL samples were 1nc1.1bated The TSLs were stable at
in a preheated thermoshaker in FCS o s p ¢
Pyrimidine Analogue or HN for 5 min at 43 °C. After 37°Cin serum after 6 h o
y o DPPC/DSPC/DPPG, . . ) incubation and showed less
Gemcitabine 50:20:30 incubation, the samples were than 20% release. while at [64]
(dFdC) o centrifuged where the filtrate . :

containing the released drug was
analyzed by HPLC.

43 °C, 81.8 4= 15.0% of dFdC
was released.
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Table 2. Cont.
Composition Molar . - ..
Encapsulated Drug Ratio Experimental/Release Conditions Findings Ref.
In vitro WST-1 proliferation assay
was used to evaluate the TSL
DPPC/MPPC/ dose-dependent effect and Cells incubated at the higher
Vinorelbine DSPE-PEG2000 temperature on the viability of H22 temperature exhibited less [65]
86:5:4 cells. Cells were incubated for 72 h cell viability%.
with the treatment at 37 °C and
42 °C.
Released
Drug release from the TSLs was amount of both p 'ay¥oads
determined at 37 °C, 39 °C, 41 °C was about 85% within the
.. DPPC/DSPE- 5 g ’ ./ first 5 min of heating at 42 °C
Doxorubicin and and 42 °C over a period of 60 min. .
. PEGyggo /MSPC . from the TSLs, while less [66]
Vincristine The time-dependent drug o
75:17:8 . o than 10% of the total drugs
release profiles at 37 and 42 °C were
assessed by HPLC amount was released at
y ' 37 °C after heating for
30 min.
In vitro drug release showed
DPPC/DSPE/ o bfered aline (PBS)  than 4 °C, as e 2 hof
Docetaxel PEGZ%()qu/ iE ZSQMSPC 37 °C and 42 °C, then an analysis incubation the TSLs released [671
R made done by dialysis. 15% and 40% of their load,
respectively.
TSLs were diluted in PBS and
exposed to temperatures varying
from 25 to 49 °C over a time period
DPPC/CHO/ of 30 min, in a heated water bath to Drug release approached
. determine time-dependent release. 70% as temperature
5-Fluorouracil (5-FU) DSPE-PEG . 5 [68]
90:5:5 Temperature-dependent release was increased from 37 °C to

measured at each temperature in the 49 °C.
range, by heating the samples for
10 min in Eppendorf tubes in heated

water bath.

Note: (DPPC) 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine; (DSPC) 1,2-Distearoyl-sn-glycero-3-phosphocholine;
(DSPE) 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine; (DPPGOG) 1,2-dipalmitoyl-sn-glycero-3-phosphoglyc-
eroglycerol (DPPG;) 1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-glycerol; (MSPC) 1-Myristoyl-2-stearoyl-sn-
glycero-3-phosphocholine.

3.2. Lysolipid Thermosensitive Liposomes (LTSL)

The chemical composition of TTSLs can be favorably altered by incorporating ther-
mosensitive phospholipids, lysolipids, which contain one acyl chain. These lipids are
non-cylindrical (larger head size than the single tail). Thus, they can be easily incorporated
into the liposomal membranes, changing such characteristics as morphology, stability, per-
meability, and Tc [69]. Generally, the transition temperature of phospholipids is a function
of the hydrocarbon chains length, electrostatic properties of the head groups, and the acyl
chain saturation levels. The membrane curvature changes according to the formulation
chemistry, particularly the concentration of lysolipids in the formulation. The lysolipids
exhibit positive intrinsic curvatures that tend to form stabilized defects in the bilayer. The
thermally-activated drug release mechanism is based on the hypothesis that the inclusion
of lysolipids introduces pores, fenestrations, and grain boundaries (microscopic domains
of disorder) into the membrane structure upon phase transition; thus, creating higher
permeability toward the enclosed drugs. The burst or rapid release kinetics provided by
lysolipids are essential to the pertinence of the proposed nano-delivery platform [69].
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Several studies [69-71] examined the DOX fraction release as a function of varying
lysolipid concentrations in formulations, such as Mills and Needham’s [70] studies on
liposomes containing 3.8 mol% DSPE-PEG2000 with varying mono-stearoyl phosphatidyl-
choline (MSPC) content up to 15 mol%. Almost 80% release from all formulations was
observed within the first 20 s of heating to 41.3 °C. Blood flow pattern analyses and tumor
hemodynamics studies, e.g., Chen et al. [71] and Dewhirst et al. [72], confirmed that the red
blood cell (RBC) velocity within tumoral microvessels exceeds 20 s (~0.5 mm/s, considering
the volume of the lump); thus, thermally triggered DOX release within 20 s is sufficient
for the drug to accumulate and be biodistributed at the tumor site. Such liposomes are
commonly referred to as ‘lysolipid thermosensitive liposomes’ (LTSL) (Figure 5). The idea
of this compositional modification was introduced back in the late 1990s, by Needham and
his colleagues [2,69,70].

Grain Boundary
(low permeability)

atititin g
\(.«(L\(K(L\(K (L. Phase DPPC

Grain Boundary
(Enhanced permeability)

Figure 5. A schematic showing phase transition of the lipid bilayer in (a) traditional TSLs and
(b) LTSLs. Inclusion of the lysolipid MSPC increases the membrane permeability due to introducing
planar vacancy defects.
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Needham et al. [73] synthesized LTSLs for controllable DOX release (ThermoDox®)
at mild hyperthermic temperatures (39-40 °C). They tested their in vitro and in vivo ef-
ficacy and performance in thymic nude mice bearing FaDu human squamous cell carci-
noma xenografts. The researchers incorporated 10 mol% monopalmitoyl phosphatidyl-
choline (MPPC) into the liposomal chemistry to induce an amplified increase in mem-
brane permeability during the phase transition; thus, the release onset started at a slightly
lower temperature (~39 °C). Three stealth formulations were synthesized and tested, non-
thermosensitive liposomes (NTSLs) (HSPC:cholesterol: DSPE-PEG-2000 75:50:3), TTLSs
(DPPC:HSPC:cholesterol: DSPE-PEG-2000 100:50:30:6), and lysolipidified thermosensitive
liposomes (LTSLs) (DPPC:MPPC: DSPE-PEG-2000 90:10:4). The burst release from TTSLs
occurred between 41 to 43 °C, followed by a slow release that extended over ~30 min,
whereas NTSLs showed insignificant release dynamics within the physiological tempera-
ture range (37 °C). The results were promising for the novel therapeutic platform, and the
enhanced release kinetics (burst drug release within seconds) of the LTSLs were attributed
to (1) the increased bilayer permeability induced by the incorporation of MPPC, which
introduced defects into the membrane; and (2) the different dissociation and shearing of
the lipids as the first molten layer was able to desorb from the bilayer conformation. In
terms of thermal dose, the equivalent minutes remarkably decreased from 7.5 to 0.08 min
for treatment with TTSLs and LTSLs, respectively. The reduced thermal dose value falls
well below the limit for the onset of thermal necrosis. Treatment with the LTSLs resulted
in complete regression and tumor arrest in the mice for up to 2 months of observation,
evidencing the therapeutic potential of LTSLs [73].

A subsequent study by Kong et al. [74] examined the changes in hyperthermia-induced
cytotoxicity, drug interactions, liposomal accumulation, and release kinetics of different
formulations on athymic nude mice bearing FaDu human tumor xenografts. The different
groups were treated with a cumulative DOX dose of 5 mg/kg by a single i.v. administration.
To understand the effects of hyperthermia, some groups were treated at 34 °C and others at
42 °C. The local drug biodistribution assessment in the tumors showed the highest DOX
accumulation of about 25.6 ng/mg using the LTSLs with hyperthermia. The groups exposed
to temperature stimulus exhibited higher DOX accumulation in the tumors compared to the
non-heated groups. Groups treated at 42 °C showed significant tumor volume reduction
compared to the non-heated groups. Similarly, DOX fluorescence analysis of tumor sections
treated with TTSL and LTSL at 34 °C and 42 °C supported the conclusion that combining
LTSLs with hyperthermic treatment showed superior tumor growth inhibition activity in
comparison to the other treatment combinations [74].

Li et al. [75] considered the effects of combining a two-step clinically used mild hyper-
thermia treatment (HT) with liposomal chemotherapy on enhancing drug accumulation
and bioavailability at the tumor site. DOX-loaded thermosensitive liposomes were used,
where the first HT treatment (~41 °C) was intended to enhance the accumulation at the
tumor matrix, while the second (~42 °C) aimed at stimulating drug release from the nanocar-
riers. The liposomes were made thermoresponsive to mild hyperthermia by manipulating
the DSPE content in the formulation, which increased the transition temperature, due to
the structural defects it introduced at higher concentrations. The results illustrated the
time-dependency of the release kinetic from the liposomes at two different temperatures
(37 and 42 °C) and showed the efficacy of the novel approach in arresting metastasis and
inhibiting tumor growth in nu/nu mice bearing Human BLM melanoma cells. The two-step
HT model effectively increased drug bioavailability and enhanced the controlled release
kinetics, offering a promising approach within attainable clinical conditions.

