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ABSTRACT: In this Review, we attempt to offer a thorough description of all of the
chemical components and the rationale behind the design of temperature-sensitive
vesicle systems, as well as the critical pharmacological parameters that need to be
combined to achieve their successful clinical translation. The focus of this Review will be
predominantly on the design principles around the construction of temperature-sensitive
liposomes (TSL) and their use in combination with external local hyperthermia to
achieve heat-triggered drug release. The emphasis lies on the chemical components
synthesized and incorporated in the design and engineering of TSL. We conclude that
the development of TSL with ultrafast drug release capabilities needs to progress in
parallel with vesicle pharmacokinetic profiling, imaging, and monitoring capacity and
technologies for accurate temperature elevation and control. The development of heat-

Lysolipid-based
IsL

Polymer-based
IsL

triggered liposome systems offer the greatest opportunity for clinical translation of the next generation, nanoscale “smart” vesicle
systems of enhanced functionality, following from the successful legacy and rich clinical history from multiple earlier liposome

technologies.
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1. INTRODUCTION

Liposomes are spherical phospholipid vesicles consisting of one
or more concentric lipid bilayers enclosing an aqueous core."”
Although liposomes form spontaneously by self-assembly of
amphiphilic lipids after dispersion in water, they can effectively
entrap both hydrophilic’ and hydrophobic compounds®” in the
aqueous core or in the lipid bilayer, respectively. Gregory
Gregoriadis was the first to demonstrate liposomes for the
entrapment of drugs,é’7 and since then their use in drug delivery
has been extensively explored. One of the most important
advantages was that encapsulation of drugs inside liposomes
reduced the drug-associated toxicity. However, such traditional
liposomes were found to be rapidly cleared by the
reticuloendothelial system, specifically opsonized, and taken up
by Kupffer cells of the liver.””

Received: September 30, 2015
Published: March 2, 2016

DOI: 10.1021/acs.chemrev.5b00578
Chem. Rev. 2016, 116, 3883—-3918


pubs.acs.org/CR
http://dx.doi.org/10.1021/acs.chemrev.5b00578

Chemical Reviews

e

Passive
targeting

d

aQ21Ps

ILo®"

Active
targeting

Triggered
drug release

Conventional
drug release

External triggers

= Ultrasound = pH

= Heat

= Light

=Enzyme
*Redox

=Hypoxia

Internal triggers

Figure 1. Schematic presentation of the different types of liposomes with triggered-release capabilities.

With the emergence of longer circulating liposomes, there was
improved biodistribution of chemotherapeutic agents to the
anatomical sites of leaky vasculature.'”'" Moreover, prolonged
circulation time of stealth liposomes led to the appearance of new
toxicological side-effects, such as chemotherapy-induced palmer
planter erythrodysesthesia, expressed as a swelling and
inflammation of hands and feet as a result of changing the
biodistribution and pharmacokinetics of the drug.'” At this point
in therapeutic liposome development, especially against cancer, it
was becoming clear that there was a delicate balance between the
degree of systemic toxicity and therapeutic efficacy. The
encapsulation of drug (reduced toxicity), PEGylation of the
membrane (increased circulation time but new toxicity), the
potential for extravasation into tumor tissue (see below — EPR),
and the retention of drug (meaning slow release, but less-than-
required efficacy) were all becoming essential, but sometimes
compromising, components in the design of the evolving
liposomal therapeutic system.

Dvorak'? first described that tumor vasculature can be hyper-
permeable, especially to circulating macromolecules. A lot of
implanted tumors in animal models have been shown to be
“leaky”, characterized by enlarged endothelial pores. It was then
shown that, especially in subcutaneously implanted tumors, there
was perivascular extravasation of 100 nm diameter liposome
particles."* The proposed mechanism behind the preferential
accumulation of liposomes into the tumor tissue rather than
other healthy organs was the hyperpermeability of the tumor
vasculature.® This phenomenon was termed as the enhanced
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permeability and retention effect (EPR)">'® and depends on the

differences in vascular architecture between healthy tissues and
some pathological sites (e.g., tumors, arthritic lesions).'*™*®
PEGylated liposomal doxorubicin (DOX) known as Doxil was
clinically approved in 1995 as the first nanoscale drug delivery
system.'” Doxil showed a unique safety profile, with a lower risk
of cardiac toxicity as compared to conventional doxorubicin at
cumulative doses of 500 mg/ m? and more.'>?%*! However, the
significant decrease in cardiac toxicity of DOX after encapsula-
tion into liposomes did not necessarily translate into improved
therapeutic efficacy. Extravasation of liposomes into the tumor is
a heterogeneous process that is primarily dependent on the size
of nanoparticles, and the interstitial fluid pressure that might
hamper their movement into the extracellular matrix especially in
large-size tumors.”>*® The clinical role of EPR effect in the
passive accumulation of nanoparticles in patients is also not yet
conclusive.”* In addition, despite the increase in the tumor
accumulation of liposomal DOX as compared to free DOX, not
all of the drug was bioavailable for tumor cells.”* Laginha et al.
studied the bioavailable DOX levels from Doxil into 4T1
(mammary carcinoma) orthotopically implanted in mice.”®
Administration of Doxil showed 87-fold higher total tumor
DOX accumulation 7 days after injection as compared to free
DOX. From the total amount of Doxil encapsulated, only 49% of
DOX was freely bioavailable at the tumor site to bind with
nuclear DNA as a result of the slow release process.”” Similar
findings have been observed for the long circulating liposomal
cisplatin; however, a significantly less fraction of the drug
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Figure 2. Schematic presentation of different types of TSL and different chemical components included in their design.

molecules becomes bioavailable (only 0.14% of the total
administered drug dose). That was reflected in the poor
therapeutic outcomes in clinical evaluation, but dramatically
improved the safety profile.”**’

It is now recognized that following accumulation within the
tumor tissue, drug release from both conventional and stealth
liposomes is a slow process; however, the exact mechanism of
drug release and internalization by the tumor cells is not fully
understood.'””® Two mechanisms have been suggested to
explain the uptake of liposomal drugs by cancer cells: (a) the
uptake of the whole vesicle encapsulated drug within the tumor
cells followed by drug release intracellularly; and (b) the
nonspecific degradation of the liposomal lipid membrane and
drug release into the tumor interstitium followed by the uptake of
free drug by the cancer cells. It is now generally accepted that
internalization of intact liposomes by cancer cells is less frequent;
therefore, tumor cell uptake of free drug released in the tumor
interstitial fluid remains the most common working hypoth-
esis.'””" In the case of Doxil therapy, the process by which DOX
is released from liposomes and becomes bioavailable to tumor
cells may include the collapse of the ammonium sulfate
gradient'” and the destabilization of the vesicle lipid bilayer via
macrophage-mediated liposome degradation and subsequent
drug release (often after killing the macrophages).”” ™" In
addition to that, the fate of liposomes after extravasation can be
heterogeneous due to the variation in tumor vascular
permeability between different types of tumors and even within
the same tumor that will greatly affect overall therapeutic
outcomes.'”

The ensuing challenge from the liposomal engineering point
of view has been whether these limitations could be overcome by
triggering drug release from the vesicles to increase therapeutic
agent bioavailability to the tumor cells. The ideal liposomal
formulation of chemotherapy should retain the drug while
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circulating in the bloodstream and be able to release the drug
locally within the tumor tissues or vasculature.””** A wide range
of research has been conducted over the last three decades to
investigate the possibilities of triggering drug release from
liposomes. Two main classes of “triggers” have been developed:
(a) external, such as heat, light, and ultrasound; and (b) internal,
those present at the disease site such as changes in pH, enzymes,
alterations in the level of glutathione (redox responsiveness), and
hypoxia.**™*® Examples of the different types of liposomes that
respond to external and internal triggering mechanisms are
summarized in Figure 1.

Whereas most of these systems are still under development at
various preclinical stages, temperature-sensitive liposomes
(TSLs) have progressed to an advanced stage of clinical
development (Phase III clinical trials).”” The focus of this
Review will be predominantly on the design principles around
the construction of TSL and their use in combination with
external local hyperthermia to achieve heat-triggered drug
release. The chemical components synthesized and incorporated
in the design and engineering of TSL will be thoroughly
explained. The potential of other nonvesicular temperature
sensitive systems will not be covered here. The reader can refer to
a number of comprehensive reviews on this topic for additional
information.**™*

2. RATIONAL DESIGN OF TEMPERATURE-RESPONSIVE
VESICLES

Since the concept of TSL was first introduced by Yatvin in the
late 1970s,"* a lot of effort has been invested to explore the
potential of such vesicle systems. Indeed, over the past 30 years
the development of TSL has been widely expanded starting from
the molecular design of TSL all of the way to clinical testing and
determining their therapeutic aptitude. Here, TSLs have been
classified into five subgroups on the basis of the chemical
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components included in their design. Figure 2 illustrates the
different types of TSL systems described in the literature. The
chemical design of TSL, mechanism of thermal responsiveness,
drug release kinetics, heating protocols, and clinical values of TSL
are all discussed.

2.1. Lipid-Based TSL — Exploiting Phase Transition
Temperatures of Lipids

The pioneering TSL system described by Yatvin et al. in 1978
was composed of DPPC:DSPC lipids mixed at certain molar
ratios. This formulation showed an increase in the release of
encapsulated neomycin in vitro after heating to their phase
transition temperature,*> which was associated with inhibition of
bacterial growth.** This formulation represents the prototypical
type of TSL in a class of systems produced by mixing DPPC
bilayers, which have a phase transition temperature (T,,) of 42
°C with DSPC lipids of T, = 55 °C at 7:3 molar ratios. This ratio
allowed a T, range between 41 and 43 °C. The temperature
sensitivity of prototypical TSL is based on the tendency of the
lipid components to undergo phase transition as a response to
heat. When TSLs were heated through their T, areas of the
phospholipid molecules start to change from the solid (ordered)
gel phase to the liquid (disordered) crystalline phase, creating
boundaries between the two phases through which the drug
permeability is enhanced (Figure 3).** In the gel phase, lipid
molecules are highly ordered and condensed. The hydrocarbon
chains are fully extended, and the head groups are immobile at
the interface with water.

When the temperature is elevated, the headgroup mobility
begins to increase, and with further increases in temperature
toward the T, of lipids, a transition of hydrocarbon chains from
the gel to the liquid crystalline phase occurs. At T, the
orientation of the C—C single bonds in the hydrophobic chains is
changed from trans to gauche state.”® The existence of both solid
and liquid lipid domains at the T, leads to the formation of leaky
regions at the interface between these domains. As a result, lipid
membrane permeability increases at the interfaces, which has
been signified previously by a dramatic increase in Na* jons’
diffusion. Although ion permeability is highest at the T, it
reduces as the temperature is elevated beyond, due to the
reduction in the existence of those boundary regions. When the
lipid membrane fully melts with further temperature increase, the
membrane permeability is increased again as the lipid bilayer is
predominantly in the fluid phase.”” Grain boundaries result from
defects in the crystalline arrangement of lipid molecules in that
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region. The crystalline structure is produced during the liposome
preparation process that involves cooling of the lipid bilayer from
its liquid phase into solid phase. When the lipid bilayer is cooled
toward T, of the lipids, solidification of the lipid membrane
appears as nucleation of the solid domain within the melted lipid
membrane. These individual solid domains continue to grow by
orienting lipid molecules into crystal-lattice-like structures. The
growth of these domains then stops when they approach each
other in the final gel phase membrane, and this leads to the
formation of grain boundaries.**

Similar to the prototypical TSL, most of the early examples of
TSL systems were composed mainly of DPPC or DPPG lipids
mixed with other types of lipids like DSPC and HSPC lipids to
tune the T, and the rate of drug release.””™>* The selection of
lipid combinations can also contribute to improved lipid
membrane permeability by increasing the defects in lipid
packing. Prototypical TSLs were further developed by inclusion
of cholesterol to optimize their serum stability. However, this can
also has a negative effect on the rate and extent of drug release in
response to temperature that can be linked to the increase and
broadening of T, after inclusion of cholesterol.”® The blood
circulation time of prototypical TSL was also increased by
adopting the same approaches used with other stealth liposomes.
The inclusion of Gy or DSPE-PEG, lipids into TSL led to a
reduction in the interaction with MPS cells and enhancement of
their blood profile, which resulted in better control over tumor
growth rate.””>* Recently Li et al. showed that incorporating 5
mol % of DSPE-PEG,, is the optimal concentration to provide
a balance between the stability of TSL at 37 °C without
jeopardizing the temperature sensitivity at mild HT.>

In addition to the typical benefits provided by DSPE-PEG
as mentioned above, the inclusion of this lipid adds to the
thermal sensitivity of prototypical TSL. DSPE-PEG,, inclusion
at 4—5 mol % drives the switch from mushroom or brush
configuration. The heterogeneous structure of DSPE-PEG,,
causes destabilization of lipid membrane when close to T, and
increases content release without significantly affecting the T,,.>
An interesting example of that is the
DPPC:HSPC:CHOL:DSPE-PEG,y, TSL system that contains
3.2 mol % of DSPE-PEG,, lipids. The addition of DSPE-
PEG,, revealed the thermal sensitivity of the liposomes even
with the presence of cholesterol as observed from differential
scanning calorimetry (DSC) thermograms, releasing 60% of
DOX in vitro in 50% plasma.”® Alternatively, Lindner et al.
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Figure 4. Chemical structures of the lipids used in the design of prototypical TSL.

showed that the inclusion of DPPGOG lipid (Figure 4) into
DPPC:DSPC liposomes can prolong their circulation time in
vivo together with significant enhancement in their content
release upon heating.”>*” In addition, Dicheva et al. described
recently that targeting TSL to the tumor tissue can be improved
by the preparation of a cationic TSL (CTSL) by including 7.5%
or 10 mol % of DPTAP cationic lipid (Figure 4) into
DPPC:DSPC:DSPE-PEG,, liposomes. The outcome of that
was a moderate positive surface charge (zeta potential) as
compared to the slightly negative charge of most other TSLs and,
consequently, better targeting ability to endothelial and tumor
cells with content release upon temperature triggering.”>” The
inclusion of positively charged lipids in this formulation
increased its capacity to deliver DOX to tumors by 3-fold as
compared to noncationic TSL. This was confirmed by the high
DOX uptake by both tumor cells and angiogenic endothelial cells
and resulted in dramatic ablation of the tumor vasculature.”
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For a long time, prototypical TSLs have been mistaken for
having slow and incomplete release profiles under mild HT.
Likewise, the relatively high T, of this class of TSL (42—45 °C)
suggested that high thermal dose is required to achieve effective
drug release (1 h heating at temperature >42 °C).°” However,
most of the release profile data were generated in a buffer, and
this does not reflect real physiological conditions.”>**°" It is also
important to note the differences in the mechanism of DOX
release as compared to that of other commonly used fluorescent
dyes, such carboxyfluorescein (CF), due to the variation in their
vesicle encapsulation. Higher rates of release are usually reported
for DOX as compared to CF under the same conditions, due to
the collapse of the pH gradient mechanism used for DOX
loading as a result of the increase in proton diffusion across the
lipid membrane at T,,. Approximately 95% DOX release was
reported from DPPC:DSPC:DSPE-PEG,yy, (90:10:5 molar
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ratio) liposomes after 1 min of heating at 42 °C, as compared to
<50% of CF under similar conditions.”*>

Interestingly, the presence of serum proteins can have a
favorable effect on temperature sensitivity of this type of TSL and
results in an increase in the rate of drug release, presumably by
gaining access into the grain boundary of the lipid membrane at
T, >>°V%37% Moreover, the presence of cholesterol in the
serum can also contribute to better permeability. The ability of
cholesterol to exchange between vesicles leads to disturbance in
the lipid packing and leads to improved permeability.”> The
effect of serum on the release profile can vary with the origin of
the serum used, its concentration, and the duration of exposure.
This can explain the discrepancy in the release data reported
from prototypical TSL systems.””*° The effect of serum
components on the thermal sensitivity of prototypical TSL can
also justify the increase in therapeutic activity observed in a
number of preclinical studies over a wide range of tumor models
using mild heating conditions (42 °C).% This was also confirmed
recently by a real-time imaging study Li et al. that showed
efficient intravascular DOX release after heating at 42 °C
followed by rapid uptake of DOX by endothelial cells and tumor
cells. This resulted in high and homogeneous DOX penetration
into tumor cells and improved tumor growth control.”*

2.2. Lysolipid-Based Temperature-Sensitive Liposomes
(LTSLs)

The concept of lysolipid-containing thermosensitive liposomes
was first described by Anyarambhatla and Needham in 1999
and led to a new concept in the field of drug delivery by
demonstrating triggered drug release in the tumor blood vessels,
or what is now termed “intravascular drug release”. %% They
first proposed that the incorporation of ~10 mol % of MPPC
lysolipids into DPPC:DSPE-PEG (90:4) liposomes lowered the
T,, of DPPC:DSPE-PEG liposomes from 41.9 to 41 °C and led
to rapid drug release in a concentration-dependent manner.”’” As
compared to the traditional thermosensitive liposomes by Yatvin
et al,** lowering the T,, to 41 °C is a critical parameter for
temperature-triggered drug release. For clinical applications,
mild HT < 43 °C is recommended because higher temperature
can result in hemorrhage”® and also cause necrotic damage to the
neighboring healthy tissues.””"

