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Abstract

Liposomes are a promising class of nanomedicine with the potential to provide site-specific
chemotherapy, thus improving the quality of cancer patient care. First-generation liposomes have
emerged as one of the first nanomedicines used clinically for localized delivery of chemotherapy.
Second-generation liposomes, i.e. stimuli-responsive liposomes, have the potential to not only
provide site-specific chemotherapy, but also triggered drug release and thus greater spatial and
temporal control of therapy. Temperature-sensitive liposomes are an especially attractive option, as
tumors can be heated in a controlled and predictable manner with external energy sources.
Traditional thermosensitive liposomes are composed of lipids that undergo a gel-to-liquid phase
transition at several degrees above physiological temperature. More recently, temperature-
sensitization of liposomes has been demonstrated with the use of lysolipids and synthetic
temperature-sensitive polymers. The design, drug release behavior, and clinical potential of
various temperature-sensitive liposomes, as well as the various heating modalities used to trigger
release, are discussed in this review.
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1. Introduction

Chemotherapy is the treatment of cancer with antineoplastic drugs that typically act by
impairing cell mitosis, effectively targeting rapidly dividing cells that are the hallmarks of
cancer [1]. Most chemotherapy is administered intravenously (i.v.), ultimately being diluted,
degraded, or cleared as it travels through the circulatory system [2]. Consequently, large
doses of these highly cytotoxic drugs must often be administered in order to achieve
therapeutic drug levels at the tumor site. Healthy cells that divide rapidly under normal
circumstances are damaged, leading to an array of adverse side effects including depression
of the immune system (myelosuppression), inflammation and ulceration of the mucous
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membranes lining the digestive tract (mucositis), hair loss (alopecia), and organ-specific
toxicities (e.g. cardiotoxicity, nephrotoxicity, etc.) [2]. These toxic effects restrict the
dosages administered to patients, and cancers that survive these lower dosages oftentimes
develop a resistance to chemotherapy, making it much more difficult to eradicate the tumors
and save the patient [3].

The emergence of nanomedicine — a subfield of nanotechnology where diagnostic and
therapeutic structures and tools are engineered on the nanoscale — may provide the solution
to the systemic toxicity issues currently limiting cancer chemotherapy. The ability to
engineer nanoscale particles and tailor their composition, size, shape, modulus, surface
charge, and surface functionality, has led to a rapidly expanding and diverse population of
nanoscale drug delivery vehicles (Fig. 1). liposomes [4], micelles [5], polymer—drug
conjugates [6], polymerosomes [7], dendrimers [8], aptamers [9], carbon nanotubes [10],
lipoplexes [11], and polyplexes [12] have all been developed for the diagnosis and treatment
of a broad range of indications, including various cancers. The basic rationale is that these
nanosized structures have functional and structural properties that are not available from
either discrete molecules or bulk materials.

Chemotherapeutics can be encapsulated into these nanoscale drug vehicles, and following
systemic administration, can preferentially accumulate in the tumor. This phenomenon —
whereby macromolecular drugs and nanomedicines of a certain size will tend to accumulate
in tumor tissue more than in healthy tissue — is known as the enhanced permeability and
retention (EPR) effect [13]. The EPR effect arises from the fact that tumor cells must
stimulate the rapid production of blood vessels in order to keep pace with ever-increasing
oxygen and nutrient demands. The hastily grown neovasculature differs greatly from normal
blood vessels, with an architecture characterized by poorly aligned endothelial cells, wide
fenestrations, impaired functional cell receptors, wide lumens, and absent or abnormal
smooth-muscle layers, perivascular cells, and basement membranes [14]. As a result of these
anatomical deficiencies, tumor blood vessels are irregularly shaped, dilated, and leaky,
allowing for the extravasation of macromolecular drugs and nanomedicines into the tumor
tissue. Furthermore, the tumor’s impaired lymphatic clearance of macromolecules and lipids
from interstitial tissue prolongs the retention of these macromolecular species [15-21].
Other factors that promote the accumulation of drug at the tumor are the extensive
angiogenesis and increased vascular densities in tumors brought on by the high nutrient and
oxygen demand, as well as the increased production of vascular mediators that facilitate
extravasation [15,16,22-24]. Delivery vehicles large enough (>5-6 nm [25]) to escape renal
clearance but small enough (<150 nm, in the case of neutral or slightly negatively charged
lipid-based carriers [26,27]) to exploit this EPR effect can be used to increase drug
bioavailability and reduce off-target toxicities associated with systemic administration of
free drug [28]. This fact has been the driving force behind the development of many
nanoscale drug vehicles. Among these, the liposome holds the distinction of being one of the
first and most widely used vehicles for chemotherapy [29].
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2. Evolution of liposomes for cancer therapy

Discovered in 1961 by Alec Bangham [30], liposomes are spherical vesicles comprised of
lipid bilayer shells surrounding aqueous interior cores (Fig. 2), and are formed
spontaneously when amphiphilic lipids are dispersed in water. The resulting supramolecular
assemblies, while not covalently bound, can stably entrap both hydrophobic and hydrophilic
drugs. Moreover, liposomes are biocompatible, cause little or no antigenic, allergic, and
toxic reactions, easily undergo biodegradation, protect the host from undesirable effects of
the encapsulated drug, and protect the entrapped drug from premature inactivation by the
physiological medium.