In 2005, and following initial preclinical analyses, Celsion Corporation began clin-
ical experiments to prove the effectiveness of ThermoDOX in inhibiting tumor growth,
under mild hyperthermia conditions, and to obtain regulatory approval. ThermoDox
uses lysolipid thermally sensitive liposomes’ technology to encapsulate DOX. This heat-
responsive liposome is designed to rapidly change structure in response to a rise in temper-
ature to 4045 °C. Upon heating, pores are created on the phospholipid wall surrounding
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the liposomes, releasing DOX into the targeted site [76]. ThermoDOX is the only thermore-
sponsive liposomal formulation that has made it to clinical trials (Figure 6), but not yet
to commercial markets. This formulation has received orphan drug designation from the
European Commission (EC), USA orphan drug status, and FDA fast track designation,
for hepatocellular cancer treatment [77]. The aim of the first clinical trial was to evaluate
ThermoDOX safety and clinical feasibility in conjunction with radiofrequency ablation
(RFA) to create targeted thermal zones for the treatment of hepatocellular carcinoma (HCC).
Combining ThermoDox with RFA presented a multi-modal treatment, where RFA is used
to destroy the cancer cells, while also heating the vasculature surrounding the tumors and,
thus, triggering DOX release from the thermosensitive liposomes circulating inside the
heated vasculature. This first clinical trial was called the "THEAT" trial and included 24 pa-
tients. Due to the promising early results and the urgent need for an effective treatment for
HCC, the trial was directly fast-tracked to phase III in 2009. However, the HEAT trials did
not meet the endpoints for progression-free survival (PFS). It was suggested that the failure
of the HEAT trials in meeting their outcomes was due to clinical trial design limitations
such as poor drug choice, inadequate treatment schedules, unoptimized heating protocol,
and an inappropriate selection of the primary endpoint (progression-free survival (PFS)
rather than overall survival (OS)). The major trial results are summarized in Table 3.

Celsion obtained ThermoDOX licence from Duke subgroup, so phase Il OPTIMA trials were initiated o Celsion continue monitoring
o ° the patients for overall survival (OS)
. . L] . . : - . . a . e . . . . .

Phase IIl OPTIMA trials - second interim analysis

phase] ofth‘e LEMEED Revisited HEAT trial results:

ThermoDOX is ﬁoten(iall beneficial in a

94 1996 1998 2000

Research alliance between Duke and Celsion

Celsion obtained FDA clearance to start
using ThermoDOX with RFA in HCC
treatment trials

2002 2004 2006 2008 2010 2012 2014 2016 2018 7 2020 2022 2024 2026

Phase Il of the HEAT trials IDMC recommended haltlhg

° the phase IIl OPTIMA trials
|Results of phase |1l HEAT trials |

o
Phase IIl OPTIMA trials - first interim analysis

Figure 6. Timeline detailing the progress of ThermoDOX in clinical trials from 1998 onwards.

Analyzing the results obtained during the HEAT trial revealed that patients who
received a prolonged exposure to the RFA waves (minimum dwell time of 45 min) have
benefited from this therapeutic modality. Those promising results lead to launching a
new Phase III clinical trial (OPTIMA trial) (NCT02112656) in 2014, which employed a
standardized heating protocol with a minimum RFA dwell time of 45 min. However,
in February 2021, Celsion Corporation terminated this trial, as it failed to demonstrate
that combining ThermoDox with RFA provided measurable survival benefit over cancer
treatment using RFA alone.

Currently, there are ongoing phase I trials recruiting candidates, where ThermoDOX
is combined with other heating modalities. Trial (NCT04852367) proposed using focused
ultrasound (FUS) to create the thermal zones for the treatment of non-resectable pancreatic
cancer (PanDOX) [78], while trial (NCT03749850) is a feasibility study that proposed using
magnetic resonance-guided high intensity focused ultrasound (MR-HIFUS) with cyclophos-
phamide administration, alongside thermosensitive liposomal DOX treatment [79].
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Table 3. Summary of ThermoDOX clinical trials.

Study/ClinicalTrials ID

Status/Phase Intervention

Indication

Remarks

Ref.

HEAT/NCT02181075

Lyso-thermosensitive
liposomal doxorubicin
(ThermoDOX) in
conjunction with
radiofrequency ablation
(RFA)

Completed /phase III

Non-resectable
hepatocellular carcinoma
(HCC)

A total of 701 patients were divided into two experimental groups:

354 patients received a single ThermoDOX intravenous infusion
(50 mg/ m?) 15 min prior to RFA, while 347 were given a sham
infusion of 5% Dextrose (placebo) 15 min before RFA. RFA was

used to induce a thermal zone at the tumor site, where the
entrapped doxorubicin was subsequently released from the
liposome. Although the combination of ThermoDOX with RFA
was safe, it did not increase the progression-free survival (PFS) and
overall survival (OS) in the overall study subjects.

OPTIMA /NCT02112656

ThermoDOX followed by

Completed-phase IIT standardized RFA

Non-resectable HCC

A total of 554 subjects enrolled in the trial; divided into an
experimental group that received 50 mg/m? doxorubicin, while
the control group received a dummy infusion. RFA was initiated at
least 15 min after drug administration and completed within a
maximum of 3 h from administration time. RFA exposure was for
a minimum of 45 min. CT scanning and MRI imaging were used to
gauge the effectiveness of RFA. The second interim data analysis
was unexpected, due to the consecutive death of 26 cases. The trial
marginally crossed the futility preset boundary value of 0.900 by
0.003, which led to recommendations from the Independent Data
Monitoring Committee (IDMC) to terminate the trial in 2020.
However, the Celsion Corporation company announced that they
will continue monitoring the patients for overall survival (OS).

[81,82]

TARDOX/NCT00617981

ThermoDOX followed by
focused ultrasound (FUS)
exposure

Completed /phase I

Unresectable and
non-ablatable primary or
secondary liver tumors

The study was conducted in two parts, run in parallel: part I had
6 patients, while part I had 4. Optimized FUS parameters from
part I were used in part II, determined based on real-time
thermometry. Patients received ThermoDox® intravenously, at a
dose of 50 mg/ m?2, followed by FUS exposure. Reported tumor
biopsy results showed a 3.7-fold increase in intratumoral
doxorubicin accumulation in patients treated with FUS, proving
this combination treatment as safe, effective, and feasible for
further clinical investigation. While no treatment-related deaths
occurred, severe adverse events were registered in some patients
(e.g., transient neutropenia, anemia).

[83]
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3.3. Polymer Thermosensitive Liposomes (PTSL)

Another approach to sensitizing liposomes to lower mild hyperthermia conditions
involves integrating thermosensitive LCST polymers into the liposomal structures. The
introduction of polymers also addresses concerns about eventual in vivo and in vitro
thermosensitivity-loss of LTSLs, as the lysolipids tend to desorb and leach out from the
liposome bilayer, leaving behind fenestrae open to the surrounding biological milieu [84].
Premature drug release from LTSL was demonstrated in vivo, as about 50% of the encap-
sulated DOX was released within 1 h of administration in mice kept at 36.5-37.5 °C [61].
In comparison, up to 80% was released in vitro within half an hour, when tested in serum
at physiological conditions [85,86]. Thus, conjugating or polymerizing the liposomes
with thermosensitive polymers is a promising approach that overcomes the drawbacks of
older designs. These synthetic polymers can be used to introduce thermosensitivity to the
non-thermosensitive formulation or augment the thermo-responsiveness of already ther-
mosensitive formulations. At temperatures below the LCST, the polymers are completely
hydrated, hindering interactions with the extra-liposomal environment and preventing
cargo release. As the liposomes experience an increase in temperature, the polymers shrink
and condense into their dehydrated globular forms, disrupting the membranes’ stability
and releasing the drug load [87]. These polymers can be easily tuned to respond to the
desirable range of temperatures, thereby impacting the liposomal responsivity as well. Such
liposomes are commonly referred to as “‘polymer thermosensitive liposomes’ (PTSLs). As
previously discussed, various thermosensitive polymers exist in research and can be modi-
fied according to the requirements. Liposomes surface modification with thermosensitive
polymers dates to 1991, where Ringsdorf and colleagues [88] tried inducing reversible con-
formational transitions in liposomal membranes by incorporating hydrophobic PNIPAAm
chains onto them. This study was fundamental in outlining the basis of coil-to-globule
chemistry in the science of polymers. Figure 7 illustrates the different ways polymers can
be incorporated into liposomes. Hydrophilic thermosensitive polymers can be physically
adsorbed on the liposome surface (Figure 7A), polymerized to entrap the liposome inside
(Figure 7B), covalently bonded to the phospholipid heads (Figure 7C left), or polymer-
ized into fused networks on the surface of the liposome (Figure 7C right). Furthermore,
amphiphilic thermosensitive polymers can either be separated in segregated domains
(Figure 7D left) or homogenously distributed through the liposomal bilayer (Figure 7D
right) [89].

Research in this area has blossomed due to the merits of this approach, which in-
clude facile synthesis schemes, flexibility in tuning the properties, and highly efficient
systems, which can cater to the burst release requirements. Kim et al. [90] reported that
copolymerization of NIPAAm and AAc, then mixing the result into liposomes primarily
composed of egg phosphatidylcholine (PC) and DPPC, resulted in a highly-controlled
thermoresponsive system. Similarly, Han and colleagues [91] successfully modified DPPC,
HSPC, and cholesterol (56:28:17 mol%) based liposomes with PNIPAAm-AAc mixed at
a ratio of 83 to 17 (mol/mol%). The PTSLs showed remarkable release of encapsulated
DOX, corresponding to almost 65% of the load after 5 min of hyperthermal exposure at
39 °C. At temperatures less than that, i.e., 37-38 °C, the carriers were able to retain almost
90% of their contents. To summarize, functionalizing liposomes with thermosensitive poly-
mers can yield highly controllable therapeutic platforms with desirable tunable properties.
Table 4 presents some studies which investigated the effects of comonomers choice for
affecting PNIPAAm polymer thermo-responsiveness, and which extend to the liposome’s
thermosensitive functionality.
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Figure 7. Hydrophilic thermosensitive polymers can (A) adsorb on the liposome surface, (B) encap-
sulate the liposome, (C, left) be covalently bonded to the polar phospholipid heads, or (C, right)
reticulate to form fused networks on the liposome surface. Amphiphilic thermosensitive liposomes
either (D, left) segregate in distinct domains, or (D, right) uniformly distribute in the lipid bilayer.