The design of LTSL required the presence of these essential
components: (a) a solid-phase lipid able to offer grain boundary
deformation (DPPC lipids) that could act as the “host” lipid and
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formed the main vesicle bilayer component; and (b) monoalkyl
lysolipids and PEGylated lipids at several mol % that act as
permeabilizing ingredients and steric stabilizing components.*’
The combination of these lipid components allows drug release
in only few seconds when heated to their phase transition
temperature.”” MSPC lysolipid was then used instead of MPPC
to increase the liposome stability during processing and offer
drug retention capability. The longer acyl chain (C18) of MSPC
lysolipid increased the T, to 41.3 °C, while preserving ultrafast
release capabilities.”

To understand the release mechanism of LTSL liposomes,
Mills and Needham studied the permeability of the liposome
membrane using a dithionite (S,0,%”) permeability assay.”* The
membrane permeability was studied by preparing NBD (1%)
labeled DPPC:DSPE-PEG,, (4%) liposomes with and without
MSPC (10%). The addition of dithionite at 30 °C quenched the
signal of NBD lipids in the outer membrane only due to the
impermeability of the lipid membranes to dithionite ions.
Repeating the experiment at the T, quenched the absorbance of
the NBD lipids at the inner membrane as the lipid membranes
become permeable to dithionite ions. This decrease in
absorbance is faster for DPPC:DSPE-PEG (4%) liposomes
having 10% MSPC and dramatically increased at 42 °C,
demonstrating the role of lysolipid (MSPC) in increasing the
permeability of LTSL liposomes at T,,.”*

The permeability coefficient of the liposomal membranes with
and without MSPC lysolipid was also measured using the
following formula: C(t) = C,(exp(—m’t), where m® is the
permeability rate constant, C(t) is the concentration of unreacted
NBD molecules at time ¢, and C, is the concentration of
unreacted NBD molecules on the inner monolayer at zero time
point. The permeability coefficient of DPPC:DSPE-PEG (4%)
having 10% MSPC was measured as 1.09 X 1078 cm/s, 10-fold
higher than liposomes without MSPC (1.9 X 10~ cm/s). A
similar 10-fold increase in a DOX permeability coefficient at 42
°C was evidenced by adding MSPC (10%) as compared to
liposomes without MSPC measured at 3.3 X 10 and 3.4 X 107"°
cm/s, respectively.”” Mills and Needham compared the
permeabilities of the liposomes to dithionite ion (radius 3 A)
and DOX (radius 500 A) with and without lysolipid at the T,
For pure DPPC membranes, dithionite permeability was 6 times
higher as compared to DOX, indicating higher permeability to
smaller ions. Liposomes having 10% MSPC showed 3 times
higher permeability for dithionite ions as compared to DOX,
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which was believed to be through a water-filled pore rather than
the hydrocarbon chain.”” Therefore, the ultrafast release of LTSL
contents appeared to be due to the enhancement of the grain
boundary caused by the inclusion of the lysolipid component
(Figure S) through which both ions and small molecular weight
drugs can permeate.”” The size of these nanopores appeared to
be ~10 nm as estimated from dextran permeation measure-
ments.*

Lysolipids have a relatively large headgroup as compared to
their single acyl chain, which gives them a positive intrinsic
curvature and a tendency for micelle formation in aqueous
solution above their CMC (~0.4 uM).** Upon approaching the
phase transition, the increase in lateral lipid movement
encourages lysolipid accumulation at the melted grain
boundaries and the formation of stabilized defects (nanopores)
in the lipid membrane. Similar to what was observed before with
prototypical TSL, the presence of DSPE-PEG,, can add to the
thermosensitivity of the system but through a different
mechanism. Despite having two hydrocarbon chains, DSPE-
PEG,q also has the capability for micelle formation in aqueous
solution. The shape factor of DSPE-PEG,, is close to lysolipids
as it has much larger head groups in relation to the tail groups
because of the PEG,y, polymer. Therefore, in principle, the
presence of DSPE-PEG,, lipids can help to some extent in the
formation and stabilization of the nanopore structure by bringing
a second property, a repulsive force within the nanopore.*’

Different concentrations of lysolipids and DSPE-PEG,q,
lipids were matched against the release profiles of DOX and
CF. Despite not being optimum regarding DSPE-PEG,,
coverage (the boundary concentration of DSPE-PEG,,
between mushroom and brush conformation is S mol %), the
exact lipid vesicle system that progressed into preclinical and
clinical studies consisted of DPPC:MSPC:DSPE-PEG,,
(86.5:9.7:3.8 mol/mol). More than 80% release of encapsulated
DOX can be achieved after 20 s in mild HT.** Mill and Needham
demonstrated that the mechanism of drug release at T, is
through lysolipid-stabilized nanopores, rather than enhancement
of drug solubility in the lipid membrane.”” Employing mass
spectrometry and dialysis experiments, they also confirmed that
the lysolipid was sufficiently retained in the lipid membrane
above T, after extensive dilution. These studies were performed
in buffer to demonstrate the effect of micromolar solubility on
the desorption of lysolipids from the liposomal membrane. As
such, these experiments were performed in the absence of serum
proteins and lipids that could act as a sink for lysolipids and, by
design, did not simulate physiological conditions.””

In the presence of biological components (serum protein,
whole blood), lysolipids could be extracted from the liposome
membrane to these components. Banno et al. showed the
dissociation of almost 70% of lysolipids from LTSL liposomes
within 1 h after in vivo administration and postulated that this
might be through exchange with plasma proteins or cellular
membranes.”* They and others showed that DOX retention by
LTSL liposomes in blood circulation is ~1 h, showing significant
DOX leakage from LTSL liposomes at 37 °C after in vivo
administration.”*”* However, Needham speculated that the loss
of DOX from LTSL is more likely due to the H ion transport
that can result in DOX cation deprotonation and increase its
solubility followed by leakage through even a solid-phase
membrane.*

The inclusion of DSPE-PEG lipids in LTSL liposomes was
expected to prevent the lipid bilayer from interaction with serum
proteins. Despite that, incubation of LTSL liposomes in serum at
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37 °C resulted in ~20—30% leakage of DOX contents in 30 min,
as compared to other TSL formulations®>*® having higher serum
stability. Chiu et al. also observed 50% loss of encapsulated DOX
within 1 h after in vivo administration;”® however, in this system
DOX encapsulation was performed using a transition metal,
manganese, which may have an impact. On the contrary,
Anyarambhatla et al. showed that LTSL formulation exhibited
good retention of encapsulated CF (in FBS and 50% bovine
serum) and DOX (in plasma) at 37 °C.”’

The loss of the lysolipid from the LTSL formulation can have a
negative effect on the thermal sensitivity of the vesicle. A time-
dependent decrease in the percentage of DOX release was
observed from LTSL liposomes recovered after in vivo
administration that was consistent with the increase in the
percentage of lysolipid loss overtime.”* DOX leakage from LTSL
might be related to the adsorption of serum proteins that could
destabilize the lipid bilayer. Previous data and models of protein
adsorption through a PEG mushroom coverage’” suggested that
only monomer surfactants can penetrate the PEG stabilizing
layer. Further studies on serum adsorption or association with
LTSL are needed to reveal the exact mechanism of serum-
induced DOX leakage from LTSL. Needham™ has attempted to
offer an explanation, attributing it as a consequence of the relative
instability of LTSL upon dilution in biological media. This
characteristic of LTSL makes the exact timing between LTSL
administration and application of HT as perhaps the most critical
parameter to determine its clinical success.

The LTSL vesicle system showed tumor growth retardation in
multiple tumor models (colon HCT116, squamous cell FaDu,
prostate PC-3, ovarian SKOV-3, and mammary 4T07) as
compared to traditional TSL and NTSL.”® In a FaDu tumor
model, LTSL treatment in combination with HT (1 h at 42 °C
immediately after injection) showed complete tumor regression
up to 60 days as compared to only some tumor growth control
(31—35 days) from TTSL and Doxil-like NTSL combined with 1
h HT at 42 °C.” Similar results were observed from another
study showing complete tumor growth regression 60 days after
treatment.”” The increase in therapeutic efficacy was consistent
with the amount of DOX tumor accumulation. Quantification of
DOX concentration in the tumor showed that LTSL + HT
resulted in the highest tumor drug level (25.6 ng/mg), a 30-fold
increase as compared to free DOX and 3—S5 times higher than
other liposomal treatments at the same temperature.

In addition, the bioavailability of DOX was also improved.
LTSL has shown significant DNA-bound fraction of DOX
(quantified by sliver nitrate extraction), with almost one-half of
the DOX delivered to the tumor tissue becoming bioavailable to
tumor cells just 1 h after HT.”” In contrast, the bioavailable
fraction of DOX from free DOX, TTSL, and NTSL was not
detectable. These findings indicated that the increased drug
release rate of LTSL was crucial to enhance DOX bioavailability,
whereas the relatively slow leakage from other liposomal
formulations was responsible for their poor bioavailability.”” A
caveat may be that DOX quantification data were restricted to
only 1 h after injection, while longer time points (during which
increased liposome extravasation is anticipated) were not
studied. The conclusion from these studies was that both drug
release rate and the drug levels available to tumor cells were
crucial to achieve higher therapeutic efficacy.

LTSL offered a novel concept for the delivery of anticancer
drugs by promoting ultrafast drug release at the tumor
vasculature resulting both in antivascular antineoplastic effects.”
To allow for intravascular drug release, the loaded drug release
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needs to be faster than the transient time of the liposomes in the
vasculature of the heated tumor. This is estimated to be around
50 s for a 2-cm tumor.”’ This new paradigm of drug release
offered by LTSL overcomes the problems of heterogeneous
vascularity and limited })enetration as it does not depend on
liposomal extravasation.” Indeed, a recent preclinical study by
Manzoor et al. confirmed that a LTSL injection into preheated
tumor not only resulted in DOX release in the bloodstream, but
was associated with deeper tumor penetration as observed usir:%
intravital fluorescence imaging using the FaDu tumor model.
Intravascular release of DOX from LTSL significantly increased
the penetration distance within the interstitial space and the time
during which tumor cells remained exposed to maximum drug
concentration as compared to free DOX and the Doxil-like
NTSL.”” LTSL injection into warm tumor delivered 3.5 times
higher DOX levels as compared to the free drug infusion and up
to 78 um from both sides from blood vessels (double the
penetration distance of Doxil).

The LTSL thermosensitive system established by Needham
has been further developed by Celsion under the trademark
ThermoDox and is currently in clinical trials.”" A Phase I trial was
initiated in canine tumors to determine the maximum tolerated
dose (MTD) and various pharmacokinetic (PK) parameters.®”
LTSL MTD was 0.93 mg/kg slightly less than that reported for
free drug and Doxil. PK parameters of LTSL were closer to free
DOX as compared to Doxil. Some differences in drug delivery
were observed in this study due to variability in tumor heating,
especially for bigger sized tumors, and the possibility of increased
core body temperature. Despite that, overall DOX tumor levels
for LTSL were 10 times higher than those for free DOX infusion,
and an improved therapeutic outcome was observed. Overall, the
tumor response observed was considered encouraging for further
evaluation in human patients.*

Some examples of the human clinical trials undertaken include
that of combination therapy with radiofrequency ablation (RFA)
in patients with hepatocellular carcinoma (HCC) (Phase III).*’
ThermoDox is also currently clinically tested with other external
heating techniques such high intensity focused ultrasound
(HIFU) for HCC®*® or with external microwave hyperthermia
for recurrent chest wall breast cancer.**

Inspired by the developments of LTSL, other TSLs that share
similar design principles have been recently described in the
literature. The HaT vesicle system, developed by Tagami, is one
example. This is based on DPPC lipids with Brij 78 surfactant at
96:4 molar ratios. The Brij surfactant, compromised of a single
acyl chain attached to a PEG moiety, has the properties of both
lysolipid and DSPE-PEG; therefore, it can theoretically offer
both the steric stabilization and the pore-formation capabilities of
LTSL.* The HaT liposomes released small molecules in a time
scale similar to that of LTSL and had very similar drug retention
properties at 37 °C (~20% release in 30 min) in vitro, which was
consistent with the blood profile data (only 40% remained in the
blood in 1 h after injection). Preclinical studies of the HaT
vesicles showed slightly higher DOX levels delivered in mouse
mammary carcinoma (EMT-6) heated tumors at 43 °C as
compared to LTSL. Single treatment with HaT at 3 mg/kg DOX
concentration into tumor-bearing mice in combination with HT
resulted in enhanced tumor growth retardation as compared to
LTSL.*® HaT-II is an optimized system that was obtained by
using Cu®" gradient instead of pH gradient for DOX loading.
Slight improvement in the pharmacokinetics (2.5-fold reduction
in blood clearance as compared to HaT and LTSL) and tumor
accumulation (2-fold relative to LTSL and 1.4 fold vs HaT) was

3890

observed from HaT-II that resulted in improved therapeutic
efficacy.”’”