Early work would reveal that while liposomes fit the size criteria required to exploit the EPR
effect, accumulation at the tumor was largely prevented by their rapid and efficient clearance
from circulation via the phagocytic cells of the mononuclear phagocyte system (MPS)
[31,32]. Many studies showed that despite liposomes having lipid compositions closely
resembling those of cell membranes, between 50 and 80% of administered liposomes are
recognized and adsorbed by the cells of the MPS within the first 15-30 min following
intravenous administration [33]. A major breakthrough occurred with the development of
long-circulating liposomes coated with polyethylene glycol (PEG) in 1990 [34]. PEG is a
hydrophilic polyether that was known at the time to reduce immunogenicity and prolong
circulation when attached to enzymes and growth factors [35]. The addition of a PEG-Ilipid
conjugate to liposomal formulations was shown to significantly prolong circulation time
[34,36-38]. PEG is inexpensive and can be synthesized relatively easily and in large
quantities of high purity, which are distinct advantages over glycolipid surface modifiers
(e.g. Gp1) that had previously been used for increasing liposome circulation time. This
finding formed a pivotal element in the development and translation of a number of
liposomal formulations of pharmaceutical agents.

It is important to note that effective lipid-based nanomedicines for cancer must fulfill four
key requirements: 1) encapsulate a therapeutically relevant drug payload, 2) effectively avoid
the MPS, 3) target the tumor interstitium, and 4) once at the tumor site, release their payload
at levels high enough to mediate an effective therapeutic response. Over the past four
decades, significant progress has been made in the field of liposomal research, culminating
in the arrival of liposomal formulations in the clinic that fulfill the first three requirements.
To date, seventeen lipid-based nanomedicines have been clinically approved, with numerous
more undergoing clinical evaluations (Tables 1 and 2, revised and updated from [39]). Three
liposomal formulations (Doxil, DaunoXome, and Myocet) have been approved for the
treatment of cancer, all of them liposomal anthracyclines (Table 1). Upon accumulation
within the tumor interstitium, these lipid-based carriers rely on either the passive diffusion of
drug over long periods or the slow, non-specific degradation of the lipid shell. This can be
advantageous for cell cycle-specific drugs, such as vincristine, which can be effective over
long exposures at relatively low concentrations [40,41].

However, passive release may not allow cytotoxic local concentrations of non-cell cycle
specific drugs such as doxorubicin (DOX) and cisplatin [42] to be reached. Furthermore,
vascular permeability between different tumor types and even within tumors can be highly
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variable [43-45], resulting in unpredictable liposome extravasation into tumor tissue. Due to
the combination of sub-optimal drug release kinetics and unpredictable vascular
permeability, only modest gains in the therapeutic index of chemotherapy have been realized
with the use of liposomes for localized drug delivery [46—49]. Thus, in order to optimize the
time, location, and amount of drug release, considerable effort has been dedicated towards
the development of liposomal drug delivery systems that are capable of releasing drug in
response to a specific stimulus at the target site (i.e., triggered release). With this goal of
triggered release serving as motivation, stimuli-responsive liposomal formulations that are
pH-, temperature-, ultrasound-, and photo-sensitive have been developed with varying
degrees of success [50-54]. Thermosensitive liposomes (TSL) hold the distinction among
these classes of triggerable liposomes of being at present the closest formulation to the
clinic, with one formulation currently undergoing phase 111 clinical trials [53].

3. Thermosensitive liposomes

Mild hyperthermia (HT) has long been administered as an adjunctive therapy with radiation
and chemotherapy [55]. A synergistic interaction between heat and chemotherapy has been
validated in preclinical studies [56,57], and the combination of mild hyperthermia and
chemotherapy has been shown to improve patient response when compared to chemotherapy
alone [58-60]. When combined with thermosensitive liposomes, HT can increase
therapeutic effectiveness by: (i) increasing tumor vascular permeability and thus
accumulation of liposomes in the tumor [61], and (ii) promoting drug release from the
temperature-sensitive formulations into the tumor vasculature and interstitium. These
mechanisms are summarized in Fig. 3. Recent findings suggest that the mechanism of drug
delivery from combination TSL and HT is dominated by intravascular release (Fig. 3C) [62].