Table 4. Summary of studies on the effect of copolymerization on LCST and liposomes Tc using the
polymer PNIPAAm.

Comonomer

Llposo.m.e Encapsulated Drug Modulation to Thermo-Responsiveness Ref.
Composition

Free radical
copolymerization of
PNIPAAm with ODA

The copolymer containing 1 mol% ODA had a LCST
of 27 °C, compared to 32 °C for pure NIPAAm.
Calcein/ ODA chains served as fixation sites of NIPAAm onto
EPC carboxyfluorescein the core of the liposomes. [92]
Liposomes incorporating the copolymer exhibited
enhanced thermosensitivity and showed more
sustainable release profiles.

Free radical
copolymerization of
PNIPAAmM with AAm

Incorporating 10%, 20%, and 30% of AAm with
NIPAAm increased the LCST to 39, 47, and

53 °C, respectively.
DOPE/EPC Calcein Tuning the polymer LCST directly affects the [93]
(6:4, w/w) i
iposomes Tk.

At T > 50 °C, the liposomal formulation
incorporating 10% AAm showed 80% drug release.
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Table 4. Cont.

Comonomer Llposo.m.e Encapsulated Drug Modulation to Thermo-Responsiveness Ref.
Composition
Free radical Increasing the AAm% in the copolymer from 17 to
N . 24% resulted in increasing the LCST from 40 to 47 °C.
copolymerization of DPPC Doxorubicin Th . dified 1i T lati [91]
PNIPAAm with AAm e respective modified liposomal formulations
exhibited a T, similar to the copolymers” LCST.
The three copolymers’ LCST was ~40 °C.
The transition enthalpy (AH) of the copolymers:
NIPMAM > DMAM > Apr.
Free radical Drug release % from the different modified
copolymerization with liposomes increased as AH increased.
3 structurally different EPC Calcein The copolymer containing NIPMAM formed the [94]
comonomers: Apr, highest hydrophobic domains above the LCST, which
DMAM, NIPMAM resulted in stronger interactions between the

copolymer and the lipid bilayer; thus, augmenting
perturbation upon heating, which caused the
highest release.

Incorporating 5% PAA increased the copolymer
LCST to 42 °C as its hydrophobicity increased.
DPPC Doxorubicin The modified liposomes were stable at physiological ~ [86]
conditions, but released 70% and 100% after 5 min of
heating at 40 °C and 42 °C, respectively.

Reversible-
deactivation radical
copolymerization with
PAA

Note: (PNIPAAm) Poly-N-isopropylacrylamide; (ODA) octadecyl acrylate; (AAm) acrylamide; (EPC) egg
phosphocholine; (DOPE) dioleoylphosphatidylethanolamine; (Apr) N-acryloylpyrrolidine; (DMAM) N,N-
dimethylacrylamide; (NIPMAM) N-isopropylmethacrylamide; (PAA) propyl acrylic acid.

4. Heat-Triggered Release Modalities

Upon accumulation of the thermosensitive nanocarriers at the diseased site, they need
to be activated to release their contents in a spatially and temporally controlled manner.
The process necessitates differentially elevating the temperature of the targeted region,
while maintaining the surrounding tissues at normal physiological conditions. The DDS
needs to be thermally responsive within the allowable therapeutic window; defined as
between 40 to 43 °C for clinical mild hyperthermia applications. Heating the tumor to a
higher temperature will produce cell necrosis, and the cells will disintegrate in response
to the high temperature, rather than the treatment itself [95]. When administered with
suitable parameters, temperature stimuli can cause hyperthermia (Figure 8), which can
aid in (i) increasing blood flow and perfusion, (ii) augmenting the enhanced permeability
and retention (EPR) effects of leaky vasculature by increasing interstitial fluid flow and
microconvection transport dynamics, (iii) inducing gaps and pores in the endothelial lining
of the targeted area, (iv) sensitizing cells to cytotoxic agents, and (v) in chemotherapy
applications, the intratumoral matrix can become hypoxic, more acidic, and deprived of
the necessary components for survival pathways [96]. On the cellular level, nuclear protein
damage and alterations to cellular homeostatic pathways are considered direct effects of
hyperthermia, which lead to inhibition of DNA replication and repair and eventual apopto-
sis [97]. Many studies have linked heat-induced cytotoxicity with the increased production
of reactive oxygen species (ROS) such as hydrogen peroxide, which can potentially cause
oxidative damage to the cells’ proteins, lipids, and nucleic contents, as well as disturbing
mitochondrial potential and activity [69,98].
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Figure 8. Schematic illustrating the multifactorial effects of temperature-triggered hyperthermia,
from its stand-alone cytotoxicity to inducing synergistic cytotoxic effects when combined with drug
delivery systems.

Hyperthermia causes vasodilation in normal tissues, which increases blood flow,
depending on duration, intensity, and heating mode. In tumors, the trends are more com-
plicated, given the heterogeneity within the tumor matrix itself, as well as the different
pathological characteristics of the various cancers. An early study by Song [96] showed
that the temperature in tumors rises upon heating more than in normal tissues, because
tumors have a defective vasculature that does not experience a significant increase in blood
flow (to aid in heat dissipation); hence, the heat accumulates more at the tumor site. The
vascular damage, suboptimal conditions, and changes in oxygenation of the tumor tissues
upon hyperthermia treatment affect the drug biodistribution and effectiveness; thus, it is
important to consider the exposure dose behavior of the designed thermoresponsive sys-
tems, especially for biomedical applications such as drug delivery or imaging applications.
Different heat modalities are used for triggering drug release from TSLs (Figure 9).
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Figure 9. Different heating modalities for triggering release from TSLs: (A) water bath, (B) cold lamp,
(C) US, (D) laser, (E) microwave radiation, and (F) interstitial methods (e.g., radiofrequency).

Regional hyperthermia induced by superficial heating of the targeted areas using
a water bath has been extensively used in in vivo studies [99-103]. In this setup, small
animals are usually fixed on specially designed holders to expose certain areas of the
body to the heated water, while minimizing its contact with the surrounding skin. The
main drawbacks of using water bath heating are (i) the limited penetration of the heat,
such that it can only effectively heat superficial tumors, but not deep-seated ones; and
(ii) poor localization of heating, as surrounding tissues eventually experience elevations
in temperature upon extended exposure [104]. Superficial heating can also be achieved
using external applicators, such as cold lamps that emit visible light (350-700 nm) [64,104],
near-infrared (NIR) lasers (~800-1000 nm) that can reach ~0.5 cm deep tumors [105], or
FDA-approved microwave devices (30 to 0.03 cm) [106].

To reach deeper tumors, localized interstitial hyperthermia can be achieved by using
minimally invasive antennas or applicators, which use different sources for heating, such
as ultrasound or radiofrequency radiations. To ensure homogenous heating throughout
the matrix of the tumor, electrodes with expandable extensions or several applicators must
be inserted simultaneously under imaging guidance. This method is limited to small
tumors (<5 cm in diameter) that are seated in accessible locations for insertion of the
appendages (e.g., prostate, breast, neck) [60]. Several studies [107-110] have demonstrated
the use of high intensity focused ultrasound (HIFUS) to effectively trigger release from
TSLs and showed that this approach is advantageous due to its high tunability, temporal
control, and well-understood kinetics. Tumor tissues can absorb the acoustic energy and
convert it to thermal energy, resulting in heat accumulation inside the targeted mass,
which can eventually disturb the thermoresponsive nanocarriers. A major drawback of
HIFUS applications is the lack of a comprehensive HIFUS system that uses noninvasive
temperature monitoring methods (rather than invasive thermocouples) for more patient-
friendly applications [60]. To address this issue, magnetic resonance-guided focused
ultrasound (MRgFUS) has emerged as a solution that allows for image-guided thermal
treatment and exploits MR thermometry as a noninvasive monitoring technique that
can provide real-time temperature measurements. MRgFUS was proven to minimize
undesirable heating of the adjoining muscle and skin close to the target tumor and to
increase penetration depths of the thermal reach [61,111]. Table 5 presents some studies
that used different heating modes to trigger drug release from TSLs.
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Table 5. Summary of various studies using different heating modalities to trigger release from TSLs.