Liposomes composed of HePC:DPPC:DSPC:DPPGOG
designed by Lindner et al. are another example of this class of
TSL. HePC is structurally similar to MPPC lysolipids but
chemically and metabolically more stable and can act as an
anticancer drug themselves (Figure 6). DPPGOG lipid was used

1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC)

NN N NSNS o OH

Brij78 (polyoxyethylene stearyl ether)

Hexadecyl phosphocholine (HePC)

Figure 6. Chemical structures of the lipids used for the design of
lysolipids-containing TSL.

to replace DSPE-PEG,, as it was shown previously by the same
group to prolong the circulation half-life of liposomes and
enhance temperature sensitivity.88 This liposome system
performed in a very similar way to lysolipid-containing vesicles,
resulting in 90% CF release at 42 °C after 5 min incubation in the
presence of 90% fetal calf serum.

2.3. Polymer-Based TSL

2.3.1. TSL Based on Synthetic Temperature-Respon-
sive Polymers. Another strategy for designing temperature-
responsive liposomal systems is to attach thermosensitive
amphiphilic molecules (particularly temperature-responsive
polymers) to the liposomal membrane. These polymers have a
temperature-disruptive effect on the lipid membrane because
they change in conformation in response to changes in
environmental temperature. Temperature-sensitive polymers
can either attain a thermoresponsive property to nontemper-
ature-sensitive liposomes or improve thermal responsiveness of
thermosensitive liposomes. At the molecular level, thermosensi-
tive polymer chains undergo a coil to globule transition as the
temperature passes through their low critical solution temper-
ature (LCST) (Figure 7). Below LCST, the polymer is hydrated
and sterically stabilizes the liposomes surface. As the temperature
increases (T > LCST), condensation of the polymer results in
exposing the liposome surface, which leads to destabilization and
content release.”’

Some polymer molecules change from hydrophilic to
hydrophobic with temperature; therefore, stabilization and
destabilization of polymer-modified TSL can be controlled by
temperature, in this way also controlling drug release and
interaction with cells and serum proteins.*” Table 1 summarizes
the different examples of polymer-modified TSL described in the
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Figure 7. Mechanism of drug release from polymer-modified TSL. Below the LCST, polymer chains are hydrated, which gives a stabilizing effect to the
liposomes. When the ambient temperature exceeds LCST, the polymer becomes dehydrated and changes into globule status. This destabilizes the lipid

membrane and releases liposomal content.

Table 1. Examples of Polymer-Modified Temperature-Sensitive Liposomes

liposomal composition temperature-sensitive polymer LCST (°C) gzzg{ experimental design refs
EPC and DPPC p-(NIPAM-ODA) 27 CF in vitro release study 92
calcein
DOPE p-(NIPAM-ODA) 32 calcein  in vitro release study 95
EPC, DMPC:DPPC p-(NIPAM-AA-ODA) 3043 calcein  in vitro release study 94
DPPC and DSPC
DLPC p-(NIPAM-ODA) 32 calcein  in vitro release study 96
DPPC
DSPC
EPC and EPC:DOPE p-(NIPAM-NDDAM) 28 calcein  in vitro release study 91
EPC p-(APr-NIPAM)-2C,, 40 MTX  in vitro release study and cellular cytotoxicity 97
DOPE p-(APr-NIPAM)-2C, 33-34 calcein  in vitro release study 98
p-(APr-NIPAM-NDDAM)
DOPE:EPC p-(NIPAM-NDDAM-AAM) 39-46 calcein  in vitro release study (increasing LCST) 99
p-(NIPAM-AAM)
DOPE p-(APr-NIPAM)-2C, 38 calcein  in vitro release study and serum stability (effect of 100
PEGy50-2C, PEG)
EPC p-(APr-NIPAM)-2C, 40 calcein  in vitro release study (effect of AH) 101
p-(DMAM-NIPAM)-2C,
p-(NIPAMAM-NIPAM)-2C,,
DOPE:EPC p-(EOEOVE-ODVE) 36 calcein  in vitro release study 102
DPPC:HSPC:CHOL:DSPE-PEG-  p(NIPAM-AAM) 40 and 47 DOX in vitro release and stability study 93
2000
DPPC:HSPC:CHOL:DSPE- p(NIPAM-AAM) 40 DOX in vitro and in vivo study 103
PEGy000"
DPPC:CHOL and DOPE-EPC p(HPMA mono/dilactate)- 42 calcein  in vitro release study/HIFU 104,105
CHOL DOX
DPPC:HSPC:CHOL:DSPE- p(NIPAM-PAA)-DMP 42°CatpH6.S DOX in vitro pH and temperature sensitivity 106
PEG;09
EPC:CHOL-DSPE-PEG,," p(EOEOVE-ODVE) 40 DOX in vitro and in vivo study 107,108
EPC:CHOL-DSPE-PEG,,-Gd”
EPC:DSPE-PEGsy-Fe 304 p(EOEOVE-ODVE) 40 pyrene  magnetic imaging and heat triggered release 109

“These studies represent polymer-modified liposomes that progressed to preclinical investigation.

literature. The “host” lipid vesicle bilayers, the types of
thermosensitive polymers used, and their LCST's are explained.
For chemical structures of temperature-sensitive polymers used,
please refer to Figure 8. Most of the early examples of polymer-
modified TSL were designed with N-isopropylacrylamide (p-
NIPAM), the most extensively studied thermosensitive polymer.
It has an LCST around 32 °C; however, it can be adjusted by
copolymerization with other monomers with different hydro-
philic or hydrophobic moieties.”” LCST decreases by copoly-
merization with hydrophobic monomers such as ODA and
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NDDAM,”"** and it can be increased by copolymerization with
hydrophilic polymers, for example, AA or AAM.””*
Polymer-modified TSL was first proposed by Kono et al. with
the engraftment of p-(NIPAM-ODA) polymer into the lipid
bilayer through the hydrophobic group of ODA. The long alkyl
chain of ODA serves as an anchor to fix the hydrated part of the
polymer into the liposome surface.” In this early study, Kono
and co-workers studied the effect of surface modification of both
nontemperature sensitive liposomes (EPC) and thermosensitive
liposomes (DPPC) with p-(NIPAM-ODA) and found an
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Figure 8. Chemical structures of temperature-sensitive polymers used for the design of TSL. Chemical groups represented in red color stand for the
hydrophobic anchor groups used to fix the polymers into the lipid bilayer.

increased release of encapsulated fluorescent dye molecules at
temperatures greater than the LCST of the polymer (~70%
calcein release from DPPC liposomes and ~45% CF release from
EPC liposomes at 41 °C), with minimum release below the
LCST (<10% at 20 °C). The higher release observed from
polymer-modified DPPC liposomes as compared to EPC

indicated a synergistic effect between the thermal responsiveness
of DPPC liposomes and the membrane destabilization induced
by the polymer.

The hydrophobic anchors used for polymer fixation can be
either randomly distributed along the polymer backbone or
attached at the end of the polymer. Kono et al. studied the effect
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of the anchor position on the content release properties of
calcein-loaded DOPE liposomes. Dramatic release over a narrow
temperature range was seen from DOPE liposomes modified
with polymer having the terminal anchor (p-(APr-NIPAM)-C,)
(70—90% release over temperature range from 41 to 42 °C) as
compared to those modified with the middle anchor p-(APr-
NIPAM-NDDAM) (only 60% release at 45 °C).”® Polymers
attached to one end can change easily from a hydrophilic to a
hydrophobic status as compared to polymers fixed through
multiple points because of the higher conformational freedom of
the former.”””® Stronger attachment of the polymer-anchor
chain to liposomes in the %el phase was observed as compared to
fluid lipid bilayer vesicles.”” The interaction between the polymer
and the lipid bilayer was not dependent on the T, of the lipid
bilayer, but rather took place above the LCST.”” This
phenomenon was explored systematically by Kono et al. and
Kim et al. by studying the effect of pNIPAM-AA-ODA and
pNIPAM-ODA polymers on the release of a fluorescent dye from
fluid and gel-phase bilayers. The release from liposomes having
fluid nature is covered by the LCST of the polymer itself. In
contrast, liposomes in the gel phase showed maximum release at
the T, of the liposomes. In both cases, maximum content release
was achieved from 9polyrner-modiﬁed liposomes as compared to
plain liposomes.””*

The interaction of the polymer with the lipid bilayer can be
improved by changing the lipid composition of liposomes,
especially for those of fluid phase bilayers. Inclusion of DOPE in
EPC liposomes-surface coated with p(NIPAM-NDDAM)
increased the content release above the LCST. An almost 20%
increase in calcein release was measured from DOPE:EPC
liposomes (64:36 mol/mol) as compared to pure EPC
liposomes. This was probably because of H-bond formation
between DOPE lipids and the polymer and the thermodynamic
tendency of DOPE lipid to self-assemble in nonbilayer
structures.”’

Early examples of polymer-modified TSL were designed with
polymers having LCST below the body temperature, therefore
not clinically suitable. New copolymers of NIPAM were later
synthesized to have LCST around physiological temperatures.
Hayashi et al. showed that the LCST of NIPAM can be adjusted
around body temperature by free radical copolymerization with
AAM monomers. An increase in NIPAM LCST was obtained by
increasing the percentage of AAM monomers in a concentration-
dependent manner.”” Therefore, the release of encapsulated
calcein can be adjusted at the desired temperature by controlling
LCST of the polymer. Similar findings were observed by Han et
al. using DOX-loaded DPPC:HSPC:CHOL:DSPE-PEG,
modified with p(NIPAM-AAM).”

The effect of comonomer type on content release was also
investigated by studying three copolymers of NIPAM having the
same LCST (40 °C) but with different transition endotherms
(AH): p-(APr-NIPAM)-2C,,, p-(DMAM-NIPAM)-2C,,, and
p-(NIPAMAM-NIPAM)-2C,. To test if the structural difference
between the polymers affects their interaction with lipid
membranes and the percentage of content release, all three
polymers were fixed to EPC liposomes by two dodecyl anchors at
the termini of the polymer. Although all three polymers tested
have the same LCST (40 °C), when interacted with EPC lipid
membranes different percentages of calcein were released.
Although LCSTs of these three polymers measured by cloud
point and DSC were almost similar, the enthalpy of their
transition (AH) was different because it correlated with the loss
of water around the hydrophobic groups. The percentage release
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of entrapped calcein from polymer-modified EPC liposomes
increased with higher AH of the polymers in the following order:
p-(APr-NIPAM)-2C,, < p-(DMAM-NIPAM)-2C,, < p-(NIPA-
MAM-NIPAM)-2C,,. The high AH of p-(NIPAMAM-
NIPAM)-2C,, indicated that this polymer formed the most
hydrophobic domains above LCST and therefore resulted in the
highest membrane disruptive effect. Although these liposomes
showed rapid drug release at 42 °C, this was associated with poor
content retention capacity (~40% released within 15 min) at 37
°C.

Modification of liposomes with thermosensitive polymers also
has the advantage of increasing the blood circulation time of
liposomes and minimizing the uptake by MPS cells in a way
similar to surface modification of liposomes with PEG
polymer.'” Han et al. have studied the interaction of
DPPC:HSPC:CHOL liposomes modified with p(NIPAM-
AAM) (LCST at 40 °C) with serum proteins by quantifying
the amount of adsorbed protein over time at 37 °C up to 48 h.
Below the LCST, the polymer existed in the hydrated state that
reduced the amount of adsorbed proteins as compared to plain
liposomes. In the same study, protein adsorption was
significantly reduced by introducing DSPE-PEG,, lipid into
p(NIPAM-AAM) modified liposomes.'*’

Along with other types of TSL, the inclusion of PEGylated
lipid into polymer-modified liposomes was shown to increase
their serum stability at temperatures below LCST and to enhance
the thermal sensitivity at higher temperatures.””'*”'%* Kono et
al. and Han et al. have shown that both PEG¢;-2C,, and DSPE-
PEG,gy improve serum stability at body temperature and
dramatically increase the percentage of drug release over a
narrow temperature range.g‘%’mo’1 3 Recently, Kono et al.
reported the optimization of EPC:CHOL liposomes surface
coated with p(EOEOVE-ODVE) polymer for in vivo admin-
istration by including 4 mol % of DSPE-PEG,, into the lipid
bilayer. These liposomes showed less than 10% DOX leakage at
37 °C as compared to more than 20% from non-PEGylated
liposomes.

The same concept applied to cellular internalization studies of
polymer-modified liposomes. The cell uptake of this type of TSL
was found largely temperature dependent. This effect has been
studied by Kono et al. looking at the interaction of MTX-loaded
EPC liposomes modified with p-(APr-NIPAM)-2C,, and
EPC:CHOL:DSPE-PEG,y, liposomes modified with p-
(EOEOVE-ODVE) thermosensitive polymer with CV1 and
HeLa cells, respectively. Polymer-coated liposomes did not affect
cell viability at 37 °C; however, cytotoxic activity was
dramatically enhanced with temperature increase (almost similar
to free drug).'”” HeLa cells treated with polymer-coated
liposomes showed limited drug uptake; however, a substantial
increase in intracellular drug concentration with nuclear
localization was observed after 5 min of heating at 45 °C.'"

A critical drawback of the early work of NIPAM-based
polymers was the large polydispersity index and the difficulty to
control the molecular weight of the polymer. Overcoming those
limitations in recent designs meant a sharp response to
temperature over a narrow temperature range.102 Examples of
such polymers include the p(NIPAM-PAA) prepared by RAFT
chemistry' % and the poly(N-vinylethers) synthesized by living
cationic polymerization.'®* Liposomes modified with p(NIPAM-
PAA)-DMP showed interesting temperature and pH sensitivity
due to the presence of ionizable carboxyl groups that lowered the
LCST at acidic conditions (e.g., tumor microenvironment) and
enhanced drug release.'
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Table 2. TSL Based on Thermosensitive Biopolymers

liposomal composition
DPPC:DSPC:DSPE-PEG00"
PC:DSPE-PEG00
HSPC:CHOL:DSPE-PEG 0

temperature-sensitive biopolymer
coiled-coil leucine zipper peptide

y-amino acid mutated coiled-coil peptide

DSPE-PEGi0;-MLAYAYSKGPG-[ELP],-
WP

DPPC:DSPE- stearyl-ELP;-NH,

PEG 000:CHOL

dye/
LCST (°C) complexation method drug refs
40 self-assembly DOX 115
40 self-assembly CF 116
40 covalent linkage to DSPE-PEG, terminal ~ DOX 117
~40 °C at 0.5 mM  covalent linkage to monostearyl chain DOX 111

“These studies represent biopolymer-modified liposome systems that progressed to preclinical investigations.
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Figure 9. Temperature-sensitive biopolymers used in the design of TSL. Chemical amino acids sequences of different peptides used for the design of
TSL are explained: (A) leucine zipper coiled-coil peptide; (B) mutated coiled-coil peptide. Sights of mutations of isoleucine in the hydrophobic
positions are represented by (I). (C) Wheel diagrams of leucine zipper peptide and mutated coiled-coil peptide. The arrangement of the amino acids
illustrated by the wheel diagram, showing the winding of the two a-helices around each other and the formation of the hydrophobic interhelical core.

(D,E) ELP,, and ELP; lipid conjugates, respectively.