Additionally, HT can increase therapeutic effectiveness of TSL by increasing local blood
flow at the exposed area [63], increasing the permeability of target cells to the released drugs
[64], and being directly cytotoxic to cancer cells. For example, temperature-dependent
interactions include pathways for the regulation of apoptosis, the cell cycle, DNA repair, and
macromolecular synthesis [55,65]. While cancerous cells are not inherently more susceptible
than healthy cells to thermal effects, within the tumor microenvironment they are stressed by
low oxygen levels, higher than normal acid concentrations, and insufficient nutrients, and
thus may be less able to tolerate the added stress of heat [66]. Because tumors have a
disorganized and compact vascular structure, heat dissipation is often more difficult in tumor
tissue, providing a possible avenue of selectively targeting cancer cells with heat.

Thus there exists great potential for the combination of TSL therapy with mild hyperthermia
exposure. Here the current TSL landscape is organized into three types of formulations: (i)
traditional thermosensitive liposomes (TTSL) comprised of lipids that undergo temperature-
dependent phase transitions, (ii) lysolipid-containing thermosensitive liposomes (LTSL), and
(iii) polymer-modified thermosensitive liposomes (PTSL). The mechanisms of thermally-
triggered release, design, drug release behavior, and clinical potential of these formulations
are discussed, as well as the different heating modalities used.
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3.1. Traditional thermosensitive liposomes (TTSL)

In 1978 Yatvin et al. introduced liposomes that released neomycin and inhibited bacteria
protein synthesis in vitro at specific temperatures [64]. These were the first of a class of TSL
now known as traditional thermosensitive liposomes (TTSL). TTSL were further developed
over the next few decades, and are comprised of lipid membranes that undergo phase
transitions in response to heating. Lipid membranes/liposomes have a characteristic phase
transition temperature (T.) at which they undergo a transition (‘melt’) from a gel to a liquid
phase (Fig. 4). In the gel phase, lipid molecules are ordered and condensed with fully
extended hydrocarbon chains, and are constrained to the two-dimensional plane of the
membrane. Upon heating, the mobility of the lipid head groups gradually increases. As the
temperature is further increased and approaches T, the orientation of the C-C single bonds
in the hydrocarbon chains begins to switch from a fransto a gauche configuration. Leaky
interface regions begin to develop at boundaries between still solid lipid domains and
melting, liquid lipid domains. Incompatibilities in molecular packing and hydrophobic
matching characterize the lipids at these interfaces [67], and the membrane initially becomes
highly permeable at these locations. The increase in permeability is observed as an
anomalous peak in ion permeability through the membrane at T [68]. At temperatures
greater than the T, the bilayer exists fully in the liquid phase. Individual lipid molecules are
still confined to the two-dimensional plane of the membrane as in the solid phase, but are
able to move freely and rapidly (millions of exchanges per second) within the plane [69]. As
a result, the membrane becomes fully fluidized and is permeable throughout. With TTSL,
encapsulated drugs are able to leak out of the vesicle during the phase transition.

An important feature of liposomes is that the membrane does not exist as a perfectly
arranged homogeneous sheet, but as a faceted, granular structure [70]. This is an artifact that
comes from the liposome production process, which involves the formation of dry lipid
sheets that are rehydrated at temperatures greater than T.. This forms large multilamellar
vesicles (LMV), which are then downsized to the small unilamellar vesicles (SUV) that
constitute the final form of liposome formulations. During the cooling process as
temperatures approach T, the lipid membrane does not solidify uniformly; rather, nucleates
of solid domains are formed within the liquid membrane. These individual domains of solid
phase lipids, or ‘grains’, orient themselves in lattice like structures of a particular
orientation. Eventually as the transition nears completion and the last liquid lipid is
transformed, grain boundaries are created between the solidifying domains, and the grains
meet at different orientations [53]. Imperfect crystalline arrangement between grains occurs,
resulting in planar defects at the boundaries. Upon heating, melting is initiated and the first
solid/liquid domains are formed at these boundaries. Solid/liquid domains form during
heating in planar bilayer sheets (i.e. no grain-derived defects) as well, but the presence of
grain boundaries in liposomes accelerates the formation of these domains and thus enhances
the permeabilization of the membrane during the phase transition.