Liposomal Heating Encapsulated
Formulation Modality Drug/Targeted In Vivo Model Response Ref.
Cancer
The potency of
Orthotopic mice neoadjuvant hyperthermia
.. bearing breast with TSLs was
DPPC/DSPC/DSPE- Doxorubicin/breast
PEGoqg/70:25:5 Water bath cancer tumors demonstrated, where [112]
200074542 (MDA-MB-231 and heated tumors showed
T-47D) increased vascularization
and permeability
Bi(;:\;ri)l;?;yay Heated tumors treated
DPPC/DSPC/DPPG,/ Laser Doxorubicin/soft svneencic sgft with TSLs showed more [113]
50:20:30 tissue sarcoma Syng selective Doxorubicin -
tissue sarcomas uptake and accumulation
(BNI175) P
Brown Norway Hyperthermal-triggered
rats bearin drug release from TSLs
DPPC/DSPC/DPPG,/ Doxorubicin/soft Hng resulted in a 13-fold
N Laser . syngeneic soft . . . [104]
50:20:30 tissue sarcoma . increase in Doxorubicin
tissue sarcomas accumulation
(BN175) inside tumors.
Bi.OYILNigvay Combining HIFUS and
DPPC/DSPC/DPPG,/ HIFUS Gemcitabine/soft S iseneeic . gft TSLs showed [64]
50:20:30 tissue sarcoma SYyng distinguished tumor
tissue sarcomas owth SUppression
(BNI175) & PP
orrc st psre- Mile Kurwing  Tumors mated i TS
PEG2000/DSPG/ Water bath Paclitaxel /lung cancer . & p & [67]
83:3:10:4 Lewis lung experienced an arrest
e carcinoma (LLC) in growth
LTSLs combined with
lyso-lecithin MR-HIFUS Doxorubicin/squamous  Rabbits bearing MR-HIFUS enhanced [114]

containing LTSLs

Vx2 carcinoma tumor specificity and

increased Dox uptake.

cell carcinoma

5. Concluding Remarks

Applying mild hypothermia (4043 °C) to solid tumors, using different methods,
results in the destruction of the structure of the cancer cells and affects other cellular
processes, making those cells more prone to cancer treatments such as radiation and anti-
neoplastic drugs. Mild hypothermia increases the blood flow, as well as the permeability of
tumor vasculature. Such effects will enhance the extravasation of the NPs and homogenize
their distribution within the deep tissues of the tumors. NPs designed to be thermosensi-
tive will not only benefit from the advantages of applying mild hypothermia mentioned
above, but will also employ this heat to trigger the release of their loaded drugs in a con-
trolled manner. Drug delivery systems incorporating temperature-sensitive nanocarriers
are promising therapeutic platforms with immense horizons for applications in different
areas of medicine. Such nanocarrier-based systems can combat the shortcomings of tradi-
tional treatment methods. They incorporate nanoparticles that exhibit special biological
properties and features that synergistically aid in the localized delivery and release of
therapeutic agents at specific sites. Thermo-responsive systems have proven to be versatile,
flexible, and tunable. Oncological hyperthermia is particularly interesting because research
has proven synergistic interactions between temperature fluctuations and tumor survival
pathways, providing grounds for potentially promising thermosensitive-based curative
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systems. Given the broadness and vastness of this field, this review’s scope is limited to
thermosensitive liposomal systems, due to their relevance in clinical applications.

Among all nanocarriers, liposomes are the most established and have already made
the transition from bench to bedside. Liposomes are highly stable, biocompatible, and
biodegradable, with a unique ability to encapsulate both hydrophilic and hydrophobic
drugs. Developing new types of liposomes that are thermosensitive exploits the inherent
merits of liposomal systems, with the added benefits of thermal activation, to trigger the
release of their loads. Liposomes are sensitive to temperature by nature, due to the structure
of the hydrocarbon chains forming the phospholipid bilayer surrounding the liposomes.
These unique characteristics of the phospholipids allow a reversible transformation between
the gel phase and the liquid phase, depending on the surrounding temperature. This is
known as the transition temperature (Ic), which depends on the length and saturation
of the phospholipid chain. This is the basis of the traditional thermosensitive liposomes,
or TTSL. The simple structure of the TTSL and the possibility of being directly triggered
to release their load by hyperthermia paved the road for their progression. However,
clinical trials showed that the effective release of Doxorubicin from TTSL requires a high
temperature (above 42 °C), which is associated with some unwanted side effects, together
with a slow release and lack of burst release kinetics. The new generation of thermosensitive
liposomes includes the incorporation of thermosensitive phospholipids containing one acyl
chain (LTSL) to stabilize the grain boundaries, leading to a quick and well-controlled drug
release upon heating, or the incorporation of thermosensitive polymers (PTSL), which,
upon heating, change their structure leading to disruption of the liposomal membrane and
resulting in a controlled burst release of their loaded drugs.

Despite the promising in vivo results, progress to the medical application of ther-
mosensitive NPs is still impeded, due to the many obstacles associated with the great
complexity and heterogeneity of human tumors, compared to those of experimental ani-
mals. Achieving total drug release from thermosensitive liposomes, when exposed to heat,
is a challenging task that needs to be optimized. Liposomes are allowed to extravasate
through the leaky tumor vasculature (EPR effect) before accumulating inside the tumor.
Mild hyperthermia is then applied to trigger drug release. It is essential that the heat is
distributed equally within the heterogeneous tumor tissues, where the thermosensitive
liposomes are scattered, while focusing the heating process only on the tumor, with no
adverse effects on the neighboring tissues. Second, the heterogeneity of human tumors
means that not all of the thermosensitive liposomes will be able to benefit from the EPR
effect, and some will only pass through the blood vessels. It is important that those ther-
mosensitive liposomes are also heated sufficiently as they quickly pass through the vessels
surrounding the heated tumor. This will allow them to release their encapsulated drugs,
resulting in damaging the blood vessels, which will enhance the therapeutic efficiency of
the drug. Generally, it is important to control (i) the timing of the heating process, to ensure
drug release from both the liposomes present inside the tumor and those passing through
the tumor blood vessels; and (ii) the degree and duration of the applied heat, to ensure
successful drug release, to a therapeutic level, while limiting the hyperthermia side effects
and the development of drug resistance. Ensuring a successful treatment regime using
thermosensitive liposomes and mild hyperthermia depends on optimizing all the different
parameters to achieve successful clinical trials.

Author Contributions: Writing—original draft preparation, WH.A. and N.S.A.; writing—review
and editing, W.G.P. 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, and eFRG18-BBRCEN-03),
Sheikh Hamdan Award for Medical Sciences MRG/18/2020, and Friends of Cancer Patient (FoCP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Polymers 2022, 14, 925 22 of 26

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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), GCC Co-Fund Program (IRF17-003) the Takamul program (POC-00028-
18), the Technology Innovation Pioneer (TIP) Healthcare Awards, Sheikh Hamdan Award for Medical
Sciences MRG/18/2020, the Dana Gas Endowed Chair for Chemical Engineering. We also would
like to acknowledge student funding from the Material Science and Engineering Ph.D. program at
AUS. The work in this paper was supported, in part, by the Open Access Program from the American
University of Sharjah (grant number: OAPCEN-1410-E00042). This paper represents the opinions of
the author(s) and does not represent the position or opinions of the American University of Sharjah.

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

References

1. Deng, Y.; Zhang, X.; Shen, H.; He, Q.; Wu, Z.; Liao, W.; Yuan, M. Application of the Nano-Drug Delivery System in Treatment of
Cardiovascular Diseases. Front. Bioeng. Biotechnol. 2020, 7, 489. [CrossRef] [PubMed]

2. Mills, J.K.; Needham, D. Targeted Drug Delivery. Expert Opin. Ther. Patents 1999, 9, 1499-1513. [CrossRef]

3. Sartaj, A.; Qamar, Z.; Qizilbash, EF; Annu; Shadab; Alhakamy, N.A.; Baboota, S.; Ali, J. Polymeric Nanoparticles: Exploring the
Current Drug Development and Therapeutic Insight of Breast Cancer Treatment and Recommendations. Polymers 2021, 13, 4400.
[CrossRef] [PubMed]

4.  Subjakova, V.; Oravczova, V.; Hianik, T. Polymer Nanoparticles and Nanomotors Modified by DNA/RNA Aptamers and
Antibodies in Targeted Therapy of Cancer. Polymers 2021, 13, 341. [CrossRef]

5. Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced Targeted Therapies in Cancer: Drug Nanocarriers, the Future of Chemother-
apy. Eur. J. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef]

6.  Allahou, L.W.; Madani, S.Y,; Seifalian, A. Investigating the Application of Liposomes as Drug Delivery Systems for the Diagnosis
and Treatment of Cancer. Int. ]. Biomater. 2021, 2021, 3041969. [CrossRef]

7. Kumari, P; Ghosh, B.; Biswas, S. Nanocarriers for Cancer-Targeted Drug Delivery. J. Drug Target. 2016, 24, 179-191. [CrossRef]

8.  Dreher, M.R,; Liu, W.; Michelich, C.R.; Dewhirst, M.W.; Yuan, E; Chilkoti, A. Tumor Vascular Permeability, Accumulation, and
Penetration of Macromolecular Drug Carriers. J. Natl. Cancer Inst. 2006, 98, 335-344. [CrossRef]

9. Husseini, G.A.; Pitt, W.G. The Use of Ultrasound and Micelles in Cancer Treatment. J. Nanosci. Nanotechnol. 2008, 8, 2205-2215.
[CrossRef]

10. Maeda, H.; Nakamura, H.; Fang, ]. The EPR Effect for Macromolecular Drug Delivery to Solid Tumors: Improvement of Tumor
Uptake, Lowering of Systemic Toxicity, and Distinct Tumor Imaging in Vivo. Adv. Drug Deliv. Rev. 2013, 65, 71-79. [CrossRef]

11. 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] [PubMed]

12.  ben Daya, S.M.; Paul, V.; Awad, N.S.; al Sawaftah, N.M.; al Sayah, M.H.; Husseini, G.A. Targeting Breast Cancer Using Hyaluronic
Acid-Conjugated Liposomes Triggered with Ultrasound. J. Biomed. Nanotechnol. 2021, 17, 90-99. [CrossRef] [PubMed]

13. Elamir, A.; Ajith, S.; Sawaftah, N.A.; Abuwatfa, W.; Mukhopadhyay, D.; Paul, V.; Al-Sayah, M.H.; Awad, N.; Husseini, G.A.
Ultrasound-Triggered Herceptin Liposomes for Breast Cancer Therapy. Sci. Rep. 2021, 11, 7545. [CrossRef] [PubMed]