As an alternative to pNIPAM-based polymers, poly(N-
vinylethers) have been used recently for the design of TSL.
Poly(N-vinylethers) act in the same way as pNIPAM; their
LCST can be controlled by copolymerization with hydrophobic
monomers that serve as anchor moieties to engraft the polymer
onto the lipid membrane. Recently, Kono et al. showed that
incorporation of p(EOEOVE-ODVE) polymer with a LCST of
40 °C into EPC:CHOL:DSPE-PEG,, liposomes led to less
than 10% of DOX leakage at 37 °C and more than 90% of DOX
release after 1 min incubation at 45 °C. The interaction of
partially dehydrated polymer chains with PEG groups at the
surface of liposomes minimized their interaction with the lipid
membrane at temperatures below the LCST (40 °C). As LCST
was exceeded, a fully dehydrated polymer can result by H-bond
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formation among the PEG chains. This increases their
interaction with the lipid bilayer causing vesicle destabilization
and drug release.'”” The enhanced stability at body temperature
and ultrafast response to hyperthermic conditions suggested the
suitability of this formulation for in vivo applications.'®’
Despite the interesting results of polymer modified liposomes
described in vitro, only few preclinical studies were reported to
evaluate their in vivo therapeutic activity. Han et al. studied the
tumor growth retardation effect of DOX-loaded
DPPC:HSPC:CHOL:DSPE-PEG,, liposomes modified with
p(NIPAM-AAM) polymer after injection into B16F10 tumor-
bearing mice at 6 mg/kg DOX in combination with 10 min local
HT at 42 °C. Similarly, Kono et al. evaluated tumor growth
retardation using EPC:CHOL:DSPE-PEG,, liposomes modi-
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fied with p(EOEOVE-ODVE) after injection into C26 tumor-
bearing mice. Therapeutic activity was studied with and without
exposure to 10 min local HT at 45 °C 6—12 h after injection.'"’
The results of these studies showed promising tumor growth
retardation when used in combination with local HT, which
agreed with the previous in vitro data. More complex
multifunctional liposomes based on this system have been
prepared recently, either by surface modification with Gd
chelates'*® or by incorporation of iron oxide nanoparticles into
the lipid membrane to provide the capability of monitoring
liposomes by MR imaging along with their temperature-triggered
release properties.

The design of polymer-modified TSL offers more flexibility as
compared to other types of TSL. This helps to overcome some of
the limitations of the prototypical TSL, such as the types of the
lipids available, the size of the drug to be released, and the
temperature range required for content release.**'%*>
Nevertheless, more work is warranted before this type of TSL
can enter clinical development. The design and synthesis of
temperature-sensitive polymers that respond under narrower
temperature ranges is necessary to maintain stability under
physiological conditions and ensure effective drug release under
mild HT. Further in vivo studies are required to compare the
pharmacokinetic parameters and toxicological burden of these
vesicles by maintaining higher therapeutic efficacy as compared
to other TSL types.

2.3.2. TSL Based on Temperature-Responsive Biopol-
ymers. Similar to thermosensitive synthetic polymers, thermo-
sensitive biopolymers have gained more interest recently in the
design of TSL. Biopolymers such as poly- and oligo-peptides can
be readily produced with a defined sequence and chain length,
thus offering better control of transition temperature as
compared to synthetic polymers." ' Biopolymers also overcome
some of the problems associated with synthetic polymers such as
biodegradability and potential toxicological profile.""" MacKay
and Chilkoti have shown that a highly ordered biopolymer with
complex temperature-responsive properties can be produced
from oligopeptides with repeated short sequences (<7 amino
acids in length). This could provide new molecular tools for
engineering hyperthermia-mediated drug delivery systems.*

For application in triggered drug delivery, two important
properties of temperature-sensitive peptides should be consid-
ered: directionality and reversibility. Directionality usually refers
to the self-association and dissociation changes of the peptide in
response to heating. Reversibility describes whether or not the
peptide secondary structure is retained upon cooling.” For
example, self-associated peptide—drug''” or peptide—polymer
conjugates''”''* that aggregate in response to HT showed an
interesting increase in the amount of drug molecules that could
be delivered to tumor tissue. The aggregation of the peptide in
response to temperature leads to the formation of self-assembled
nanoparticles or micelles and if the peptide is tagged with
targeting ligands improvements in target specificity could be
achieved by constructing multivalence targeting nanoparticles.''*
In the opposite case, if peptide micelles dissociate by HT, this can
facilitate the diffusion of monomeric peptides into the tumor.*”
Examples of different biopolymers used in the design of TSL are
summarized in Table 2. The “host” liposomal system, the types of
thermosensitive biopolymers used, and their LCST are
explained.

Coiled-coil leucine zipper peptides present an interesting
example of temperature-responsive biopolymers that have the
ability to dissociate above their melting temperature. Coiled-coil
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peptides composed of two or more a-helices self-assembled to
form dimers or higher-order superhelix structures.''®™"*
Leucine zipper peptide sequences are characterized by heptad
repeats (abcdefg) of 7 amino acids (Figure 9A). At appropriate
pH and temperature conditions, the naturally unfolded peptide
self-associates, adopting an a-helix conformation that exposes
the hydrophobic a and d residues on one side of the helix.""®
Above the melting temperature, dissociation of the coiled-coil
structure occurs, leaving disordered peptide monomers.'”" The
ability to modulate the peptide transition temperature, its
conformational changes in response to heat, and its potential in
the field of drug delivery’”'*" make leucine zipper peptides
attractive components for the design of temperature-responsive
delivery vesicles.'**

Recently, we have described the previously unreported design
of a thermosensitive lipid-peptide hybrid system (Lp-peptide) by
self-assembly of the temperature-sensitive coiled-coil leucine
zipper peptide within the lipid bilayer of DPPC:DSPC:DSPE-
PEGjgpo (90:10:5) (Figure 10). This system combines the

HT

Self-associated a-hdix bundle
(Closed pore)

Disordered conformation
{(openpaore)

Figure 10. Schematic representation of temperature-triggered release
from Lp-peptide hybrids.

traditional temperature-responsive liposome technology with the
dissociative/unfolding properties of a leucine zipper sequence
peptide to allow better control, modulation, and timing of drug
release under mild hyperthermia while maintaining good drug
retention.'"> The Lp-peptide hybrids exhibit a promising
enhancement in serum stability at physiological temperatures
as compared to LTSL without compromising the thermores-
ponsiveness of the system at 42 °C. The leucine zipper peptide
appears to be in an unfolded state at the higher temperatures
required for drug release.

In agreement with in vitro data, Lp-peptide hybrids retained
more than 50% of encapsulated DOX after intravenous
administration. Quantification of *C-DOX accumulation into
B16F10 tumor in combination with HT revealed a DOXlevel 1 h
after injection equivalent to that observed from LTSL tested
under the same conditions. Interestingly, the high drug retention
capability of Lp-peptide hybrids was clearly reflected in the 3-fold
increase in DOX tumor levels 24 h after injection as compared to
LTSL formulation.' " The increase in the early and delayed DOX
tumor levels from Lp-peptide hybrids makes this system
interesting for both intravascular and interstitial triggered drug
release' as will be discussed in more detail in section 3.2.
Similarly, Jadhav et al. have recently reported the design of self-
assembled TSL by mixing PC:DSPE-PEG,, liposomes with
mutated coiled-coil temperature-sensitive peptides prior to
liposome formation. In this case, a-isoleucine amino acid is
replaced by y-isoleucine at the hydrophobic positions of the
heptad repeats (d position) as shown in Figure 9B.
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Figure 11. Different strategies used for the design of TSL-NPHs. (A) Three main strategies have been reported for the preparation of TSL having
metallic nanoparticles: encapsulation, lipid bilayer embedding, or surface adsorption/complexation. (B) Chemical structures of the coatings used for

surface functionalization of metallic nanoparticles.

The selective insertion of y-isoleucine amino acids led to
perturbation of both hydrophobic and ionic forces responsible
for the coiled-coil peptide stabilization and resulted in thermal
dissociation at approximately 40 °C as compared to 67 °C for the
nonmutated heteromeric peptides.''® As a proof of concept, CF
dye was used to test the thermal sensitivity of these liposomes. As
expected, thermally induced dye release (at 40 °C) was observed
only from liposome peptide hybrids having the mutated coiled-
coil peptides as compared to no significant release from
nonmutated peptides.''®

Another example of temperature-responsive biopolymers are
the elastin-like polypeptides (ELPs) that have shown promising
results in cancer therapy, due to their ability to deposit and switch
conformation in heated tissues and tumors. ELP consists of
repeated pentapeptide, and its transition temperature can be
adjusted according to the length,'** sequence, concentration,'**
ionic strength,lzs’lzé and the fusion to other molecules.'*” Below
its transition temperature, ELP is present in soluble form that is
stabilized by hydrogen bonds formation with the water
molecules. Above the transition temperature, intramolecular
hydrophobic interactions of ELP resulted in a change in its
conformation from a random coil to a f-turn forming gel-like
phase."'"'** Chilkoti’s lab has rationally designed several ELPs
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that respond within the range of mild HT by optimizing their
sequence and molecular weight and showed that ELPs retain
their thermal properties after chemical conjugation.'”® Using
fluorescently labeled ELP, they have also showed that cellular
uptake of thermally sensitive ELP increased above the phase
transition into three different cell lines as compared to the
thermally inactive ELP.'”” This effect was mainly due to
increased hydrophobicity of the peptide above the phase
transition temperature that enhanced interactions with cell
membranes.'** Recently, DOX-loaded liposomes modified with
the thermosensitive ELP have been designed by covalent linkage
of the peptide to the terminal end of the DSPE-PEG,, (Figure
9D). These liposomes showed enhanced cellular uptake by
tumor cells after heating at the transition temperature of the
peptide as a result of the peptide dehydration at the liposomal
surface. ELP dehydration after heating at 42 °C was also
associated with liposome aggregation (up to 600 nm) as a result
of the interaction of ELP molecules at the liposomal surface.
Despite contraction of ELP on the liposomal surface, this was not
enough to induce drug release. This might be explained by the
rigid nature of the liposomes used and the long distance between
the peptide and lipid bilayer.""” This problem was resolved by
Kim et al, who described the incorporation of ELP into
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temperature-sensitive lipid bilayers using a monostearyl hydro-
carbon tail covalently linked to ELP (Figure 9E)."'"13% These
liposomes were temperature-sensitive and composed of
DPPC:CHOL:DSPE-PEG,q), and therefore less rigid as
compared to the previous example. The amount of drug content
release in response to hyperthermia was balanced by the
phospholipid content, cholesterol, and ELP length and
concentration. Incubation of these liposomes in 20% serum at
42 °C released more than 95% of encapsulated DOX in 10 s while
maintaining good DOX retention at 37 °C. This might be
explained by the short chain length of ELP and the close
proximity to the lipid bilayer, so that the conformational changes
above the transition temperature could be responsible for the
disruption of the dynamic equilibrium within the lipid
membrane.'"!

Intravenous injection of these liposomes into squamous cell
carcinoma (SCC-7) tumor bearing mice in combination with
HIFU immediately after injection showed promising tumor
growth regression, particularly in the first 2 days after treatment
as a result of intravascular drug release.''" Similar to the Lp-
peptide hybrid system, ELP-TSL also proved to be effective in
controlling tumor growth when heated 6 h after intravenous
administration to achieve maximum tumor accumulation."*
Although the field of TSL based on biopolymers is still in its
infancy, the examples presented above demonstrated the
opportunities of harnessing the interesting thermal properties
of bilolfé)olymers for successful tuning of drug release at the disease
site.

2.4. Metallic Nanoparticle-Based TSL (TSL-Nanoparticle
Hybrids)

Liposomes and nanoparticles may be clinically approved as
separate entities; however, the field of liposome—nanoparticle
hybrids is still relatively new and represents a promisin%
approach for the design of multifunctional delivery systems."
Liposome—nanoparticle hybrid engineering involves either
encapsulation of nanoparticles inside the aqueous core of
liposomes, embedding within the lipid bilayer, or surface
adsorption onto the liposome surface and complex formation
(Figure 11)."*""** Such hybrid systems combine the inherent
properties of both liposomes and nanoparticles and present
potentially innovative multifunctional platforms for therapeutic
and imaging applications. In addition, the incorporation of
metallic nanoparticles can be used as a heating source when
exposed to external stimuli such as alternating electromagnetic
field (MF) or light.133’_13’5

Nanoparticle-enhanced HT by means of radiofrequency (RF)
or photothermal heating has been used to heat local malignant
tissues to temperatures between 40 and 45 °C or for thermo-
ablative therapy (>S50 °C) to induce cellular necrosis and
apoptosis by denaturing of intracellular proteins.'**”"**
Furthermore, nanoparticle-induced HT proved to have a
synergistic effect when used in combination with chemo-
therapy.*>"*” HT induced with metallic nanoparticles can
address some of the problems encountered with conventional
HT techniques such as the difficulty in applying heat to deep or
not readily accessible tumors.'*" An example of such approach is
the use of iron oxide nanoparticles for the generation of magnetic
HT,"”” which has been clinically tested for glioblastoma
multiforme’*>'*' and prostate cancer.'**'*’

When used in conjunction with liposomes, nanoparticle-
induced HT can provide a tool for triggered local drug release
and theranostic applications. An example is the folate-targeted
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magnetic liposomes developed by Pardhan et al. that
coencapsulated iron oxide nanoparticles and DOX. These
targeted magnetic liposomes depicted a significant increase in
cellular uptake equivalent to free DOX and a synergistic cytotoxic
response after triggered release with magnetic HT. Besides the
biological targeting against folate receptor, this system can be
magnetically guided toward the target of choice."”

2.4.1. Engineering of TSL-Nanoparticle Hybrids (TSL-
NPHs). The design of TSL-NPHs can be divided into three main
strategies, by encapsulation into the aqueous core of the
liposome, lipid membrane embedding, and surface adsorption/
complexation (Figure 11).

Encapsulation of preformed metallic nanoparticles into the
core of the liposomes is the simplest and can be prepared by thin
film hydration,"* reverse 6phase evaporation, **'* or inter-
digitated phase transition.'** The critical parameters in designing
this type of TSL-NPHs are the colloidal stability of the
nanoparticle solution and the diameter of the nanoparticles
that must be smaller than the diameter of the vesicle aqueous
core. The concentration of nanoparticles also restricts the
available volume for coencapsulation of other water-soluble
molecules."’