Yatvin et al. [64] were the first to realize the therapeutic potential of forming liposomes from
lipid membranes with T within the range attainable by mild HT (i.e. above physiological
temperature but below 42 °C). Early versions of TTSL were based upon dipalmitoyl
phosphocholine (DPPC), a phospholipid with 16-carbon saturated fatty acid chains and a T,
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of 41 °C, ideal for application with mild HT. Pure DPPC liposomes showed enhanced drug
release, but the rate and amount of release was relatively small [64]. Supplementation of
DPPC with other lipids, predominantly distearoyl phosphocholine (DSPC) and
hydrogenated soy phosphocholine (HSPC), had a positive effect on the amount and rate of
drug released [71-73]. The rationale with using lipid mixtures was that the presence of
multiple types of lipids would lead to an increase in packing incompatibility and thus
increased permeability. Following Yatvin's initial work, a number of preclinical studies
established that when DPPC-based liposomes (predominantly DPPC/DSPC liposomes) were
administered in combination with hyperthermia, tumor extravasation was enhanced and an
increased level of drug was available at the diseased site, corresponding with increased
therapeutic efficacy. These effects were observed over a range of tumor models, including
various carcinomas, sarcomas, and lymph node metastases, and over a range of drugs,
including adriamycin, methotrexate, bleomycin, and cisplatin [74-80]. The advent of
PEGylated liposomes in 1990 allowed for the development of the first thermosensitive, long-
circulating liposomes in 1994 [81]. Long-circulating TTSL formulations demonstrated
increased MPS evasion compared to non-PEGylated thermosensitive liposomes, and were
more effective in delaying tumor growth. The therapeutic efficacy of PEGylated TTSL
against a colon carcinoma model compared favorably with that of identical formulations
modified with Gy [72,81], with PEG having significant advantages in terms of cost and
ease of preparation, as discussed previously.

While supplementing DPPC with other lipids can increase the permeability of the
membrane, the inclusion of lipids with longer carbon chains than DPPC can have undesired
effects on the phase transition behavior. For example, the phase transition temperature of
DPPC/DSPC membranes as measured by differential scanning calorimetry (DSC) was
shown to increase as a function of the molar fraction of DSPC (18-carbon chains) [82].
Furthermore, the width of the transition was shown to increase with the addition of DSPC
[82,83]. Gaber et al. demonstrated that the transition temperature of DPPC and HSPC (18-
carbon chains) liposomes (2:1 molar) is centered at around 46 °C with a relatively broad
transition in the range of 43-48 °C [73], significantly different from the sharp peaks
observed at 41 °C for pure DPPC. As a result, these formulations required temperature-
triggered release in the range of 43-45 °C, a range that can put healthy tissues surrounding
the tumor at risk of necrosis (discussed in further detail below), and one that is not
necessarily optimized for the more clinically relevant and attainable range of mild
hyperthermia (39-42 °C). Additionally, PEGylation of DPPC/HSPC liposomes (to increase
circulation time) and incorporation of cholesterol (to increase serum stability) individually
had negative impacts on the thermosensitivity of these liposomes [73]. Improved
thermosensitivity from DPPC/HSPC liposomes containing both PEG and cholesterol was
obtained, but drug release was still relatively low (~50% after 30 min of heating at 42 °C)
[73].

To put the drug release behavior in a clinical context, it helps to introduce the concept of the
thermal dose. As described by Sapareto et al. [84], the thermal dose takes a heat treatment at
one temperature and calculates the equivalent exposure time at a reference temperature,
typically 43 °C. Thermal exposures are converted to “equivalent minutes” at 43 °C as
follows:
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where t43 o¢ is the thermal dose of the exposure in equivalent minutes at 43 °C, At is the
duration of the exposure (min), T is the average temperature of the exposure over At, and R
is an empirical constant equal to 0.5at T>=43°Cand 0.25at T < 43 °C.

Results of a number of studies [85-89] on the effects of hyperthermia have shown that the
thermal dose threshold for 100% necrosis in different tissues ranges from 50 to 240 min.
Meshorer et al. [85] studied the tissue effects in porcine muscle that occurred after 30 min of
heating and found the onset of necrosis began at 40-43 °C, with moderate damage at 44—

46 °C and severe damage at temperatures greater than 46 °C. This corresponds to 0.5-30
equivalent minutes at 43 °C for the onset of necrosis, 60—240 min for moderate damage, and
more than 240 min for severe damage. The high thermal dose is sufficient to coagulate all
tissue [90-92].

TTSL formulations demonstrated increased temporal control of DOX release in vivo, but
required heating the tissue above 42 °C for 1 h, a thermal dose of 15 equivalent minutes at
43 °C. In vitro studies indicated that release plateaued at 40% of encapsulated drug
following a thermal dose of 7.5 min, with increasing doses having no effect on release [93].
Similarly, the optimized TTSL developed by Gaber et al. [73] and discussed above required
heating at 42 °C for 30 min to achieve 50% drug release (t43°c = 7.5 min). Thus, based on
thermal dose metrics, these TTSL formulations required heating conditions that posed a
significant threat of necrosis to healthy tissue.

The task was then to find ways to lower the thermal dose thresholds for drug release from
thermosensitive liposomes to the range of mild hyperthermia (39-42 °C) while
simultaneously keeping the transition sharp (i.e. a burst release). The latter property is
critical in overcoming potential thresholds for efficacy, ensuring that a lethal drug dose is
delivered, and in avoiding the development of multidrug resistance in cancer cells. Over the
past decade and a half, two approaches emerged to prominence: (i) incorporation of
lysolipids into the lipid membrane, and (ii) modification of the lipid bilayer with membrane-
disruptive polymers.