14. Awad, N.S,; Paul, V,; Alsawaftah, N.M.; ter Haar, G.; Allen, TM.; Pitt, W.G.; Husseini, G.A. Ultrasound-Responsive Nanocarriers
in Cancer Treatment: A Review. ACS Pharmacol. Transl. Sci. 2021, 4, 589-612. [CrossRef]

15. Mena-Giraldo, P.; Pérez-Buitrago, S.; Londofo-Berrio, M.; Ortiz-Trujillo, I.C.; Hoyos-Palacio, L.M.; Orozco, J. Photosensitive
Nanocarriers for Specific Delivery of Cargo into Cells. Sci. Rep. 2020, 10, 2110. [CrossRef]

16. Palanikumar, L.; Al-Hosani, S.; Kalmouni, M.; Nguyen, V.P,; Ali, L.; Pasricha, R.; Barrera, EN.; Magzoub, M. PH-Responsive High
Stability Polymeric Nanoparticles for Targeted Delivery of Anticancer Therapeutics. Commun. Biol. 2020, 3, 95. [CrossRef]

17.  Guo, X,; Cheng, Y.; Zhao, X.; Luo, Y.; Chen, ]J.; Yuan, W.E. Advances in Redox-Responsive Drug Delivery Systems of Tumor
Microenvironment. J. Nanobiotechnol. 2018, 16, 74. [CrossRef]

18. Li, M.; Zhao, G.; Su, W.K.; Shuai, Q. Enzyme-Responsive Nanoparticles for Anti-Tumor Drug Delivery. Front. Chem. 2020, 8, 647.
[CrossRef]

19. Sanchez-Moreno, P; de Vicente, J.; Nardecchia, S.; Marchal, ]J.A.; Boulaiz, H. Thermo-Sensitive Nanomaterials: Recent Advance in
Synthesis and Biomedical Applications. Nanomaterials 2018, 8, 935. [CrossRef]

20. Roussakow, S. The History of Hyperthermia Rise and Decline. Conf. Pap. Med. 2013, 2013, 428027. [CrossRef]

21. Jansen, W.; Haveman, J. Histopathological Changes in the Skin and Subcutaneous Tissues of Mouse Legs after Treatment with
Hyperthermia. Pathol.-Res. Pract. 1990, 186, 247-253. [CrossRef]

22.  Borrelli, M.].; Thompson, L.L.; Cain, C.A.; Dewey, W.C. Time-Temperature Analysis of Cell Killing of BHK Cells Heated at

Temperatures in the Range of 43.5 °C to 57.0 °C. Int. |. Radiat. Oncol. Biol. Phys. 1990, 19, 389-399. [CrossRef]


http://doi.org/10.3389/fbioe.2019.00489
http://www.ncbi.nlm.nih.gov/pubmed/32083068
http://doi.org/10.1517/13543776.9.11.1499
http://doi.org/10.3390/polym13244400
http://www.ncbi.nlm.nih.gov/pubmed/34960948
http://doi.org/10.3390/polym13030341
http://doi.org/10.1016/j.ejpb.2015.03.018
http://doi.org/10.1155/2021/3041969
http://doi.org/10.3109/1061186X.2015.1051049
http://doi.org/10.1093/jnci/djj070
http://doi.org/10.1166/jnn.2008.225
http://doi.org/10.1016/j.addr.2012.10.002
http://doi.org/10.2174/1389557519666190408155251
http://www.ncbi.nlm.nih.gov/pubmed/30961495
http://doi.org/10.1166/jbn.2021.3012
http://www.ncbi.nlm.nih.gov/pubmed/33653499
http://doi.org/10.1038/s41598-021-86860-5
http://www.ncbi.nlm.nih.gov/pubmed/33824356
http://doi.org/10.1021/acsptsci.0c00212
http://doi.org/10.1038/s41598-020-58865-z
http://doi.org/10.1038/s42003-020-0817-4
http://doi.org/10.1186/s12951-018-0398-2
http://doi.org/10.3389/fchem.2020.00647
http://doi.org/10.3390/nano8110935
http://doi.org/10.1155/2013/428027
http://doi.org/10.1016/S0344-0338(11)80542-X
http://doi.org/10.1016/0360-3016(90)90548-X

Polymers 2022, 14, 925 23 of 26

23.

24.
25.

26.
27.

28.
29.

30.
31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.
51.

52.

53.

54.

Meshorer, A.; Prionas, S.; Fajardo, L.; Meyer, J.; Hahn, G.; Martinez, A. The Effects of Hyperthermia on Normal Mesenchymal
Tissues—Application of AaHistologic Grading System. Arch. Pathol. Lab. Med. 1983, 107, 328-334. [PubMed]

Jung, H. A Generalized Concept for Cell Killing by Heat. Radiat. Res. 1986, 106, 56-72. [CrossRef]

Jha, S.; Sharma, PK.; Malviya, R. Hyperthermia: Role and Risk Factor for Cancer Treatment. Achiev. Life Sci. 2016, 10, 161-167.
[CrossRef]

Kousalova, J.; Etrych, T. Polymeric Nanogels as Drug Delivery Systems. Physiol. Res. 2018, 67, S305-5317. [CrossRef]

Nigro, V.; Angelini, R.; Bertoldo, M.; Buratti, E.; Franco, S.; Ruzicka, B. Chemical-Physical Behaviour of Microgels Made of
Interpenetrating Polymer Networks of PNIPAM and Poly(Acrylic Acid). Polymers 2021, 13, 1353. [CrossRef]

Iyer, S.; Das, A. Responsive Nanogels for Anti-Cancer Therapy. Mater. Today Proc. 2021, 44, 2330-2333. [CrossRef]

Ghosh Dastidar, D.; Chakrabarti, G. Thermoresponsive Drug Delivery Systems, Characterization and Application. In Applications
of Targeted Nano Drugs and Delivery Systems; Elsevier: Amsterdam, The Netherlands, 2019; pp. 133-155. [CrossRef]

Jeong, B.; Kim, S.W.; Bae, Y.H. Thermosensitive Sol-Gel Reversible Hydrogels. Adv. Drug Deliv. Rev. 2012, 64, 154-162. [CrossRef]
Volpert, E.; Selb, J.; Candau, F. Associating Behaviour of Polyacrylamides Hydrophobically Modified with Dihexylacrylamide.
Polymer 1998, 39, 1025-1033. [CrossRef]

Lin, S.-Y.; Chen, K.-S.; Liang, R.-C. Thermal Micro ATR/FT-IR Spectroscopic System for Quantitative Study of the Molecular
Structure of Poly(N-Isopropylacrylamide) in Water. Polymer 1999, 40, 2619-2624. [CrossRef]

Aseyev, V.O,; Tenhu, H.; Winnik, EM. Temperature Dependence of the Colloidal Stability of Neutral Amphiphilic Polymers in
Water. Adv. Polym. Sci. 2006, 196, 1-85. [CrossRef]

Zhang, Z. Switchable and Responsive Surfaces and Materials for Biomedical Applications; Elsevier: Amsterdam, The Netherlands, 2015.
[CrossRef]

Hertle, Y.; Hellweg, T. Thermoresponsive Copolymer Microgels. |. Mater. Chem. B 2013, 1, 5874-5885. [CrossRef] [PubMed]
Chen, J.; Pei, Y,; Yang, L.M.; Shi, L.L.; Luo, H.]. Synthesis and Properties of Poly(N-Isopropylacrylamide-Co-Acrylamide)
Hydrogels. Macromol. Symp. 2005, 225, 103-112. [CrossRef]

Snowden, M.].; Chowdhry, B.Z.; Vincent, B.; Morris, G.E. Colloidal Copolymer Microgels of N-Isopropylacrylamide and Acrylic
Acid: PH, Ionic Strength and Temperature Effects. J. Chem. Soc. Faraday Trans. 1996, 92, 5013-5016. [CrossRef]

Kratz, K.; Hellweg, T.; Eimer, W. Influence of Charge Density on the Swelling of Colloidal Poly(N-Isopropylacrylamide-Co-Acrylic
Acid) Microgels. Colloids Surf. A Physicochem. Eng. Asp. 2000, 170, 137-149. [CrossRef]

Xiong, W.; Gao, X.; Zhao, Y,; Xu, H.; Yang, X. The Dual Temperature/PH-Sensitive Multiphase Behavior of Poly(N-
Isopropylacrylamide-Co-Acrylic Acid) Microgels for Potential Application in in Situ Gelling System. Colloids Surf. B Biointerfaces
2011, 84, 103-110. [CrossRef]

Ruel-Gariépy, E.; Leroux, J.C. In Situ-Forming Hydrogels—Review of Temperature-Sensitive Systems. Eur. J. Pharm. Biopharm.
2004, 58, 409—-426. [CrossRef]

Diniz, LM.A.; Chen, C.; Xu, X; Ansari, S.; Zadeh, H.H.; Marques, M.M.; Shi, S.; Moshaverinia, A. Pluronic F-127 Hydrogel as
a Promising Scaffold for Encapsulation of Dental-Derived Mesenchymal Stem Cells. J. Mater. Sci. Mater. Med. 2015, 26, 153.
[CrossRef]

Bae, K.H,; Lee, Y.; Park, T.G. Oil-Encapsulating PEO—PPO—PEO/PEG Shell Cross-Linked Nanocapsules for Target-Specific
Delivery of Paclitaxel. Biomacromolecules 2007, 8, 650—-656. [CrossRef]

Choi, S.H.; Lee, S.H.; Park, T.G. Temperature-Sensitive Pluronic/Poly(Ethylenimine) Nanocapsules for Thermally Triggered
Disruption of Intracellular Endosomal Compartment. Biomacromolecules 2006, 7, 1864-1870. [CrossRef]

Bae, K.H.; Choi, S.H.; Park, S.Y.; Lee, Y.; Park, T.G. Thermosensitive Pluronic Micelles Stabilized by Shell Cross-Linking with Gold
Nanoparticles. Langmuir 2006, 22, 6380-6384. [CrossRef] [PubMed]

Choi, S.H.; Lee, ].H.; Choi, S.M.; Park, T.G. Thermally Reversible Pluronic/Heparin Nanocapsules Exhibiting 1000-Fold Volume
Transition. Langmuir 2006, 22, 1758-1762. [CrossRef] [PubMed]

Tanaka, T.; Sato, E.; Hirokawa, Y.; Hirotsu, S.; Peetermans, J. Critical Kinetics of Volume Phase Transition of Gels. Phys. Rev. Lett.
1985, 55, 2455-2458. [CrossRef]

Kawaguchi, H. Functional Polymer Microspheres. Prog. Polym. Sci. 2000, 25, 1171-1210. [CrossRef]

Pelton, R.; Hoare, T. Microgel Suspensions: Fundamentals and Applications; Fernandez-Nieves, A., Wyss, H., Mattsson, J., Weitz, D.,
Eds.; John Wiley & Sons: Singapore, 2011.