The incorporation of metallic nanoparticles into the lipid
membrane is influenced by the differential osmotic pressure
across the lipid membrane and the repulsive and attractive forces
between the lipid membrane and the nanoparticles.*" Tt also
requires the nanoparticles to be hydrophobic with a size that is
comparable to or smaller than the thickness of the lipid
membrane (5 nm)."*” For larger nanoparticles, lipid molecules
can be distorted significantly to accommodate the hydrophobic
nanoparticles with sizes larger than their acyl chain length. This is
in agreement with the accommodation of large transmembrane
proteins within the cell membrane.'** Nanoparticle adsorption
or complexation forms when hydrophilic nanoparticles are
coupled to the surface of liposomes by attractive forces or
electrostatic interaction. This type of TSL-NPHs is relatively
easier to prepare by mixing metallic nanoparticles with
preformed liposomes. Nanoparticles incorporated into the lipid
membrane or adsorbed onto liposome surfaces may have the
advantage of providing direct local heating of the bilayer when
exposed to external stimuli.®'*'**1%0

2.4.2. Applications of TSL-NPHs. The applications of TSL-
NPHs are determined by the type of nanoparticles, the “host”
lipid bilayer, and the interaction between the nanoparticles and
the lipid membrane. In general, TSL-NPHs have the advantage
of shielding the nanoparticles, which reduces their interaction
with external molecules and increases their biocompatibility.'*'
TSL-NPHs increase nanoparticle cellular uptake, which is
important for imaging and hyperthermia applications.'>" Besides
being a carrier for nanoparticles, TSL-NPHs with thermosensi-
tive properties can overcome the limitations of conventional TSL
by offering site-specific drug release utilizing nanoparticle heating
to control the onset and duration of drug release.'*”"

The imaging and thermal characteristics of gold nanoparticles
are related to their enhanced surface plasmon resonance
properties. The latter allows absorbed light at certain wave-
lengths to cause oscillation of surface electrons and,
subsequently, local heat generation. Heat generation can be
controlled by the intensity of the laser light, duration of exposure,
and the concentration of gold nanoparticles.'>® Photothermal
energy can then transfer into the lipid membrane, leading to
phase transition of the bilayer from gel fhase to liquid crystalline
phase, causing triggered drug release.'"”
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Table 3. TSL-NPHs Decorated with Gold NPs

liposomal formulation NPs type/size coating position dye/drug function refs
DPPC spherical NPs (3—4 nm) stearyl amine lipid membrane concentration-dependent 156
increase in membrane
fluidity
DPPC:DSPC spherical NPs (2.5 nm), spherical NPs (2.8 C6-SH, MSA,  lipid membrane, calcein UV light triggered release 157
nm), DPPE-nanogold (1.4 nm) DPPE core, surface (250 nm)
adsorbed
DPPC nanoshell (33 nm) SH-PEG-lipid  core/lipid CF NIR triggered release 146
linker membrane/ (820 nm)
surface adsorbed
DPPC:DPTAP:CHOL spherical NPs (20 nm) NR complex CF NIR triggered release 135
(830 nm)
DSPC:DPPC spherical NPs (2.5 nm), spherical NPs C6-SH, MSA lipid membrane, calcein UV triggered release 150
4 nm core (365 nm)
DPPC:CHOL:DSPE-PEG,y, DPPE-nanogold (1.4 nm) DPPE surface adsorbed cellular uptake enhancer 151
EPC:CHOL spherical NPs (S nm) di-2-ethylhexyl ~ lipid membrane berberine UV light triggered drug 158
sulfosuccinate release (250 nm)
EPC:CHOL spherical NPs (S nm) sodium dioctyl  lipid membrane berberine UV light triggered drug 149
sulfosuccinate release (250 nm)
DPPC:HSPC:CHOL:DSPE-  hollow gold nanospheres (30—50 nm) OMP surface adsorbed DOX NIR triggered release 159
PEG0” (808 nm)
“This study represents TSL-NPHs that progressed to preclinical evaluation.
Table 4. TSL-NPHs Decorated with Silver NPs
liposomal formulation nanoparticle type/size coating position dye/drug function refs
DPPC spherical NPs (4 nm) stearylamine lipid membrane increase lipid membrane fluidity 160
DPPC spherical NPs (5.7 nm) decanethiol lipid membrane reduce T, and increase lipid membrane fluidity 148
Table 5. TSL-NPHs Decorated with Iron Oxide NPs
liposomal formulation nanoparticle type/size coating position dye/drug function refs
DPPC Fe;O, NPs (5—10 nm) dextran core S-FU MEF-induced drug release 145
DPPC:CHOL" 7-Fe,03 NPs (10 nm) glutamic core MTX magnetic targeting 144
acid
DPPC:CHOL 7-Fe,O; NPs (45—60 nm) dextran core CF MF-induced release 161
DPPC 7-Fe,0O; NPs (5 nm) oleic acid lipid CF MF-induced release 4
membrane
DPPC:CHOL:DSPE- Fe;O, NPs (10 nm) SH core calcein/ MF-induced release by HT 139
PEG(2000)DSPE-PEG(2000)- DOX
folate
DPPC:CHOL Fe;O, NPs (12.5 nm) NR core lipid bilayer temperature 162
measurement with anisotropy
DPPC:CHOL” MngsZn,sFe,0, NPs (20-30 nm)  NR core As, 04 MF-induced drug release by HT 163,164
EPC:DSPE-PEGS000- Fe,0, NPs (12 nm) oleic acid lipid pyranine MF-induced release by HT 109
p(EOEOVE-ODVE) membrane  dye
DPPC:DSPC/ 7-Fe,O; NPs (7 nm) citrate core imaging/targeting and HT 165
DPPC:DSPC:DSPE-PEG ligands
2000:Rhod-PE*
DPPC:HSPC:CHOL:DSPE- 7-Fe,0; NPs (S nm) phosphate core HIFU-MR imaging 166
PEG,000 salt

“These studies represent TSL-NPHs that progressed to preclinical evaluation.

Similarly, the magnetic characteristics of iron oxide nano-
particles (magnetite or maghemite) can be used for both imaging
and magnetic heating. Iron oxide nanoparticles are approved as a
contrast agent for MRL. Moreover, magnetic drug targeting by
application of static magnetic fields and magnetic heat generation
by exposure to alternated magnetic fields is now possible. It
follows that magnetic hyperthermia is considered as a
physiologically accepted noninvasive heating method having
good tissue penetration capability.'>*'>> For the reasons listed
above, interest in design TSL-NPHs has increased. Recent
examples of this type of TSL decorated with gold, silver, and iron
oxide nanoparticles are listed in Table 3, Table 4, and Table 5,
respectively.
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Passonen et al. have shown that incorporating 2—4 nm gold
nanoparticles into DPPC:DSPC TSL can trigger calcein release
after 5—10 min of continuous exposure to UV light at 250 nm.
Three different types of TSL-NPHs were compared including
nanoparticles encapsulated, membrane embedded, and surface
adsorbed. The highest content release was observed from
membrane embedded Au-C,SH NPs and surface adsorbed
DPPE-nanogold NPs. The reason behind that was the potential
of direct heat transport from the nanoparticles to the liposomal
bilayer as compared to encapsulated gold nanoparticles (Au-
MSA)."”” However, the penetration depth limitation and the
danger of lonsg-term exposure to UV light restrict their clinical
applications.””"*” To overcome this limitation, the design of
TSL-NPHs for triggered drug release in the near-infrared region
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is required. NIR can penetrate up to 10 cm, allowing noninvasive
heating of significant areas of the body."®”

Alternative to spherical gold nanoparticles, other components
such as silica/gold nanoshells (AuNSs)'®® and gold nanorods
(AuNRs)"** can all be equally effective for thermal generation.
AuNSs are spherical nanoparticles that are comprised of silica
cores covered by thin gold shells developed by Oldenburg et al.
through molecular self-assembly and colloidal reduction of gold
onto silica nucleation sites.'® Interestingly, the optical proper-
ties of AuNSs can be adjusted by controlling the size of the
dielectric silica core and the surrounding solid gold shell."*
While the maximum absorption of gold nanoparticles usually
occurs around 520—575 nm depending on the size,' "’ the optical
resonance of these nanoshells can be tuned to longer
wavelengths beyond the visible region (near-infrared), where
blood and tissue scattering is minimized.'”" Optical tunability
can be obtained by adjusting the gold:silica ratio with a thinner
gold shell leading to a red shift toward longer wavelengths as
illustrated in Figure 12.'7°

v

Increasing core: shell ratio

60 nm core radius 60 nm core radius

20 nm shell 5 nm shell
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Figure 12. Optical tunability of AuNSs absorbance by changing the core
to shell ratio. Adapted with permission from ref 169. Copyright 1998
Elsevier.

AuNSs have shown promising results for photothermal cancer
therapy'”' and bioimaging.'”* The photothermal properties of
AuNSs result from the ability to absorb light resonant with the
nanoshell plasmon energy and then release it in the form of
thermal energy. Following the initial electronic excitation of
AuNSs by absorption of resonance light, rapid relaxation in the
form of electron—electron scattering resulted in fast heating of
the metal surface and the surrounding medium at the
nanostructure level.'”* This rapid local increase in temperature
is behind the photothermal therapeutic effect of AuNSs that has
already progressed into clinical trials.'”* The photothermal effect
of AuNSs was previously demonstrated in mice by direct
injection of PEGylated nanoshells into the tumors followed by
exposure of NIR light (820 nm). Following NIR irradiation, a
tumor temperature increase within 4—6 min to around 37.4 + 6.6
°C was associated with irreversible controlled thermal
damage.'” In another subsequent study to determine the
therapeutic efficacy of AuNSs, tumor growth and animal survival
were monitored up to 90 days following intravenous
administration of PEGylated AuNSs of approximately 130
nm.'”® AuNSs were allowed to accumulate into the tumor over
6 h before irradiation with NIR laser light at 808 nm over 3 min. A
significant difference in tumor growth was observed with
complete regression in the tumor within 10 days after
treatment.'”

Recently, AuNSs have also been used for the design of TSL.
Examples of that are DPPC liposomes decorated with hollow
gold nanoshells following different association strategies,]46 such
as DPPC:DPTAP:CHOL-gold nanoparticles complexes'*” and
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DPPC:HSPC:CHOL:DSPE-PEG,4o, hollow gold nano-
spheres."*” NIR light absorption by the gold nanoparticles can
be converted into heat by surface resonance resultin% in the
release of encapsulated dye'” or drug molecules.”” The
percentage of content release is highly dependent on the
proximity of the nanoparticles to the lipid bilayer. These results
also strongly suggested that the mechanism behind trigger
release can be either due to formation of transient pores or due to
the mechanical disruption in the lipid membrane.'*>'*¢

AuNRs represent another interesting example of gold-based
materials for photothermal therapy. In this case, surface plasmon
resonance is greatly affected by the shape and aspect ratio of the
nanorod. Similar to spherical gold nanoparticles, AuNRs showed
absorption near 520 nm, but they also have a second dominant
surface plasmon band at higher wavelength that correlates with
their axial length.'”” Recently, Agarwal et al. showed that
codelivery of DOX-loaded TSL and AuNRs can effectively be
used to increase tumor temperature after exposure to NIR light
with subsequent drug release.'”® This was evidenced as tumor
growth regression and longer survival (up to 60 days) observed
in mice that received both TSL and AuNRs after exposure to NIR
light as compared to other groups that received only one type of
treatment.'”® We have also reported the design of liposome-
AuNRs hybrids by self-association of AuNRs within the lipid
bilayer of nonthermosensitive DOTAP:CHOL liposomes for in
vivo imaging purposes. Liposome-AuNRs hybrids showed a high
degree of colloidal and optical stability that was maintained after
in vivo administration. High resolution deep tissue imaging was
achieved after local injection into the brain and tumor.'”
Although this system was not designed for heat trigger release, it
highlighted together with the previous study the potential of
developing AuNR-based TSL.

Only a few studies have been reported on the development of
TSL-NPHs containing silver nanoparticles. These studies were
mainly concerned with the effect of nanoparticles on TSL
membrane fluidity and T,."**'®° On the other hand, many
examples of TSL decorated with iron oxide NPs have been
previously reported. Most of these studies concentrated on
investigating the release of a model dye'*”'®" or drugs'*>'**'%*
from TSL-NPHs incorporating maghemite (y-Fe,O;) or
magnetite (Fe;O,) nanoparticles in the liposomal core or into
their lipid membrane. Parameters controlling the release process
were compared including lipid:nanoparticle ratios” and the
duration and intensity of electromegnetic field (MF) applied.”
Increasing the number of incorporated nanoparticles decreases
spontaneous content leakage without MF, due to their lipid
membrane-stabilizing effect, and increases drug release by MF
application.” The earliest example of thermosensitive liposomes
decorated with iron oxide nanoparticles described by Viroon-
chatapan et al. encapsulated Fe;O, NPs (10 nm) into the core of
DPPC:CHOL liposomes. Successful single and multiple release
of S-fluorouracil (5-FU) was achieved after heating with a 500
kHz electromagnetic field.'*> The mechanism of release from
iron oxide decorated TSL is a combination of enhanced
permeability and partial vesicular rupture.® Recently, Katagiri et
al. described a new approach for magnetic controlled drug release
from polymer-modified TSL incorporating hydrophobic iron
oxide nanoparticles in the lipid membrane. The temperature-
sensitive component of this system is EOEOVE-ODVE block
copolymer anchored into EPC liposomes by the ODVE moiety.
The release of fluorescent dye (pyranine) from this hybrid
system was dramatically increased by MF irradiation as
compared to a negligible release under static conditions. The

DOI: 10.1021/acs.chemrev.5b00578
Chem. Rev. 2016, 116, 3883—-3918


http://dx.doi.org/10.1021/acs.chemrev.5b00578

Chemical Reviews

Table 6. Different Examples of Actively Targeted TSL

system TSL composition targeting ligand target ref
Mab anti-H2K DPPC palmitoyl anti-H,K Mab H,K antigen on tumor cells 198,205
anti HER2 affisomes  DPPC:Mal-DSPE-PEG,,,:DSPE- anti-Her2 affibody HER2-positive tumor cells 199
PEGa0
folate-targeted DPPC:CHOL:DSPE-PEG,,:DSPE- folate folate receptor 139
magnetic TSL PEG,o-folate
anti HER2 TSL DPPC:MPPC:DPPG:DSPE- trastuzumab Mab Her-2 overexpressing mammary epithelial cells 201
PEGi000:DSPE-PEG,0NPHS
LLO anti HER2 TSL DPPC:MPPC:DPPG:DSPE-PEG;,9,- trastuzumab Mab Her-2 overexpressing mammary epithelial cells 202
NPHS
anti CD-13 NGR DPPC:MSPC:DSPE-PEG,yo cyclic pentapeptide CD13/aminopeptidase N overexpressed in tumor 197
targeted LTSL (Lys-Asn-Gly-Arg-Glu) vasculature and some tumor cells
cRGD-ELP-TSL* DSPC:DPPC:CHOL:ELP:DSPE- cyclic peptide (Arg-Gly-Asp)  avf33 integrin, which is overexpressed on tumor cells 196
PEG;09:DSPE-PEG,3p-cRGD and angiogenic vasculature
anti-MUC-1 TSL” DPPC:HSPC:CHOL:DSPE-PEG 9 hCTMO1Mab MUC-1 antigen on tumor cells 193
CREKA-LTSL DPPC:MSPC:DPPG:DSPE- tumor-homing peptide clotted plasma proteins in tumor vessels as well as 203
PEG 000 DSPE-PEG,5;-CREKA (Cys-Arg-Glu-Lys-Ala) tumor stroma
cRGD-TSL* DPPC:DSPC:DSPE-PEG,, cyclic pentapeptide integris overexpressed on tumor cells and angiogenic 204

(Arg-Cys-p-Phe-Asp-Gly)

endothelial cells

“These studies represent targeted TSL that has progressed to preclinical evaluation.

mechanism behind drug release is believed to be due to changes
in the thermosensitive polymer conformation by the heat
released from excited Fe;O, nanoparticles rather than the
disruption or rupture of the hybrid systems.'*’

The therapeutic effect of iron oxide-TSL at the cellular level in
combination with magnetic HT revealed a significant enhance-
ment in cytotoxicity and resulted in effective inhibition of cell
proliferation."*”'** Zhu et al. showed increased accumulation of
DPPC:CHOL liposomes encapsulating methotrexate (MTX)
and y-Fe,O; NPs in the skeletal muscular tissue in vivo by
application of constant magnetic field as compared to the
absence of the magnetic field. This observation suggested the
potential of iron oxide TSL for magnetic targeting.'** In another
in vivo study by Wang et al, significant VX2 tumor growth
retardation in rabbits was achieved from As,0;-loaded
thermosensitive magneto-liposomes. The liposomes were
administered arterially via a trans-catheter in combination with
magnetic HT.'*

In addition to triggered drug release, TSL-NPHs decorated
with iron oxide nanoparticles can have a great role in MR
imaging. A change in the MR signal of the encapsulated iron
oxides around the phase transition of liposomes is expected
because the T2 signal of clustered iron oxide nanoparticles is
much stronger than that from dispersed nanoparticles.
Encapsulation of iron oxide nanoparticles into liposomes
decreases the longitudinal relaxivity as compared to free
nanoparticles due to restricted water movement across the
lipid membrane.'*® Promising in vivo imaging studies of
magnetic TSL have been reported by Bealle et al., suggesting
their potential in monitoring tumor accumulation after in vivo
administration.'®®

The field of TSL decorated with metallic nanoparticles
presents a promising area for the development of multifunctional
delivery systems. Further studies are warranted to optimize the
choice of TSL formulation, drug leakage at physiological
temperatures, and the biocompatibility of the TSL-NPHs. Co-
encapsulation of therapeutic drugs and nanoparticles needs more
optimization as well. Most of the described studies showed the
encapsulation of a single component (either a model fluorescent
dye or a therapeutic molecule), and only few studies examined
the coencapsulation possibility."*”'**'°* Further in vivo
evaluation of the performance of those systems is required to
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optimize their therapeutic potential, in addition to the need for
the development of proper clinical techniques for application of
MF and NIR light and to control their penetration depth into
tissues.