3.2. Lysolipid-containing thermosensitive liposomes (LTSL)

In 1999 Anyarambhatla and Needham proposed the idea of incorporating lysolipids into
PEGylated DPPC membranes of traditional thermosensitive liposomes in order to lower the
phase transition and promote rapid drug release (Fig. 5) [94]. Lysolipids — lipids that contain
only one acyl chain — have a relatively large head group in relation to their single
hydrocarbon tail, and thus a positive intrinsic curvature which favors the formation of
micelles. The rationale was that as the phase transition temperature is approached and grain
boundaries begin to melt, lateral lipid mobility increases which allows lysolipids to
accumulate at the boundaries. There the tendency for lysolipids to form highly curved
micelles would result in the formation of stabilized defects in the bilayer. It should be noted
that two-tailed phosphoethanolamines, including DSPE-PEG conjugates, have a negative
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intrinsic curvature due to the small PE headgroups. They thus have a tendency to also form
micelle structures: in this case the structures formed are inverted micelles, or hexagonal Il
phase, which are distinct from the micelles formed by lysolipids, which are termed
hexagonal I. The hypothesis then was that lysolipids and DSPE-PEG essentially form
nanopores in the bilayer during the phase transition (Fig. 6), through which entrapped drugs
would rapidly be released [53].

Incorporation of the lysolipid monopalmitoyl phosphocholine (MPPC) at 10 mol% reduced
the phase transition of traditional thermosensitive formulations from 43 °C to 39-40 °C, and
provided for rapid release upon heating (nearly 50% within 20 s heating at 42 °C) [93,94]. In
the context of thermal dose, incorporation of lysolipid resulted in a dramatic reduction from
t43oc = 7.5 min in TTSL to t430.c = 0.08 min (5 s) for the lysolipid-containing
thermosensitive liposomes (LTSL), which is below the threshold for the onset of necraosis.
Thus the LTSL formulation would be expected to have a much improved safety profile
compared to traditional TSL when administered clinically. Subsequent studies in human
xenograft models demonstrated that when combined with mild hyperthermia (42 °C for 1 h
immediately after tail vein injection, t43 o.c = 15 min), LTSL was more effective than free
drug, traditional TSL, and non-thermosensitive (NTSL) formulations at reducing tumor
growth [93-95]. LTSL and hyperthermia also resulted in increased tumor uptake of drug
when compared to controls, and DNA-bound DOX extracted from tumors was found in
significant amounts only in animals administered both LTSL and HT [95]. A recent
comparative study demonstrated that DOX-loaded LTSL and HT combined therapy
increased median tumor growth time compared with untreated controls, HT alone, and LTSL
alone in mice inoculated with five different cancer cell lines (FaDu, HCT116, PC3, SKOV-3,
and 4T07), with the slower-growing cancers (SKOV-3, PC-3) having the greatest number of
complete regressions and longest tumor growth delays [96].

The lysolipid formulation developed by Needham and Dewhirst has undergone further
pharmaceutical development by Celsion and is currently marketed as ThermoDOX®. Two
clinical trials are currently in progress, one combining ThermoDOX with hyperthermia for
patients with recurrent chest wall breast cancer (Phase 1), and one combining ThermoDOX
with radiofrequency ablation in patients with primary or metastatic liver cancer (Phase I11)
[97]. These represent the first clinical trials for the second-generation liposomal
formulations (i.e. stimuli-responsive liposomes).

When investigating the mechanism of LTSL, Mills et al. were careful to show that drug
release occurred through lysolipid-stabilized nanopores rather than a simple enhancement
due to increased drug solubility in the bilayer. An alternative mechanism was that the
lysolipids would desorb from the bilayer at T, leaving molecular scale defects through
which drugs could escape. Mass spectrometry analysis showed that the lysolipids appeared
to remain in the membranes after extensive dialysis above T and thus the mechanism of
rapid drug release was likely due to lysolipid-stabilized pores [98].