McPhee, W.; Tam, K.C.; Pelton, R. Poly(N-Isopropylacrylamide) Latices Prepared with Sodium Dodecyl Sulfate. J. Colloid Interface
Sci. 1993, 156, 24-30. [CrossRef]

Pelton, R.H.; Chibante, P. Preparation of Aqueous Latices with N-Isopropylacrylamide. Colloids Surf. 1986, 20, 247-256. [CrossRef]
Landfester, K.; Willert, M.; Antonietti, M. Preparation of Polymer Particles in Nonaqueous Direct and Inverse Miniemulsions.
Macromolecules 2000, 33, 2370-2376. [CrossRef]

Chen, L.W.; Yang, B.Z.; Wu, M.L. Synthesis and Kinetics of Microgel in Inverse Emulsion Polymerization of Acrylamide. Prog.
Org. Coat. 1997, 31, 393-399. [CrossRef]

Feng, X.; Pelton, R.; Leduc, M.; Champ, S. Colloidal Complexes from Poly (Vinyl Amine) and Carboxymethyl Cellulose Mixtures.
Langmuir 2007, 23, 2970-2976. [CrossRef]

Ballauff, M.; Lu, Y. “Smart” Nanoparticles: Preparation, Characterization and Applications. Polymer 2007, 48, 1815-1823.
[CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/6687797
http://doi.org/10.2307/3576561
http://doi.org/10.1016/j.als.2016.11.004
http://doi.org/10.33549/physiolres.933979
http://doi.org/10.3390/polym13091353
http://doi.org/10.1016/j.matpr.2020.12.415
http://doi.org/10.1016/B978-0-12-814029-1.00006-5
http://doi.org/10.1016/j.addr.2012.09.012
http://doi.org/10.1016/S0032-3861(97)00393-5
http://doi.org/10.1016/S0032-3861(98)00512-6
http://doi.org/10.1007/12_052
http://doi.org/10.1016/C2013-0-16356-8
http://doi.org/10.1039/c3tb21143f
http://www.ncbi.nlm.nih.gov/pubmed/32261054
http://doi.org/10.1002/masy.200550709
http://doi.org/10.1039/ft9969205013
http://doi.org/10.1016/S0927-7757(00)00490-8
http://doi.org/10.1016/j.colsurfb.2010.12.017
http://doi.org/10.1016/j.ejpb.2004.03.019
http://doi.org/10.1007/s10856-015-5493-4
http://doi.org/10.1021/bm0608939
http://doi.org/10.1021/bm060182a
http://doi.org/10.1021/la0606704
http://www.ncbi.nlm.nih.gov/pubmed/16800702
http://doi.org/10.1021/la052549n
http://www.ncbi.nlm.nih.gov/pubmed/16460102
http://doi.org/10.1103/PhysRevLett.55.2455
http://doi.org/10.1016/S0079-6700(00)00024-1
http://doi.org/10.1006/jcis.1993.1075
http://doi.org/10.1016/0166-6622(86)80274-8
http://doi.org/10.1021/ma991782n
http://doi.org/10.1016/S0300-9440(97)00100-8
http://doi.org/10.1021/la0628064
http://doi.org/10.1016/j.polymer.2007.02.004

Polymers 2022, 14, 925 24 of 26

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Schmidt, A.M. Thermoresponsive Magnetic Colloids. Colloid Polym. Sci. 2007, 285, 953-966. [CrossRef]

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

Yatvin, M.B.; Weinstein, J.N.; Dennis, W.H.; Blumenthal, R. Design of Liposomes for Enhanced Local Release of Drugs by
Hyperthermia. Science 1978, 202, 1290-1293. [CrossRef]

Papahadjopoulos, D.; Jacobson, K.; Nir, S.; Isac, I. Phase Transitions in Phospholipid Vesicles. Fluorescence Polarization and
Permeability Measurements Concerning the Effect of Temperature and Cholesterol. Biochim. Biophys. Acta-Biomembr. 1973, 311,
330-348. [CrossRef]

Gaber, M.H.; Hong, K.; Huang, S.K.; Papahadjopoulos, D. Thermosensitive Sterically Stabilized Liposomes: Formulation and
in Vitro Studies on Mechanism of Doxorubicin Release by Bovine Serum and Human Plasma. Pharm. Res. 1995, 12, 1407-1416.
[CrossRef]

Ta, T.; Porter, TM. Thermosensitive Liposomes for Localized Delivery and Triggered Release of Chemotherapy. J. Control. Release
2013, 169, 112-125. [CrossRef]

De Smet, M.; Heijman, E.; Langereis, S.; Hijnen, N.M.; Griill, H. Magnetic Resonance Imaging of High Intensity Focused
Ultrasound Mediated Drug Delivery from Temperature-Sensitive Liposomes: An in Vivo Proof-of-Concept Study. J. Control.
Release 2011, 150, 102-110. [CrossRef]

Hossann, M.; Wiggenhorn, M.; Schwerdt, A.; Wachholz, K.; Teichert, N.; Eibl, H.; Issels, R.D.; Lindner, L.H. In Vitro Stability
and Content Release Properties of Phosphatidylglyceroglycerol Containing Thermosensitive Liposomes. Biochim. Biophys.
Acta-Biomembr. 2007, 1768, 2491-2499. [CrossRef]

Hosokawa, T.; Sami, M.; Kato, Y.; Hayakawa, E. Alteration in the Temperature-Dependent Content Release Property of Ther-
mosensitive Liposomes in Plasma. Chem. Pharm. Bull. 2003, 51, 1227-1232. [CrossRef]

Limmer, S.; Hahn, J.; Schmidt, R.; Wachholz, K.; Zengerle, A.; Lechner, K.; Eibl, H.; Issels, R.D.; Hossann, M.; Lindner, L.H.
Gemcitabine Treatment of Rat Soft Tissue Sarcoma with Phosphatidyldiglycerol-Based Thermosensitive Liposomes. Pharm. Res.
2014, 31, 2276-2286. [CrossRef] [PubMed]

Wang, S.; Mei, X.G.; Goldberg, S.N.; Ahmed, M.; Lee, J.C.; Gong, W.; Han, H.B.; Yan, K.; Yang, W. Does Thermosensitive
Liposomal Vinorelbine Improve Endpoint Survival after Percutaneous Radiofrequency Ablation of Liver Tumors in a Mouse
Model? Radiology 2016, 279, 762-772. [CrossRef] [PubMed]

Li, M,; Li, Z,; Yang, Y.; Wang, Z.; Yang, Z.; Li, B.; Xie, X,; Song, J.; Zhang, H.; Li, Y.; et al. Thermo-Sensitive Liposome Co-Loaded
of Vincristine and Doxorubicin Based on Their Similar Physicochemical Properties Had Synergism on Tumor Treatment. Pharm.
Res. 2016, 33, 1881-1898. [CrossRef] [PubMed]

Zhang, H.; Gong, W.; Wang, Z.-Y.; Yuan, S.-].; Xie, X.-Y; Yang, Y.-F; Yang, Y.; Wang, S.-S.; Yang, D.-X.; Xuan, Z.-X,; et al.
Preparation, Characterization, and Pharmacodynamics of Thermosensitive Liposomes Containing Docetaxel. . Pharm. Sci. 2014,
103, 2177-2183. [CrossRef]

Al Sabbagh, C.; Tsapis, N.; Novell, A.; Calleja-Gonzalez, P.; Escoffre, ].-M.; Bouakaz, A.; Chacun, H.; Denis, S.; Vergnaud, J.;
Gueutin, C.; et al. Formulation and Pharmacokinetics of Thermosensitive Stealth® Liposomes Encapsulating 5-Fluorouracil.
Pharm. Res. 2015, 32, 1585-1603. [CrossRef]

Landon, C.D.; Park, J.-Y.; Needham, D.; Dewhirst, M.W. Nanoscale Drug Delivery and Hyperthermia: The Materials Design and
Preclinical and Clinical Testing of Low Temperature-Sensitive Liposomes Used in Combination with Mild Hyperthermia in the
Treatment of Local Cancer. Open Nanomed. ]. 2011, 3, 38-64. [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-Biomembr. 2005, 1716, 77-96.
[CrossRef]

Chen, Q.; Krol, A.; Wright, A.; Needham, D.; Dewhirst, M.W.; Yuan, F. Tumor Microvascular Permeability Is a Key Determinant
for Antivascular Effects of Doxorubicin Encapsulated in a Temperature Sensitive Liposome. Int. J. Hyperth. 2008, 24, 475-482.
[CrossRef]

Dewhirst, M.W.; Tso, C.Y;; Oliver, R.; Gustafson, C.S.; Secomb, T.W.; Gross, ].F. Morphologic and Hemodynamic Comparison of
Tumor and Healing Normal Tissue Microvasculature. Int. J. Radiat. Oncol. Biol. Phys. 1989, 17, 91-99. [CrossRef]

Needham, D.; Anyarambhatla, G.; Kong, G.; Dewhirst, M.W. A New Temperature-Sensitive Liposome for Use with Mild
Hyperthermia: Characterization and Testing in a Human Tumor Xenograft Model. Cancer Res. 2000, 60, 1197-1201.