2.5. Targeted TSL

In contrast to passive targeting of liposomes, which depends on
the EPR effect, active targeting relies on engineering of the
liposome surface with targeting ligands. These ligands can be
peptides, antibodies, or antibody fragments that bind sPeciﬁcally
to overexpressed receptors at their target site."*>'*" Because
PEGylated liposomes are taken up by tumor cells in vitro and in
vivo in a more compromised manner,"** active-targeting can
improve target cell recognition and cellular uptake resulting in
increased therapeutic potential.'*>'** Despite the great amount
of preclinical work performed in the field of actively targeted
nanomedicines (including liposomes), their use in the clinical
setting is yet to be proven, and only few have progressed into
clinical trials. The latter were those designed to improve cellular
uptake of certain therapeutics that have, otherwise, no cellular
access capability to intracellular targets. An example are
cyclodextrin polymeric nanoparticles targeted against transferrin
receptor that act by improving siRNA cytoplasmic delivery.'”

The reason why ligand-targeted nanomedicines have so far
failed to show significant effectiveness lies in the number of
anatomical and physiolo§ica1 barriers that limit their accumu-
lation into target sites.'”'®> Among the most common barriers in
solid tumors are the high cellular density and the elevated
interstitial fluid pressure. In addition, several cell layers are
present between endothelial cells and tumor cells such as
pericytes, smooth muscle cells, and fibroblasts. As a result, the
accumulation and penetration of actively targeted delivery
systems into solid tumors showed no great difference as
compared to passive targeting. However, promising therapeutic
activity could be achieved when the targets are easier to reach
such as tumor blood vessels,'®® metastatic tumors,'®” blood
cancers,"®® and toward targeting ligands that have cellular
internalization capacity.189

In addition to that, the use of extravasation and penetration
enhancers, such as drug molecules including TNF-a, hista-
mine,"”’ matrix-degrading enzymes (e.g, hyaluronidase),lg1 or
nonpharmacological treatments such as radiotherapy,'”> can
strongly improve drug delivery from targeted liposomes. In
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addition, mild HT may act as a physical alternative to the
accumulation of targeted liposomes at the tumor site because HT
is able to increase nanoparticle extravasation via several
mechanisms such as increasing tumor vascular permeability
and blood flow. We and others have proven recently that local
heat application can be used to enhance in vivo tumor
accumulation of antibody-targeted liposomes."”*

The other critical issue for active-targeted liposomes is the
need for effective content release following their accumulation at
target sites.'”* To increase the therapeutic potential of liposomal
anticancer drugs, interest in developing new generation of
liposomes that combine the advantages of both active-targeting
and triggered-release has increased including ligand-targeted
TSL. Table 6 summarizes the different examples of actively
targeted TSL. Studies with targeted TSL showed that the
liposomes reserve their temperature sensitivity after conjugation
to the targeting ligands, and this significantly increases the
specific uptake and internalization into tumor cells. Furthermore,
the potentiation of intracellular content release by exposure to
external HT significantly improves cytotoxic activity.'>”'**!%

Targeted TSL can be useful in slowing the transient time in the
blood by targeting antigens expressed in the tumor vascula-
ture.'”*'”” The cyclic NGR-targeted LTSL against tumor
vascular CD13 antigen is such an example.197 In addition,
targeted TSL can also be directed toward tumor-specific or
tumor-associated antigens. Once bound to the specific antigen
on their target tumor cells, targeted TSL can then release their
contents by the application of HT either at the surface of the
cells'” or inside the tumor cells after conjugation to an
internalizing ligand.lgg”l%’199 Moreover, Kullberg et al. have
recently reported that cytoplasmic delivery of anti-HER2 TSL
can be further improved by attaching them to a pore-forming
protein, listeriolysin O.>°°~*** To further increase the potential
of targeted TSL for intracellular delivery, multifunctional
targeted TSLs have been developed by coencapsulation of
magnetic nanoparticles and doxorubicin. This approach attains
advantages from both biological (active) and physical (passive)
targeting by the application of an external magnetic field. In this
case, magnetic nanoparticles can also be utilized for the
generation of local heat by application of an alternating magnetic
field that allowed triggered drug release and further enhanced
their uptake by the cells."*”

Dual targeted capacity can also be obtained by surface
functionalization of TSL with target ligands that can bind to
receptors on tumor cells as well as the angiogenic endothelial
cells.”**** Wang et al. have shown recently the surface
modification of LTSL liposomes with CREKA (Cys-Arg-Glu-
Lys-Ala) penta-peptide that recognize clotted plasma proteins in
tumor vessels as well as tumor stroma to trigger drug release from
LTSL in the vasculature and stroma of the heated tumor. In vivo
optical imaging studies of Cy7-labeled CREKA-LTSL at multiple
time points after injection into MCF-7/ADR tumor bearing mice
showed higher signals as compared to nontargeted LTSL at all-
time points tested.””* In another study, Dicheva et al. developed
cRGD TSL that can efliciently recognize tumor cells and
endothelial blood vessles. In vitro cellular uptake studies showed
an increase in cellular level by both cancer cells (B16F10
melanoma and B16B16 melanoma) and HUVEC cells; however,
in vivo intravital microscopy using B16B16 melanoma tumor
model revealed specific accumulation into the tumor vasculature.
Application of 1 h HT at 42 °C resulted in dramatic drug release
from cRGD TSL bound to tumor vasculature.””*
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Only a few in vivo studies have been reported using targeted
TSL, and in these studies HT is mainly applied a few hours after
injection (2—S5 h) to trigger drug release from targeted TSL after
tumor uptake.”*”*** Recently, we have investigated the effects of
HT on anti-MUC-1 targeted TSL tumor accumulation and their
ensuing therapeutic effect in vivo using different heating
protocols. Contrary to previous studies with targeted TSL that
were mainly directed toward the tumor vasculature,”***** our
results showed that both nontargeted TSL and targeted (MUC-
1) TSL accumulated to the same extent when injected without
application of an initial HT session, similar to what was observed
in other studies because of their similar penetration into the
tumor.'® However, significant enhancement in anti-MUC-1
TSL tumor accumulation was achieved when combined with
mild HT as compared to nonheated conditions. Maximum tumor
accumulation levels were observed when anti-MUC-1 TSL was
administered with HT (2—3-fold increase in *C-DOX tumor
levels) as compared to other protocols. The observed intra-
tumoral increase of '*C-DOX from anti-MUC-1 TSL was
thought to be a result of enhanced retention of the liposomes. We
speculated that active binding and internalization via MUC-1
receptors on MDA-MB-435 tumor cells allowed them to be
retained in the tumor for a longer time and prevented them from
being washed out of the tumor vasculature and back into
systemic circulation. This increase in drug levels within the tumor
was reflected in a moderate improvement in tumor growth
retardation and survival, proving the potential role of mild HT as
a physical enhancer of actively targeted TSL.'”

2.6. Image-Guided TSL (Paramagnetic TSL)

An important issue in the design of triggered delivery systems is
to guarantee the release process at the correct timing, location,
and therapeutic dose needed. Ensuring this level of control
requires monitoring of both the liposomal tumor accumulation
and the drug release process. Progressive development in the
field of molecular imaging and nanotechnology inspired the
development of delivery systems that combine imaging and
therapeutic moieties (theranostics). Several studies have shown
the combined delivery of DOX and contrast agent from TSL. In
these cases, MR imaging was used to monitor drug release from
TSL and to track the liposomal tissue distribution providing
noninvasive and dynamic monitoring of drug release under
hyperthermic conditions. No nanoparticles were included for
this purpose in comparison with TSL-NPHs (Figure 13A).

It is important to note that these techniques monitor the effect
of contrast agent on the surrounding water protons rather than
the actual drug release process. However, because both the drug
and the contrast agent are available in the same compartment and
have similar release and distribution profiles, this can be used as
an indirect way to estimate the drug release profile.”"’
Encapsulation of low molecular weight MR contrast agents
into the aqueous compartment of the liposome affects the T,
relaxation time of accompanied intraliposomal water protons.
Water exchange between inside and outside of the liposomal
compartments is limited by its exchange rate across the lipid
bilayer. Therefore, the interaction of MR contrast agents with the
bulk water protons is restricted when encapsulated inside
liposomes as compared to free contrast agent, and this can be
used as an indirect measure of the water membrane
permeability.””” The release of MR contrast agent from TSL at
the T, of liposomes is associated with a dramatic decrease in the
T relaxation time of bulk water protons. This property has been
exploited for MR image-guided drug delivery.””® The increase in
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Figure 13. Paramagnetic TSL for image guided drug delivery. Schematic
illustration of different types of paramagnetic TSL used for image guided
drug delivery in conjugation with mild HT. (A) TSL encapsulating MR
contrast agent. (B) Multifunctional polymer-modified TSL surface
modified with MR contrast agent.
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MR signal after release of encapsulated MR contrast agent and
drug from liposomes provides information about spatial and
temporal drug release. This concept of MR-based drug
quantification is referred to as “dose-painting” or “chemo-
dosimetry” described by Viglianti et al. using TSL encapsulating
Mn** and DOX.**%*%

The release of contrast agents from TSL has been used to
image drug release in vivo. Good correlation was reported
between MR imaging and thermal ablation,”"° drug deliv-
ery,"**'"*'? and therapeutic efficacy.”””*"* The estimated DOX
tissue concentration determined from the shortening in T
relaxation time demonstrated a linear relationship with actual
DOX concentration quantified by HPLC and histological
fluorescence analysis. Imaging drug release from liposomes is
an important tool to control drug delivery. By using this
technology, release from DOX/Mn**-LTSL liposomes, encap-
sulating DOX and MR contrast agent (manganese sulfate,
MnSO,), administered during HT was detected immediately
upon entry into the heated tumor from peripheral circulation.
This observation indicated that the release profile from LTSL
liposomes was dependent on the tumor vascularization pattern,
as well as on tumor temperature at the time of injection.””’
Similar findings have been reported by de Smet et al. where MR
images revealed a variation in drug distribution in the tumor that
was related to the variation in the vascularization, permeability,
and the extent of a necrotic core.”'" The results of those studies
demonstrated the suitability of using real-time imaging of drug
release and distribution to optimize the choice of the HT
protocol and the patient selection process based on estimated
therapeutic efficacy (personalized medicine).”**"*
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has been used to image drug delivery frorré
21

Althouﬁh Mn?**
TSL,*?™ its toxicity can limit its clinical applications.
Gadolinium-based contrast agents are better alternatives because
their safety profile makes them more acceptable for clinical
applications. Much of the recent work in image-guided TSL
involved the use of Gd(HPDO4A) and in particular ProHance, a
clinically approved MR contrast agent coencapsulated into TSL
with DOX.°**'"*'7 Encapsulation of Gd(HPDO;A) inside
liposomes was not shown to interfere with DOX loading and
formation of DOX crystals inside liposomes.®®

In another example, Langereis et al. proposed an innovative
approach of image-guided drug delivery by using chemical
exchange saturation transfer (CEST) and "F-MR imaging to
monitor drug release from TSL. This was accomplished by
coencapsulating [Tm(HPDO;A)(H,0)], a thulium-based
chemical shift agent, and ammonium hexafluorophosphate
(NH,PF,) into the interior of a TSL. This allowed the
visualization of the intact liposomes (based on the CEST effect)
and the monitoring of drug release (based on '’F MR signal
restoration as a result of CEST MR signal loss).”"®

Paramagnetic TSL described above involved the encapsulation
of an MR contrast agent in the lumen of the liposome. An
alternative way to formulate paramagnetic TSL includes the
attachment of an MR contrast agent onto the liposomal surface.
Kono et al."® (Figure 13B) reported a type of polymer-modified
TSL that has Gd-dendrons attached to their surface. This was
used to probe liposome tumor accumulation but could not
monitor drug release because the MR contrast agent was not
encapsulated inside the liposomal aqueous compartment.'”® In
this case, T, shortening of surface-attached metal ions was
equivalent that of to the free metal ions.”'> Table 7 summarizes
recent studies using MR-guided drug delivery from TSL.