However these experiments were donein media free of plasma proteins and cellular
membrane pools, biomolecules which might have an impact on lipid desorption. Indeed,
Banno et al. demonstrated that approximately 70% of lysolipids desorbed from LTSL in vivo
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within 1 h post-injection [99]. LTSL injected into mice and recovered in plasma samples
after 1 h in circulation released 20% less drug following incubations at T > T, indicating
that the loss of lysolipid had a negative impact on the temperature-sensitivity of the
liposomes. LTSL recovered after 4 h were only able to release 50% of drug following
hyperthermia [99]. Sandstrom et al. also found that in the presence of acceptor liposomes at
37 °C, lysolipids rapidly desorb from LTSL [100]. Specifically, with LTSL incubated with
egg-phosphocholine (EPC) multi-lamellar vesicles (MLV) at 37 °C, approximately half the
amount of lysolipids initially included in the LTSL transferred rapidly into the EPC-MLVs
(50% within 10 min). Upon heating to 41.5 °C, drug release from LTSL pre-incubated with
the acceptor liposomes was decreased by a factor of 1.4 when compared to LTSL that were
not exposed to EPC-MLV. Furthermore, there was indirect evidence that lysolipids dissociate
from LTSL upon dilution. In the presence of increasing concentrations of free lysolipid, the
authors found that drug release from LTSL following mild hyperthermia increased, implying
that the presence of lysolipid in the buffer solution decreased the probability of lysolipid
dissociation and minimized the resulting loss of thermosensitivity.

The desorption of lysolipids from LTSL into the biological milieu and the defects left behind
in the membrane may lead to premature drug leakage at physiological conditions. It has been
demonstrated that LTSL release 50% of encapsulated drug within 1 h of administration in
vivo [101], and from 25% up to 80% within 30 min at 37 °C in serum-containing media in
vitro [102,103]. Together these results indicate that the transfer of lysolipids into biological
membrane pools and their desorption upon dilution in the blood stream may: (i) compromise
the thermosensitivity of LTSL in the clinic, and (ii) at worst lead to premature drug leakage
at physiological conditions and a reversion to free drug behavior and its associated systemic
toxicities. Consequently, application of hyperthermia after LTSL injection must be
scheduled appropriately to take full advantage of the responsiveness and rapid drug release
from the LTSLs prior to lysolipid desorption.

3.3. Polymer-modified thermosensitive liposomes

Another approach for sensitizing liposomes to temperature is to incorporate synthetic
polymers that are membrane disruptive in response to heating. Such polymers can either add
temperature-responsive functionality to nonthermosensitive formulations, or they can
enhance the existing temperature-responsiveness of thermosensitive liposomes. The
predominant mechanism of temperature-sensitive polymers is an energetically-driven, sharp
coil-to-globule transition and phase separation at either a lower critical solution temperature
(LCST) or an upper critical solution temperature (UCST). The LCST and UCST are the
respective critical temperatures below and above which the polymer is completely miscible
in solvent. LCST and UCST phase transitions are en-tropically and enthalpically driven
processes, respectively [104].

Temperature-sensitive polymers studied for modifying liposomes predominantly present an
LCST. This transition is spontaneous and endothermic, driven by the entropy gain from the
release of hydrogen-bonded water molecules [105]. Below the LCST, the efficiency of
hydrogen bonding between the polymer chains and water molecules is sufficient to
solubilize the polymer. As the temperature is increased to the LCST, this efficiency is
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reduced such that H-bonding is no longer sufficient to solubilize the polymer, and phase
separation occurs. From a thermodynamic perspective, the LCST corresponds to the region
in the phase diagram where the enthalpy contribution of water H-bonded to the polymer
chain becomes less than the entropic gain of the system as a whole [106]. The LCST is thus
dependent on the hydrogen-bonding capabilities of the constituent monomer units that
comprise the polymer, and in theory can be tuned to desired ranges (e.g. 38— 40 °C) by
varying hydrophilic or hydrophobic monomer content.

When temperature-sensitive polymers are attached to liposomes, the phase transition has
been shown to be membrane disruptive [107], promoting drug release near the LCST
[102,108-110] (Fig. 7). The rational design of temperature sensitive liposomes can thus be
achieved by functionalization with temperature-sensitive polymers with LCST tuned to
desired temperatures.

Temperature-sensitive polymers can be broadly classified into different groups according to
the chemistry of the groups: (a) poly(AN-substituted acrylamides), including the most
extensively studied temperature-sensitive polymer, poly(A-isopropylacrylamide)
(p(NIPAAM)), (b) poly(A-vinylethers), (c) poloxamers, also known by their trade name
Pluronic ®, (d) poly(N-vinylalkylamides), such as poly(A-vinyliso-butyramide) and poly(/\-
vinylcaprolactam), (e) poly(ethyleneglycols) (PEG) and PEG methacrylates, (f) elastin-like
peptides, (g) poly(/N-alkyl oxazolines), and (h) poly(A~aminoethyl methacrylates). Among
these, (a—c) have been added to sensitize liposomes to temperature with some success, and
these works are summarized here. Within the classes outlined above, all but the poloxamers
present an LCST as the mechanism for temperature-responsive behavior. Poloxamers and
their unique mechanism are discussed below.