Kong, G.; Anyarambhatla, G.; Petros, W.P,; Braun, R.D.; Colvin, O.M.; Needham, D.; Dewhirst, M.W. Efficacy of Liposomes and
Hyperthermia in a Human Tumor Xenograft Model: Importance of Triggered Drug Release. Cancer Res. 2000, 60, 6950-6957.
[PubMed]

Li, L.; Hagen, T.L.T;; Haeri, A.; Soullié, T.; Scholten, C.; Seynhaeve, A.L.; Eggermont, A.M.; Koning, G.A. A Novel Two-Step Mild
Hyperthermia for Advanced Liposomal Chemotherapy. J. Control. Release 2014, 174, 202-208. [CrossRef] [PubMed]

Regenold, M.; Bannigan, P.; Evans, J.C.; Waspe, A.; Temple, M.J.; Allen, C. Turning down the Heat: The Case for Mild
Hyperthermia and Thermosensitive Liposomes. Nanomed. Nanotechnol. Biol. Med. 2022, 40, 102484. [CrossRef]

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

PanDox: Targeted Doxorubicin in Pancreatic Tumours—Tabular View—Clinical Trials. Available online: https://clinicaltrials.gov/
ct2/show /record /NCT04852367?term=thermosensitive&recrs=ab&cond=cancer&draw=2&rank=3 (accessed on 6 February 2022).


http://doi.org/10.1007/s00396-007-1667-z
http://doi.org/10.4068/cmj.2021.57.1.27
http://www.ncbi.nlm.nih.gov/pubmed/33537216
http://doi.org/10.1126/science.364652
http://doi.org/10.1016/0005-2736(73)90314-3
http://doi.org/10.1023/A:1016206631006
http://doi.org/10.1016/j.jconrel.2013.03.036
http://doi.org/10.1016/j.jconrel.2010.10.036
http://doi.org/10.1016/j.bbamem.2007.05.021
http://doi.org/10.1248/cpb.51.1227
http://doi.org/10.1007/s11095-014-1322-6
http://www.ncbi.nlm.nih.gov/pubmed/24599802
http://doi.org/10.1148/radiol.2015150787
http://www.ncbi.nlm.nih.gov/pubmed/26785043
http://doi.org/10.1007/s11095-016-1924-2
http://www.ncbi.nlm.nih.gov/pubmed/27075873
http://doi.org/10.1002/jps.24019
http://doi.org/10.1007/s11095-014-1559-0
http://doi.org/10.2174/1875933501103010038
http://doi.org/10.1016/j.bbamem.2005.08.007
http://doi.org/10.1080/02656730701854767
http://doi.org/10.1016/0360-3016(89)90375-1
http://www.ncbi.nlm.nih.gov/pubmed/11156395
http://doi.org/10.1016/j.jconrel.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24269966
http://doi.org/10.1016/j.nano.2021.102484
http://doi.org/10.3390/pharmaceutics9020012
http://www.ncbi.nlm.nih.gov/pubmed/28346375
https://clinicaltrials.gov/ct2/show/record/NCT04852367?term=thermosensitive&recrs=ab&cond=cancer&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/record/NCT04852367?term=thermosensitive&recrs=ab&cond=cancer&draw=2&rank=3

Polymers 2022, 14, 925 25 of 26

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

de Maar, J.S.; Suelmann, B.B.M.; Braat, M.N.G.J.A.; van Diest, PJ.; Vaessen, H.H.B.; Witkamp, A J.; Linn, S.C.; Moonen, C.T.W.; van
der Wall, E.; Deckers, R. Phase i Feasibility Study of Magnetic Resonance Guided High Intensity Focused Ultrasound-Induced
Hyperthermia, Lyso-Thermosensitive Liposomal Doxorubicin and Cyclophosphamide in de Novo Stage IV Breast Cancer Patients:
Study Protocol of the i-GO Study. BMJ Open 2020, 10, e040162. [CrossRef] [PubMed]

Tak, W.Y; Lin, S.-M.; Wang, Y.; Zheng, ].; Vecchione, A.; Park, S.Y.; Chen, M.H.; Wong, S.; Xu, R.; Peng, C.-Y.; et al. Phase III
HEAT Study Adding Lyso-Thermosensitive Liposomal Doxorubicin to Radiofrequency Ablation in Patients with Unresectable
Hepatocellular Carcinoma Lesions. Clin. Cancer Res. 2018, 24, 73-83. [CrossRef] [PubMed]

Celsion Corporation to Continue Following Patients in Phase III OPTIMA Study for Overall Survival Celsion Corporation.
Available online: https://investor.celsion.com/news-releases/news-release-details / celsion-corporation-continue-following-
patients-phase-iii-optima (accessed on 6 February 2022).

Study of ThermoDox with Standardized Radiofrequency Ablation (RFA) for Treatment of Hepatocellular Carcinoma (HCC)—
Tabular View—Clinica 1Trials. Available online: https://clinicaltrials.gov/ct2/show /record /NCT02112656?view=record (ac-
cessed on 6 February 2022).

Lyon, P.C.; Gray, M.D.; Mannaris, C.; Folkes, L.K.; Stratford, M.; Campo, L.; Chung, D.Y.F; Scott, S.; Anderson, M.; Goldin, R,;
et al. Safety and Feasibility of Ultrasound-Triggered Targeted Drug Delivery of Doxorubicin from Thermosensitive Liposomes in
Liver Tumours (TARDOX): A Single-Centre, Open-Label, Phase 1 Trial. Lancet Oncol. 2018, 19, 1027-1039. [CrossRef]

Bi, H.; Xue, J; Jiang, H.; Gao, S.; Yang, D.; Fang, Y.; Shi, K. Current Developments in Drug Delivery with Thermosensitive
Liposomes. Asian J. Pharm. Sci. 2019, 14, 365-379. [CrossRef]

de Smet, M.; Langereis, S.; van den Bosch, S.V.D.; Griill, H. Temperature-Sensitive Liposomes for Doxorubicin Delivery under
MRI Guidance. J. Control. Release 2010, 143, 120-127. [CrossRef]

Ta, T, Convertine, A.J.; Reyes, C.R.; Stayton, PS.; Porter, T.M. Thermosensitive Liposomes Modified with Poly(N-
Isopropylacrylamide-Co-Propylacrylic Acid) Copolymers for Triggered Release of Doxorubicin. Biomacromolecules 2010,
11, 1915-1920. [CrossRef]

Mazzotta, E.; Tavano, L.; Muzzalupo, R. Thermo-Sensitive Vesicles in Controlled Drug Delivery for Chemotherapy. Pharmaceutics
2018, 10, 150. [CrossRef] [PubMed]

Ringsdorf, H.; Venzmer, J.; Winnik, EM. Interaction of Hydrophobically-Modified Poly-N-Isopropylacrylamides with Model
Membranes—or Playing a Molecular Accordion. Angew. Chem. Int. Ed. Engl. 1991, 30, 315-318. [CrossRef]

De Leo, V.; Milano, E; Agostiano, A.; Catucci, L. Recent Advancements in Polymer/Liposome Assembly for Drug Delivery: From
Surface Modifications to Hybrid Vesicles. Polymers 2021, 13, 1027. [CrossRef] [PubMed]

Kim, J.C.; Bae, S.K.; Kim, ].D. Temperature-Sensitivity of Liposomal Lipid Bilayers Mixed with Poly(N-Isopropylacrylamide-Co-
Acrylic Acid). J. Biochem. 1997, 121, 15-19. [CrossRef] [PubMed]

Han, H.D.; Shin, B.C.; Choi, H.S. Doxorubicin-Encapsulated Thermosensitive Liposomes Modified with Poly(N-Isopropylacrylamide-
Co-Acrylamide): Drug Release Behavior and Stability in the Presence of Serum. Eur. |. Pharm. Biopharm. 2006, 62, 110-116.
[CrossRef] [PubMed]

Kono, K.; Hayashi, H.; Takagishi, T. Temperature-Sensitive Liposomes: Liposomes Bearing Poly(N-Isopropylacrylamide). J.
Control. Release 1994, 30, 69-75. [CrossRef]

Hayashi, H.; Kono, K.; Takfagishi, T. Temperature Sensitization of Liposomes Using Copolymers of N-Isopropylacrylamide.
Bioconjugate Chem. 1999, 10, 412-418. [CrossRef]

Yoshino, K.; Kadowaki, A.; Takagishi, T.; Kono, K. Temperature Sensitization of Liposomes by Use of N-Isopropylacrylamide
Copolymers with Varying Transition Endotherms. Bioconjugate Chem. 2004, 15, 1102-1109. [CrossRef]

Gomes, L.P,; Duarte, J.A.; Maia, A.L.C.; Rubello, D.; Townsend, D.M.; de Barros, A.L.B.; Leite, E.A. Thermosensitive Nanosystems
Associated with Hyperthermia for Cancer Treatment. Pharmaceuticals 2019, 12, 171. [CrossRef]

Song, C.W. Effect of Local Hyperthermia on Blood Flow and Microenvironment: A Review. Cancer Res. 1984, 44 (Suppl. 10),
4721s-4730s.