3. PHARMACOLOGICAL POTENTIAL OF TSL

3.1. Hyperthermia as a Treatment Modality for Cancer

HT has been identified for many years as a selective modality for
cancer therapy.”*’ Thermal ablation is based on direct heating of
the tumor to temperatures >50 °C for short durations (4—6 min)
using radiofrequency, laser, or microwave applied by a needle-
like applicator.””" The electrical applicator is usually positioned
in the center of the tumor, creating a central zone of high
temperature surrounded by peripheral areas of sublethal
heating.”** Although great emphasis was given to the use of
HT in ablative therapy, therapeutic effectiveness of this
treatment modality is usually restricted by the failure to get
complete tumor ablation especially at the tumor periphery and
close to blood vessels.”**

Mild HT (e.g,, 39—42 °C for 1 h), in the range between the
temperature required to ablate the cells and normal body
temperature, offers a lot of compelling advantages in cancer
therapy.”** Besides the well-known synergy offered by mild HT
when combined with anticancer drugs”****® and radiother-
apy,””* mild HT has a significant influence on tumor
pathophysiological parameters that favor improved nanoparticle
extravasation. HT is a well-established method to augment the
accumulation of liposomes™”” and other nanocarriers such as
polymeric nanoparticles,””® monoclonal antibodies,”” and
antibody fragments™ into solid tumors. This enhancement of
tumor accumulation by HT is due to the increase in local blood
flow”' and the improvement in microvascular permeabil-
ity.”*”**»**3 This increase in permeability is mainly due to
structural changes in the cytoskeleton of endothelial cells that
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Table 7. MR-Guided Drug Delivery from TSL

mal Formulation

Lipos

= MR Contrast
Dox Dose : i
(mol/mol)

MR-guided TSL co-encapsulate contrast agent inside the liposomal compartment

Animal /

SEm References
Maodel

HT Source and Protocol

Catheter

iz Rat/ 2
LTSL 10 mg / kg Mn Fibitsteming (60 min at 44 °C started I
before injection)
Catheter
LTSL Smg/kg  Mn” Rat/ “
omg/ Kg n Fibrosarcomas (60 min at 42 °C before and
/or with HT injection}
NHsPF; and
LTSL N/A Tm(HPDO;  Phantom Water bath i
A)
LTSL
TTSL N/A f(;“HPDO-‘ In vitro %
NTSL
Water bath
HaT 5mg / kg Gd-DTPA Mice/EMT-6 (60 4143 °C min started i
before injection)
MR-HIFU
LTSL Smg/ kg ‘;?‘HPDO-‘ Rabbit / VX2 (4 % 10 min at 0
41.5°C)
MR-HIFU
: Rat /9L
TTSL S5mg kg ﬁd(HPDO’ (2 = 15 min at 2
) gliosarcoma
41.5 °C after injection)
. MR-HIFU
—_— S Gd(HPDO; :i;" Ld . 219
mg/ kg A) 1aDAOmMYOSAre (3 x 15 min at 41 °C started
oma

immediately after injection)

MR-guided TSL surface modified with MR contrast agent

EYPC:CHOL:p(EOEOVE
-ODVE):PEG-PE:G3-DL-
DOTA-Gd (42:42:4:2:5-
10)

6mg/kg Gd

G3-DL-DOTA-

Radio Frequency / (10 min
HT at 44 °C 8 h after "
injection)

Mice/ colon
carcinoma 26

increase the pore cutoff size of the tumor.”””*** Mild HT
increases local blood flow by up to 2-fold*** and decreases tumor
interstitial fluid pressure (IFP lowered by 10-fold after 30 min
heating at 43 °C),”** therefore collectively enhancing the overall
tumor accumulation. Alongside the improved tumor extrava-
sation, mild localized HT can be used to boost local drug
bioavailability when combined with thermosensitive delivery

69,79
systems. "’

3.2. State-of-the-Art of the Clinical Translation of
Temperature-Sensitive Vesicles

As mentioned above in this Review, the ultrafast drug release
properties of some TSLs (e.g, LTSL) offered a new paradigm of
liposomal drug release as compared to nontemperature-sensitive
liposomes that depended mainly on the EPR effect to enhance
localization into tumors, but did not improve drug release and
bioavailability. Previous studies suggested that the ultrafast drug
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Figure 14. Hyperthemia (HT) protocols that can be used to enhance drug delivery from TSL. The combination of HT and liposomes can be utilized to
enhance the drug release from TSL in two different approaches based on the timing between liposome administration and heat application. In the
intravascular release approach, TSL are administered during the heating process, resulting in drug release inside blood vessels, when reaching the heated
area (drug release is represented by the red gradient seen in the blood vessels). This process is then followed by uptake of the drug by both tumor and
endothelial cells. The increased vascular permeability of the blood vessels in response to the first HT treatment increases the level of vesicle
accumulation in the tumor. The interstitial release approach takes advantage of the fact that stealth small-sized liposomes have the ability to extravasate
through the malformed tumor vasculature as compared to normal blood vessels. After tumor accumulation, a second HT session is applied to trigger
drug release interstitially (drug release is represented by the red gradient outside the blood vessels and among tumor cells).

release prolife allows immediate content release when arriving at
the heated tumor vasculature.*”**® This type of drug release is
called the “intravascular release” approach (Figure 14).”
Manzoor et al. have shown that intravascular drug release can
also increase free drug penetration into the tumor interstitium in
a concentration gradient manner by real time confocal imaging of
doxorubicin using skin-fold window chambers.”” A key
parameter for the success of the intravascular release approach
using LTSL is the inherent affinity of DOX toward cells of the
vascular endothelium leading to cellular uptake. Removal of
DOX from the interstitial space by cellular uptake helps maintain
the concentration gradient between the high intravascular drug
levels and the extravascular concentration that results in
enhancement of perivascular penetration.®”

Such intervascular triggered release may be theoretically also
relevant to different drug molecules other than DOX.
Presumably, rapid vascular release might not be as beneficial if
the specific drug molecules are cleared through blood flow faster
than their affinity and adherence to the tumor vascular bed and,
subsequently, interstitium. This observation has been reported
recently by Allen and colleagues using lysolipid-based
thermosensitive liposomes encapsulating cisplatin.>*” The
physical properties of cisplatin are significantly different from
those of DOX, which may limit tissue accumulation, penetration,
and membrane permeability of cisplatin. The tendency of
cisplatin to be cleared into the systemic blood circulation is very
probable. Despite these fundamental molecular differences,
thermoresponsive intravascular release of cisplatin was able to
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increase drug levels in a cervical (ME-180) tumor model as
compared to free drug and proved to contribute to significant
improvements in therapeutic efficacy.””” This example demon-
strated once more the critical importance of the bioavailable drug
fraction to achieve therapeutic benefits.

The combination of TSL and HT can also be tailored to
achieve interstitial drug release after extravasation into the tumor
tissue. HT enhances liposome extravasation; therefore, the
application of a first HT session prior to TSL injection would be
useful to increase tumor vascular permeability. Once vesicles
extravasate into the tumor, subsequent HT sessions can be used
to trigger interstitial drug release (Figure 14).”> The duration of
the second heating can be adjusted according to the drug release
profile of the TSL system. This can vary according to the vesicle
properties from ultrafast release within less than 1 min to a slow
release over 1 h.*” The choice and the sequence in which HT and
TSL can be administered is critical to achieve the required
therapeutic efficacy, because the action of TSL depends on the
HT protocol selected as well as the activity of the drug itself.”"”

Most of the previously published preclinical studies of TSL in
combination with mild HT have focused on early triggered dru
release, where HT was applied directly after injection®>>' >33
or shortly after (1—3 h) while the TSL vesicles are still circulating
in the bloodstream.”*”**" A limited number of studies were
designed to trigger content release from TSL after accumulation
into the tumor.'*”'***! We have shown using dual-radiolabeled
TSL and NTSL that the accumulation of both lipid and drug
molecules 24 h after administration was directly proportional to
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Table 8. HT Protocols Used for Trigger Release from TSL

HT Source End Point
TTSL DOX Water bath (1 h at 42 °C) -Tumor uptake | h after HT A
1 h after injection
2nd HT 24 h after injection -Drug release (Data not shown)
LTSL DOX Water bath (1 h at 42 °C) -Tumor uptake -immediately after HT L4
TTSL immediately after injection -Growth delay -3% tumor volume or up to 60
days
NTSL
LTSL DOX Water bath (1 h at 42 °C) -Growth delay 5x tumor volume or up to 60 "
days
TTSL immediately after injection :
NTSL
PEG-TSL DOX RF (20 min at 42 °C) “Tumor uptake -5 min after HT 2
3 h after injection -Survival -Up to 90 days
DPPGOG-CF CF Water bath (1 h at 42 °C) -Tumor uptake up to 6 h after HT 3
immediately after injection
LTSL DOX HIFU (15-20 min 42 °C) -Tumor uptake - immediately after HT 2
NTSL immediately or 24 h after -Time to reach 500 mm’
iniecti
S -Growth delay
LTSL DOX & Catheter (30 min at 42 °C) -Tumor uptake -30-45 min after injection w0
M
" -injection 15 min after HT -Growth delay -5% tumor volume
-injection 15 min before HT -Survival: -up to 60 days
-split dose before & during
HT
LTSL DOX Water bath (1 h at 42 °C) ~Tumor uptake -immediately after HT Ly
immediately after injection
-Growth delay -5x tumor volume or up to 60
days
Polymer-modified DOX RF (10 min at 45 °C) -Growth delay -up to 8 days i
EPC:CHOL:DSPE- e
PEG 6 h & 12 h after injection
Polymer-modified DOX RF (10 min at 44 °C) -Tumor uptake -1h,3h&8h b
EPC:CHOL:DSPE-
PEG-Gd 8 h after injection -Growth delay -up to 8 days
TTSL DOX & MR-HIFU (2x 15 min) - Tumor uptake 20-30 min after injection Al
Gd
-injection after HT initiation (DOX quantification
(42 °C) & MR imaging)
LTSL DOX & MR-HIFU (4x 10 min at 41 - Tumor uptake -immediately after HT Gl
Gd °C) oo
(MR imaging)
immediately after injection
HaT DOX Water bath (1 h at 43 °C) - Tumor uptake -immediately after injection %
LTSL 10 min before injection -Growth delay -upto 21 days
HaT DOX & Water bath (1 h at 43 °C) - Tumor uptake -immediately after injection L
Gd

10 min before injection

(DOX quantification
& MR imaging)
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Table 8. continued

HaT-11 DOX- Water bath (1 h at 43 °C) - Tumor uptake -immediately after injection B
Cu*
LTSL ! 10 min before injection -Growth delay -up to 21 days
LTSL DOX Heating coil - Tumor uptake CLSM imaging every 5 s for 20 ?
(30 min at ~41°C) m
HT plus injection
LTSL DOX Water bath (43.5 °C) - Tumor uptake -1 h and 24 h after injection =
TTSL immediately after injection
NTSL
LTSL DOX MR-HIFU (3x 10 min at 40- ~Tumor uptake 4 h after injection =35
41 °C) within 1 h of LTSL
infusilr‘lvl i o (DOX quantification)
TTSL DOX &  MR-HIFU (2x 15 min) -Tumor uptake -1.5 & 48 h after injection e
Gd
immediately after injection
Optimized PEG- - Heating coil -Tumor uptake -CLSMupto2h 244
TSL-Rho-PE
(0.5-1 hat41 °C) -Blood vessels -4h, 8 h & 24 h post HT
bilit
20 min after injection Sl
Optimized PEG- DOX Heating coil -Tumor uptake -CLSM up to 80 min after &
TSL-Rho-PE injection
(1 hat42°C) -Growth delay &
A L survival -up to 26 days
20 min after injection
DOX Water bath -Tumor uptake -3 h after injection <4
fTSL -1 step HT (after fTSL -Growth delay & -up to 25 days
injection) survival
sTSL
-2 step HT
1" HT (1 h at 41 °C) before
sTSL injection and 2™ HT (1
hat 42 °C) 2 h after injection
DOX RF ablation -Tumor uptake - up to 72 h after injection 2t
LTSL -3 min RF 15 min before -Growth delay & -up to 90 days
NTSL injection. survival
-3 min FR 15 min after LTSL
NTSL injection
HTLC Cisplatin ~ Laser induced heating (25 min ~ -Tumor uptake - 1 h after injection 2
at 42 °C) HT started 5 min "
before injection —Gm'wlh delay & -up to 50 days
survival
Lp-Peptide hybrids DOX Water bath ~Tumor uptake -1 h & 24 h after injection i
LTSL Intravsacular release (1 hat42  -Growth delay & -up to 70 days
°C immediately after survival
TTSL injection)
Interstitial release (1 h at 42
°C before injection followed
by 0.5 h at 42 °C 24 h later)
3906 DOI: 10.1021/acs.chemrev.5b00578
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Table 8. continued

Chemical compositions of the different TSL reported in this table are listed below:

HaT: DPPC:Brij 78
NTSL (HSPC:CHOL:DSPE-PEGng00)
PEG-TSL (DPPC:DSPC:CHOL:DSPE-PEG)

sTSL (slow TSL composed of DPPC:DSPC:DSPE-PEGaq 55:40:5)

LTSL (DPPC:MSPC:DSPE-PEGa000)

Optimized-PEG-TSL (DPPC:DSPC:DSPE-PEG:g00)

TTSL (DPPC:HSPC:CHOL:DSPE-PEG;q0)

Polymer-modified EPC:CHOL:DSPE-PEG (EPC:CHOL:copoly(EOEOVE-block-ODVE):DSPE-PEG;g0)

Polymer-modified EPC:CHOL:DSPE-PEG-Gd (EPC:CHOL:copoly(EOEOVE-block-ODVE):DSPE-PEGsg00-G3-DL-DOTA-Gd)

fTSL (fast TSL composed of DPPC:DSPC:DSPE-PEG)g0 80:15:5)

HTLC (DPPC:DPPG:MSPC:DSPE-PEG2000 57.7:28.9:9.6:3.8)

Lp-Peptide hybrids: (DPPC:DSPC: DSPE-PEG,g0:Leucine zipper peptide 90:10:5:0.5)

the drug retention and blood circulation levels of liposomes.
Similarly, de Smet et al. showed that triggering drug release with
HIFU can improve drug distribution into the tumor and increase
long-term tumor accumulation from long circulating TSL.*"

In addition, the potential of HT to trigger interstitial drug
release has been shown recently by Li et al. by applying a two-step
HT treatment protocol to take advantage of enhanced tumor
accumulation and to trigger drug release interstitially.”*" This
approach theoretically requires specific TSL design character-
istics that would be able to retain the encapsulated drug while in
the bloodstream, but release at relatively slow rate when the
second HT step is applied for maximum therapeutic effective-
ness. Li et al. designed two types of traditional TSL: a slow release
TSL (sTSL) and a fast release TSL (fT'SL) using DPPC/DSPC/
DSPE-PEG,,,, at molar ratios of 80:15:5 and 55:40:5,
respectively. They showed that intratumoral doxorubicin
accumulation by the two-step hyperthermia protocol from
sTSL was equivalent to the levels achieved from the fTSL with
intravascular release protocol using a single step HT at 42 °C for
1 h, immediately after injection. However, the two-step HT
protocol using the sTSL was not as effective in controlling tumor
growth as the intravascular doxorubicin release using the fTSL.
This study concluded that creating a high concentration gradient
of free drug released intravascularly is more effective, rather than
higher liposomal accumulation around the tumor. This was
confirmed by showing the NTSL has limited efficacy using the
two-step HT protocol that could be due to limited penetration
depth and inhomo§eneous distribution within the tumor
microenvironment.””' In a very recent study, we further
elucidated how crucially important is to fine-tune the drug
release properties and pharmacokinetics of TSL with the
hyperthermia protocol applied to maximize therapeutic
efficacy.'”® Table 8 summarizes the different HT protocols
used to trigger drug release from TSL.