3.3.1. poly(N-substituted acrylamides)—Poly(AN-substituted acrylamides) are the most
extensively studied class of temperature-sensitive polymers. Kono and coworkers were one
of the first groups to recognize the potential of sensitizing liposomes to temperature by
incorporating these polymers into the lipid membrane. The authors introduced the idea of
fixating A-isopropylacrylamide (NIPAAmM) onto liposomes by copolymerizing NIPAAm
with hydrophobic monomers that would interact strongly with the hydrophobic core of the
lipid membrane, and thus would not desorb in the manner of lysolipids. Their early attempts
focused on the modification of pure p(NIPAAm) by free radical polymerization of NIPAAm
with 1% molar octadecyl acrylate (ODA) [111]. The long alkyl chains of ODA essentially
served as anchor sites for the fixation of the polymer to the lipid membrane. While
unmodified p(NIPAAm) has an LCST of 32 °C, NIPAAm copolymers containing 1% ODA
revealed an LCST of 27 °C. The authors functionalized nonthermosensitive egg
phosphocholine (EPC) liposomes and temperature-sensitive DPPC liposomes with
p(NIPAAmM-co-ODA), and found enhanced release at temperatures greater than the polymer
LCST but minimal release at temperatures less than the LCST in both formulations. Release
was more extensive with the DPPC liposomes than with the EPC liposomes, suggesting a
synergy between the inherent thermosensitivity of the DPPC membrane and the
temperature-dependent membrane disruption properties of the polymer.
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In a subsequent study, dioleoyl phosphoethanolamine (DOPE) was introduced into the EPC
formulation, resulting in improved release [109]. A slightly different approach was
presented: DOPE, a lipid with a small headgroup that tends to form inverted micelles
(hexagonal Il phase), does not form stable bilayers. In lipid membrane mixtures it has a
destabilizing effect, one that can be negated by the presence of hydrated NIPAAm chains at
temperatures less than the LCST. At temperatures greater than the LCST, the collapse of
polymer chains reduces this stabilizing effect, and the liposome becomes unstable, releasing
drug.

These early studies employed polymers with LCST below physiological temperature, and
thus the formulations presented were not clinically practical. However they demonstrated the
feasibility of anchoring temperature-sensitive polymers to lipid membranes in order to
confer temperature-sensitive release properties to the liposome. More recent studies have
introduced copolymers of NIPAAm and various monomers in addition to anchoring
monomers, with the goal of designing polymers with LCST in the range of physiological
temperature. In 1999, Hayashi et al. demonstrated that free radical copolymerization of
NIPAAm with different molar concentrations of hydrophilic acrylamide (AAm) allowed for
tuning of the LCST. Copolymerization with AAm monomers raised the LCST of pure
poly(NIPAAm) from 32 °C to 39 °C (10% AAm), 47.2 °C (20% AAm), and 53.2 °C (30%
AAmM) [112]. Poly(NIPAAm-co-AAm)-modified, non-PEGylated DOPE/EPC liposomes
loaded with marker drug had enhanced release above polymer LCST and minimal release
below LCST. Significantly, liposomes exhibited increased T with increasing AAm%,
demonstrating that tuning polymer LCST can in turn tune liposome T,.

Han et al. confirmed these findings with DOX-loaded DPPC liposomes modified with
p(NIPAAmM-co-AAm). Copolymers of 25% AAm demonstrated LCST of 47 °C, whereas
dropping the AAm% to 17% resulted in a reduction in LCST to 40 °C. The T, of liposomes
modified with these polymers corresponded closely to the polymer LCST [113]. Unmodified
PEGylated DPPC liposomes released 40% of encapsulated drug at 40 °C, demonstrating the
inherent thermosensitivity of the DPPC membrane. Fixation of p(NIPAAmM-co-PAA) at 17%
AAm resulted in 65% drug release at 40 °C, demonstrating the synergistic effects of the
polymer and DPPC. In the studies by Hayashi and Han et al., drug release transitions were
sharp, but no formulation demonstrated release of more than 65% of encapsulated DOX. The
one exception (poly(NIPAAm-co-Aam)-modified DOPE/EPC liposomes at 10% Aam
discussed in [112]) reached 80% drug release only at temperatures greater than 50 °C (At=1
min, t430c = 128 min).

These findings brought to light that while polymer-modified liposomes could be designed to
release drug at a predetermined temperature, a better understanding of the factors governing
the ultimate amount of drug released was needed (e.g. polymer architecture and choice of
comonomer). Kono et al. studied the effect of polymer architecture on drug release
efficiency [114]. Specifically, the authors fixed thermosensitive polymers onto liposomal
membranes with anchors either at arbitrary locations along the polymer backbone or at the
terminal end of the chain (Fig. 8). The examples discussed thus far have involved polymers
attached at multiple arbitrary locations along the backbone. Kono and coworkers observed
that liposomes modified with copolymers of NIPAAm and A-acryloylpyrrolidine (Apr)
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anchored at the terminal end displayed a sharper enhancement of drug release in a narrow
temperature region compared to liposomes modified with the same copolymer with anchors
at arbitrary locations. Okano et al. observed that NIPAAm chains grafted to a solid surface at
the chain end undergo hydrophilic to hydrophobic transitions more efficiently than those
grafted to the same surface at multiple arbitrary locations [115,116]. This was likely due to
the higher conformational freedom of the terminally-anchored chains, and provides an
explanation for the enhanced release observed in liposomes modified with terminally-
anchored NIPAAm chains versus those modified with chains anchored at multiple locations.