Bettaieb, A.; Wrzal, PK.; Averill-Bates, D.A. Hyperthermia: Cancer Treatment and Beyond. Cancer Treat. 2013, 257-283. [CrossRef]
Yoshikawa, T.; Kokura, S.; Tainaka, K.; Itani, K.; Oyamada, H.; Kaneko, T.; Naito, Y.; Kondo, M. The Role of Active Oxygen
Species and Lipid Peroxidation in the Antitumor Effect of Hyperthermia. Cancer Res. 1993, 53, 2326-2329. [PubMed]

Wells, J.; Sen, A.; Hui, S.W. Localized Delivery to CT-26 Tumors in Mice Using Thermosensitive Liposomes. Int. |. Pharm. 2003,
261, 105-114. [CrossRef]

Gaber, M.H.; Wu, N.Z.; Hong, K.; Huang, S.K.; Dewhirst, M.W.; Papahadjopoulos, D. Thermosensitive Liposomes: Extravasation
and Release of Contents in Tumor Microvascular Networks. Int. J. Radiat. Oncol. Biol. Phys. 1996, 36, 1177-1187. [CrossRef]
Nishimura, Y.; Ono, K.; Hiraoka, M.; Masunaga, S.I; Jo, S.; Shibamoto, Y.; Sasai, K.; Abe, M.; Iga, K.; Ogawa, Y. Treatment of
Murine SCC VII Tumors with Localized Hyperthermia and Temperature-Sensitive Liposomes Containing Cisplatin. Radiat. Res.
1990, 122, 161-167. [CrossRef]

Maekawa, S.; Sugmachi, K.; Kitamura, M. Selective Treatment of Metastatic Lymph Nodes with Combination of Local Hyperther-
mia and Temperature-Sensitive Liposomes Containing Bleomycin. Cancer Treat. Rep. 1987, 71, 1053-1059.

Kong, G.; Braun, R.; Dewhirst, M. Characterization of the Effect of Hyperthermia on Nanoparticle Extravasation from Tumor
Vasculature. Cancer Res. 2001, 61, 3027-3032.


http://doi.org/10.1136/bmjopen-2020-040162
http://www.ncbi.nlm.nih.gov/pubmed/33243800
http://doi.org/10.1158/1078-0432.CCR-16-2433
http://www.ncbi.nlm.nih.gov/pubmed/29018051
https://investor.celsion.com/news-releases/news-release-details/celsion-corporation-continue-following-patients-phase-iii-optima
https://investor.celsion.com/news-releases/news-release-details/celsion-corporation-continue-following-patients-phase-iii-optima
https://clinicaltrials.gov/ct2/show/record/NCT02112656?view=record
http://doi.org/10.1016/S1470-2045(18)30332-2
http://doi.org/10.1016/j.ajps.2018.07.006
http://doi.org/10.1016/j.jconrel.2009.12.002
http://doi.org/10.1021/bm1004993
http://doi.org/10.3390/pharmaceutics10030150
http://www.ncbi.nlm.nih.gov/pubmed/30189683
http://doi.org/10.1002/anie.199103151
http://doi.org/10.3390/polym13071027
http://www.ncbi.nlm.nih.gov/pubmed/33810273
http://doi.org/10.1093/oxfordjournals.jbchem.a021558
http://www.ncbi.nlm.nih.gov/pubmed/9058185
http://doi.org/10.1016/j.ejpb.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16183268
http://doi.org/10.1016/0168-3659(94)90045-0
http://doi.org/10.1021/bc980111b
http://doi.org/10.1021/bc034205j
http://doi.org/10.3390/ph12040171
http://doi.org/10.5772/55795
http://www.ncbi.nlm.nih.gov/pubmed/8485720
http://doi.org/10.1016/S0378-5173(03)00290-4
http://doi.org/10.1016/S0360-3016(96)00389-6
http://doi.org/10.2307/3577601

Polymers 2022, 14, 925 26 of 26

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Willerding, L.; Limmer, S.; Hossann, M.; Zengerle, A.; Wachholz, K.; ten Hagen, T.L.M.; Koning, G.A.; Sroka, R.; Lindner,
L.H.; Peller, M. Method of Hyperthermia and Tumor Size Influence Effectiveness of Doxorubicin Release from Thermosensitive
Liposomes in Experimental Tumors. J. Control. Release 2016, 222, 47-55. [CrossRef]

You, J.; Zhang, P; Hu, F; Du, Y,; Yuan, H.; Zhu, J.; Wang, Z.; Zhou, J.; Li, C. Near-Infrared Light-Sensitive Liposomes for the
Enhanced Photothermal Tumor Treatment by the Combination with Chemotherapy. Pharm. Res. 2014, 31, 554-565. [CrossRef]
Zagar, T.M.; Vujaskovic, Z.; Formenti, S.; Rugo, H.; Muggia, F.; O’Connor, B.; Myerson, R.; Stauffer, P.; Hsu, I.-C.; Diederich, C,;
et al. Two Phase I Dose-Escalation/Pharmacokinetics Studies of Low Temperature Liposomal Doxorubicin (LTLD) and Mild
Local Hyperthermia in Heavily Pretreated Patients with Local Regionally Recurrent Breast Cancer. Int. J. Hyperth. 2014, 30,
285-294. [CrossRef]

O'Neill, B.E; Li, K.C.P. Augmentation of Targeted Delivery with Pulsed High Intensity Focused Ultrasound. Int. . Hyperth. 2009,
24, 506-520. [CrossRef] [PubMed]

Patel, P.R.; Luk, A.; Durrani, A.; Dromi, S.; Cuesta, J.; Angstadt, M.; Dreher, M.R.; Wood, B.].; Frenkel, V. In Vitro and in Vivo
Evaluations of Increased Effective Beam Width for Heat Deposition Using a Split Focus High Intensity Ultrasound (HIFU)
Transducer. Int. J. Hyperth. 2008, 24, 537-549. [CrossRef] [PubMed]

VanOsdol, J.; Ektate, K.; Ramasamy, S.; Maples, D.; Collins, W.; Malayer, J.; Ranjan, A. Sequential HIFU Heating and Nanobubble
Encapsulation Provide Efficient Drug Penetration from Stealth and Temperature Sensitive Liposomes in Colon Cancer. J. Control.
Release 2017, 247, 55-63. [CrossRef] [PubMed]

Dromi, S.; Frenkel, V.; Luk, A.; Traughber, B.; Angstadt, M.; Bur, M.; Poff, ].; Xie, J.; Libutti, S.K.; 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]

Negussie, A.H.; Yarmolenko, P.S.; Partanen, A.; Ranjan, A.; Jacobs, G.; Woods, D.; Bryant, H.; Thomasson, D.; Dewhirst, M.W.,;
Wood, B.; et al. Formulation and Characterisation of Magnetic Resonance Imageable Thermally Sensitive Liposomes for Use with
Magnetic Resonance-Guided High Intensity Focused Ultrasound. Int. J. Hyperth. 2011, 27, 140-155. [CrossRef] [PubMed]
Lokerse, W.J.M.; Bolkestein, M.; Dalm, S.U.; Eggermont, AM.M.; de Jong, M.; Grtill, H.; Koning, G.A. Comparing the Therapeutic
Potential of Thermosensitive Liposomes and Hyperthermia in Two Distinct Subtypes of Breast Cancer. ]. Control. Release 2017,
258, 34-42. [CrossRef]

Peller, M.; Willerding, L.; Limmer, S.; Hossann, M.; Dietrich, O.; Ingrisch, M.; Sroka, R.; Lindner, L.H. Surrogate MRI Markers for
Hyperthermia-Induced Release of Doxorubicin from Thermosensitive Liposomes in Tumors. J. Control. Release 2016, 237, 138-146.
[CrossRef]

Ranjan, A.; Jacobs, G.C.; Woods, D.L.; Negussie, A.H.; Partanen, A.; Yarmolenko, P.S.; Gacchina, C.E.; Sharma, K.V.; Frenkel,
V.; Wood, B.J.; et al. Image-Guided Drug Delivery with Magnetic Resonance Guided High Intensity Focused Ultrasound and
Temperature Sensitive Liposomes in a Rabbit Vx2 Tumor Model. J. Control. Release 2012, 158, 487-494. [CrossRef]


http://doi.org/10.1016/j.jconrel.2015.12.004
http://doi.org/10.1007/s11095-013-1180-7
http://doi.org/10.3109/02656736.2014.936049
http://doi.org/10.1080/02656730802093661
http://www.ncbi.nlm.nih.gov/pubmed/18608574
http://doi.org/10.1080/02656730802064621
http://www.ncbi.nlm.nih.gov/pubmed/18608578
http://doi.org/10.1016/j.jconrel.2016.12.033
http://www.ncbi.nlm.nih.gov/pubmed/28042085
http://doi.org/10.1158/1078-0432.CCR-06-2443
http://doi.org/10.3109/02656736.2010.528140
http://www.ncbi.nlm.nih.gov/pubmed/21314334
http://doi.org/10.1016/j.jconrel.2017.05.005
http://doi.org/10.1016/j.jconrel.2016.06.035
http://doi.org/10.1016/j.jconrel.2011.12.011

	Introduction 
	Thermosensitive Polymers 
	Thermoresponsive Liposomal-Based Drug Delivery Systems 
	Traditional Thermosensitive Liposomes (TTSL) 
	Lysolipid Thermosensitive Liposomes (LTSL) 
	Polymer Thermosensitive Liposomes (PTSL) 

	Heat-Triggered Release Modalities 
	Concluding Remarks 
	References