The importance of choosing the appropriate heating protocol
has been best demonstrated in the case of LTSL (ThermoDox).
In preclinical studies, LTSL in combination with mild HT
demonstrated significant enhancements in therapeutic effective-
ness as compared to free drug.”””"” This improvement was
mainly due to the ultrafast release capacity of LTSL (>80%
release in a few seconds) after exposure to mild HT.®””
Temperature-induced drug release within the tumor vasculature
increased the exposure of tumor endothelial cells to DOX,
causing destruction of tumor vessels and improved overall
therapeutic efficacy.*”**

Despite that, initial analysis of the clinical effectiveness of a
Phase III trial using LTSL in combination with radiofrequency
ablation (RFA) against liver cancer was less than e1(pected.246’247
Preclinical studies suggested that the timing between liposome
injection and heat application is the most critical factor in the
success of this type of TSL. The significant deviation from the

3907

optimized preclinical heating protocol parameters was mainly
responsible for the efficacy data obtained.”*” A critical limiting
factor with ThermoDox is the tendency of these vesicles to leak
out DOX once injected into the blood circulation even before
HT application.”> ThermoDox short blood kinetics of
encapsulated drug (only 1.3 h) restrict the time frame of the
heating protocol.”**** Although ThermoDox has a longer blood
half-life as compared to free drug, it is still substantially less than
that of Doxil. Bearing in mind that the average clinical HT
duration is 30—60 min, it is clear that the optimum treatment
would be achieved by starting HT prior to drug administration.**

The importance of this parameter as a determinant factor of
therapeutic efficacy for LTSL systems was revealed previously in
preclinical studies by Ponce et al. by studying the effect of timing
between HT and injection on the tumor distribution and
therapeutic activity of LTSL encapsulating Mn**. For this type of
TSL, higher and faster DOX accumulation into the tumor
occurred when injected during HT, as compared to injections
before HT, to take advantage of the maximum intravascular
LTSL concentration. Preheating the tumor before LTSL
injection was essential to achieve rapid drug release in the
tumor vasculature. Even though the whole tumor volume was
heated, LTSL released most of the drug at the periphery of the
tumor. In contrast, LTSL injection before HT allowed liposomes
to perfuse into the tumor interstitium before drug release, and
therefore central distribution could be achieved.

Phase I clinical trial data of ThermoDox showed that the
maximum plasma level of drug was achieved at the end of the 30
min infusion period, suggesting that this is the optimum time for
RFA (i.e,, HT) application.”** Yet, in the Phase III clinical trial,
tumor heating started at least 15 min after the initiation of
infusion and completed no longer than 3 h.>” Such modifications
in the timing of ThermoDox administration and HT treatment
between preclinical and clinical studies, together with the short
blood circulation half-life, may explain in part the initial clinical
outcome. Although the timing and duration of heating may be
the critical factors, it is worth pointing out here different hurdles
that were experienced during this pioneering and challenging
clinical trial. These difficulties have been discussed by
Needham®in detail, but we would like to highlight: (a) the
rapid move from the Phase I (liver safety) trial toward the Phase
III (hepatocellular carcinoma efficacy) trial in the absence of a
Phase II study to establish treatment protocol standardization;
(b) the engagement of around 75 five clinical centers in 11
countries performing the Phase III trial, that meant wide
variation in the protocol implementation, at times forced by their
local rules and regulations; (c) consistent achievement of the
right temperature in the tumor and continuous monitoring; and
(d) the size of the tumors enrolled for treatment.

Recently, meta-analysis of the data extracted from that Phase
III clinical trial was reported to show that ThermoDox noticeably
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Figure 15. Schematic presentation of drug delivery from TSL using MR-HIFU. Triggered drug release from TSL coencapsulating drug and an MR
contrast agent by MR-HIFU can play a pivotal role in individualized and controlled treatment. MR plays a crucial role in therapy planning, temperature
control during treatment, and imaging of drug delivery. Temperature and drug release mapping provides continuous feedback to the HIFU system
transducer to adjust the sonication time and/or dose until the desired signal is obtained. Adapted with permission from ref 250. Copyright 2012 Elsevier.

improved overall survival by 58% in a large subgroup of patients
(41% of the total patients enrolled) who received optimized RFA
for at least 45 min. This applied to patients with single HCC
lesions (3—5 cm and 5—7 cm) and confirmed that the duration of
heating from the RFA procedure was also a key parameter to
optimize when combined with TSL to obtain added clinical
benefit. Additional findings from the most recent analysis of
overall survival in the Chinese cohort of the trial showed 75%
improvement for the ThermoDox plus optimized RFA group as
compared to the group treated with optimized RFA only, again
confirming the challenge of logistical variations between different
clinical centers.** Taking all of the above into consideration, it is
evident that further systematic preclinical and clinical studies are
required to offer insight into the design, selection, and
optimization of the correct HT protocol that best matches the
physicochemical properties, drug release rate, pharmacokinetic
parameters, and tumor accumulation of the thermoresponsive
vesicles.

3.3. Development of Heating Modalities for
Temperature-Triggered Drug Delivery

Although the theory of triggered drug delivery by HT has been
described since the late 1970s, several obstacles had to be
overcome before this technology could be configured for clinical
applications. The most important challenge was to achieve
controlled noninvasive focal heating of the tumor site with
accurate monitoring of the tumor temperature.”>” The majority
of the heating techniques available are limited by several factors
including the invasiveness of the techniques, the poor control of
the temperature in the tumor, the inability to adapt to changes in
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tumor architecture and blood perfusion, and the restrictions
imposed by the location of the tumor. Several techniques have
been applied for heat-triggered release from TSL, including
regional superficial heating employing heated water
baths,””*****" localized superficial heating with external electro-
magnetic sources,”” and implanted electrodes heated by
continued flow of hot water.****%°

In clinical trials, the heating techniques that have been
employed to achieve local tumor heating are percutaneous
radiofrequency ablation (RFA)®” for hepatocellular carcinoma
(HCC) and superficial microwave heating for chest wall
recurrence of breast cancer.** In both heating techniques, tissue
temperature was monitored with interstitial probes; therefore,
control of spatial temperature changes was limited, which was
reflected in the achieved drug release.”*"*>” To enhance clinical
efficacy, the development of heating and monitoring techniques
to achieve noninvasive spatial and temporal control of temper-
ature increases is crucial. One promising technique is the HIFU
system guided with MR. Ultrasound has been used clinically to
apply HT noninvasively (40—4S °C) to tumor areas that are
difficult to reach by other heating methods.”*> MR incorporation
of this procedure is crucial to provide soft-tissue imaging and
real-time thermometry.”>*>>> MR thermometry that is based on
proton resonance frequency shift (PRFS) is the most commonly
used technique for water-containing tissues. This can provide a
precise 3D temperature feedback with precision of approximately
1 °C, and therefore it is the basis behind recent developments in
the MR-HIFU system. The constant temperature feedback
provided will allow control of the tumor temperature for a
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prolonged period of time by dynamic adjustment of the
sonication parameters.™

MR-HIFU has recently been used for thermoablative
applications,””*** and it also holds great promise in triggering
drug delivery as shown in preclinical studies.””’ Temperature-
triggered drug release from TSL using MR-HIFU has been
demonstrated in several reports in normal tissues,”>’ and in
animal tumor models.”'"**%****% HT induced by HIFU
triggered drug release from TSL and increased the long-term
liposomal drug uptake into the tumor during and after HT. As a
result, MR-HIFU was shown to provide homogeneous intra-
tumoral drug distribution over a large volume and from a larger
distance away from blood vessels."

Improved distribution of DOX into the tumor was observed by
the combination of TSL with MR-HIFU. This enabled DOX
delivery to the core and the periphery of the tumor compared to
the tumor volume distribution seen with LTSL or DOX alone,
which was mainly restricted to the periphery of the tumor. This
improvement in DOX delivery within the tumor did not increase
DOX distribution to other organs.””® Gasselhuber et al. have
shown recently that by using computer simulation studies, the
amount of drug delivered to the tumor after heating with HIFU
can be predicted and used to estimate cell killing induced by a
combination of DOX and hyperthermia.*"

As a consequence of the emergence of the MR-HIFU bed-side
system, a noninvasive option for proper treatment planning and
monitoring for many gatients with advance solid tumors can be
potentially offered.”*” This concept is now under clinical
evaluation to provide treatment planning and real time
thermometry during heat-triggered drug release from Thermo-
Dox using HIFU for liver cancer®® and will be followed by Phase
I study using ThermoDox plus HIFU in patients with breast
cancer.””” MR can also be useful to monitor temperature-
triggered drug release from TSL by the coencapsulation of a
paramagnetic contrast agent inside the vesicle aqueous compart-
ment along with the drug molecules, as described previ-
ously.”'"?'?!'7 In that way, monitoring of local drug
concentration and distribution during and after the heating
procedure can be achieved. Figure 15 summarizes the potential
of MR-HIFU in heat-triggered drug release from TSL.
Theoretically, this could be a very elegant method to monitor
drug release in real-time, and image-guided TSLs have proved
their potential in preclinical studies. It may also provide a more
useful tool toward personalization of treatment by selecting
patients that are more likely to benefit from triggered liposomal
therapies.212 However, challenges still need to be resolved, such
as the interference of the paramagnetic contrast agents (by +3—4
°C) with the MR-based thermometry that is used for tumor
temperature mapping during the HIFU treatment. Such
interference with PRFS MR thermometry may lead to false
thermal doses. Development of correction methods for the
presence of MR contrast ions is definitely required to translate
this promising technology to the clinic.”*° Other important
issues to be considered are (a) the dose limitation of the MR
contrast agents to avoid any toxicological complications; (b) the
increased costs of the treatment; and (c) the availability of the
required infrastructure. For more details on the potential and
clinical translation of this technology, we would refer to recent
reviews by Gruell”*”**® and Lammers.*'#*'®

4. CONCLUSIVE REMARKS AND PERSPECTIVE

The use of HT to trigger local drug release is a promising and
rapidly evolving area. Local triggered release from TSL by mild
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HT has proven to be a precise and effective method for cancer
treatment in many preclinical studies. As such, it holds a great
potential to be translated into an effective treatment modality,
especially for advanced local tumors that cannot be cured by
conventional anticancer drugs. The evolution of advanced
technology for applying and monitoring HT allows remote
noninvasive local heating to be delivered with a great degree of
control. However, all of this greatly depends on the molecular
design of temperature-sensitive vesicular systems.

Remarkable advances in the design and development of TSL
have been accomplished over the past few years, and the progress
is still ongoing. Different types of TSL have been developed, and
most of the work was directed toward developing TSL with
ultrafast release properties, such as the lysolipid-containing TSL,
designed to release their loaded drug within seconds of reaching
the heated tumor. The most well-studied example of these
systems is ThermoDox, the LTSL formulation that progressed
into Phase II/III clinical trials. The clinical development of this
TSL system has been a great lesson for the field, because it
revealed the critical issues that need to be recognized and
resolved for successful clinical translation and adoption.

The development of new TSL technologies holds great
promise and opens the space for further improvements. In this
Review, we highlighted all different chemical components used
to design TSL, as well as other nonvesicle forming
thermosensitive components. Polymer-modified TSL can over-
come some of the limitations involving the design of relatively
stable TSL, because their temperature sensitivity is mainly
dependent on the polymer component itself. Nevertheless, more
work is warranted in that area to develop temperature-sensitive
polymers that respond to narrow temperature changes, maintain
good stability under physiological conditions, and ensure
effective drug release under mild HT. The replacement of
synthetic polymers with biopolymers is promising due to the
high degree of control on the temperature sensitivity. In addition,
TSLs decorated with metallic nanoparticles have the advantages
of providing localized noninvasive self-heating to the liposomal
bilayer at the nanoscale level after exposure to external energy
such as MF or NIR light. Further in vivo evaluation of the
performance of those systems is required to determine their
therapeutic potential. This is in addition to the need for the
development of appropriate methods for the clinical application
of MF and NIR illumination and control of their penetration
depth within tissues.

Another promising, yet challenging, approach in the field of
TSL is the design of image-guided drug delivery from TSL by
coencapsulation of imaging agents. The real-time information
that can be provided from these systems about liposomal
accumulation within the tumor area can offer optimization of the
coordination between HT application to trigger drug release and
tumor temperature achieved. However, the multiparametric
design of these systems and the heating technologies applied
surely require further optimization to be clinically applicable, in
addition to the possibility of interference of MR contrast agent
with the MR temperature mapping of the tumor.

On the basis of the lessons learned from the ThermoDox
clinical trials, it becomes clear that the treatment of cancer with
this technology is far more difficult than simply triggering drug
release. Therefore, to make real progress in the field, this
oversimplification has to change. The translation of newly
developed TSL systems into the clinic will depend greatly on the
understanding and sophistication of the chemical components
included in their design as well as their coordination with the
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logistics of practical clinical practice. To that end, careful,
rational, and systematic design of studies and trials along with
patient enrolment strategies are important, taking into
consideration cancer type, volume, vascularization, and treat-
ment standardization.

In this Review, we attempted to offer a thorough description of
all of the different chemical components and the rationale in the
design of novel TSL vesicle systems, as well as the critical
pharmacological parameters that will affect their clinical
translation. We conclude that in parallel with the development
of TSL with ultrafast release properties, more efforts should be
invested to obtain a balance between thermosensitivity, blood
stability, and safety profiles of TSL. The development of such
systems offers a great opportunity for clinical translation as the
next generation, nanoscale vesicle systems of enhanced
functionality following from the successful clinical translation
legacy of the early liposome technologies.
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ABBREVIATIONS

4T07 mouse mammary carcinoma

5-FU S-fluorouracil

AA acrylic acid

AAM acrylamide

APr N-acryloylpyrrolidine

B16F10 murine melanoma

C12 didodecyl

C6-SH hexanethiol

CHOL cholesterol

DMP 2-dodecyl-sulfanylthiocarbonylsulfanyl-2-meth-
ylpropionic acid

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine

DOX doxorubicin

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine

DPPG 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol

DPPGOG 1,2-dipalmitoyl-sn-glycero-3-phosphoglycero-
glycerol

DPTAP 1,2-dipalmitoyl-3-trimethylammonium propane

(chloride salt)
1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000]

DSPE-PE G0

DTPA diethylenetriamine pentaacetic acid

EOEOVE (2-ethoxy)ethoxyethylvinylether

EPC L-a-phosphatidylcholine

EPR enhanced permeability and retention

FaDu human squamous cell carcinoma

FBS fetal bovine serum

Fe;O, magnetite

Gd(HPDO;A) gadolinium-[10-(2-hydroxypropyl)-1.4.7.10-
tetraazacyclododecane-1.4.7-triacetic acid]

Glu glutamic acid

GM1 gangliosides

HaT DPPC:Brij 96:4

HCC hepatocellular carcinoma

HCT116 human colon carcinoma

HePC hexadecylphosphocholine

HIFU high intensity focused

HPMA N-(2-hydroxypropyl)methacrylamide)

HSPC hydrogenated soy phosphatidylcholine

HT hyperthermia

LCST low critical solution temperature

LTSL lysolipid-containing temperature-sensitive lip-
osomes; DPPC:MSPC:DSPE-PEG,,
(90:10:4)

mAb momoclonal antibody

MF electromegnetic field

min minute

mol mole

MR magnetic resonance

MSA mercaptosuccinic acid

MTX methotrexate

NR not reported
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NBD N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanol-
amine

NDDAM N,N-didodecylacrylamide

NHS N-hydroxysuccinimide

NIPAM N-isopropylacrylamide

NIPAMAM  N-isopropylmethacrylamide

NIR near-infrared

NPs nanoparticles

NTSL HSPC:CHOL:DSPE-PEG, 90 (56.3:38.2:5.5)

ODA octadecyl acrylate

ODVE octadecylvinylether

OMP octadecyl-3-mercaptopionate

p- poly

PAA propylacrylamide

PEG polyethylene glycol

RF radiofrequency

RFA radiofrequency ablation

SH sulthydryl

T phase transition temperature

TSL temperature-sensitive liposome

TSL-NPHs temperature-sensitive liposomes—nanoparticle
hybrids

TTSL traditional temperature-sensitive liposome;
DPPC:HSPC:CHOL:DSPE-PEG 2000
(54:27:16:3)

7-Fe, 05 maghemite
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