To study the effect of comonomer choice on the efficiency of release, Yoshino and
coworkers synthesized three copolymers of NIPAAm, each with an LCST near 40 °C but
containing structurally distinct comonomers: A-acryloylpyrrolidine (Apr), N,N-
dimethylacrylamide (DMAM), and A-isopropylmethacrylamide (NIPMAM) (Fig. 9) [117].
Their hypothesis was that the distinct structural differences in the comonomers would affect
polymer interaction with the liposome membrane, and thus polymer performance would
differ between the polymers even if their phase transition temperatures were identical. This
was indeed the case: all three polymers exhibited LCST near 40 °C, but when attached to
EPC liposomes, the corresponding T, and extent of drug release were strikingly different.
The authors measured polymer LCST via two methods: cloud point measurement (i.e.
measurement of amount of light that travels through an aqueous solution of polymer), and
differential scanning calorimetry (DSC). Yoshino and coworkers demonstrated that the
LCST determined from DSC were almost identical to the LCST determined via light
scattering; however, the intensities of the DSC peaks varied between polymers. By
integrating the DSC curves, the enthalpy of transition (AH) of each polymer was obtained,
with the trend in transition enthalpies being Apr < DMAM < NIPMAM. Since the AH is
mainly related to the destruction of water around the hydrophobic groups, the results
suggested that NIPAAm copolymerized with NIPMAM formed the most hydrophobic
domain above the LCST. Copolymerization with DMAM produced a polymer with an
intermediate hydrophobic domain, and copolymerization with Apr produced a polymer with
the least hydrophobic domain. Polymers that form more hydrophobic domains would be
expected to interact more strongly with the lipid membrane, resulting in greater membrane
disruption and drug release. The results confirmed this hypothesis, with drug release
increasing with polymer AH (i.e. Apr < DMAM < NIPMAM). These findings highlight the
importance of monomer choice when designing temperature-responsive liposomes with
NIPAAmM copolymers. The choice of monomer determines not only the resulting LCST of
the polymer and the corresponding liposomal T, but also the extent of drug release. Release
from liposomes modified with p(NIPAAm-co-NIPMAM) demonstrated rapid release at

42 °C, but also a significant amount of drug release at physiological temperature (50% at
37 °C within 15 min).

The NIPAAm-based polymers discussed thus far were synthesized via free radical
polymerization, a technique that lacks control over molecular weight, yields polymers of
high polydispersity index, and restricts the choice of architecture of the polymer chain [118].
Recently, we introduced liposomes modified with copolymers of NIPAAm and propy!|
acrylic acid (PAA) (Fig. 10) [102]. Copolymers were synthesized via reversible addition-
fragmentation chain transfer (RAFT) chemistry, a type of reversible-deactivation radical
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polymerization (also known as living free radical polymerization) that yields polymers of
low poly-dispersity and provides high control over molecular weights. Copolymerization
with 5% PAA yielded polymers with an LCST of 42 °C. DPPC liposomes modified with
terminally anchored polymers released 70% of drug after 5 min heating at 40 °C (t43.c =5
s), with 100% release achieved following 5 min heating at 42 °C (t43°c = 1.25 min).
Liposomes were stable in serum, with minimal release observed at 37 °C. Additionally, PAA
contains an ionizable carboxyl group (pK; = 6.7) that allows the LCST to be reduced at
slightly acidic pH. This is due to the fact that at pH < pKj;, PAA is protonated and loses its
net negative charge. The overall hydrophobicity of the polymer increases, and this allows the
polymer to more readily undergo its coil-to-globule phase transition. Polymer LCST is
reduced and thus drug release is increased at acidic pH. This pH-sensitivity is applicable to
cancer therapy, as the tumor microenvironment is slightly acidic [119,120]. Such dual-
sensitive formulations have the potential to provide greater release efficiency while
remaining stable at physiological temperature and pH.

One of the major drawbacks of the poly(/A-substituted acrylamides) discussed thus far are
that they are not biodegradable. As an alternative, poly(/N-(2-
hydroxypropyl)methacrylamide) (p(HPMA)) polymers have been widely studied as
biodegradable macromolecular carriers for anticancer drugs [121]. Poly(HPMA) based
copolymers have been recently synthesized with tunable LCST ranging from 13 to 65 °C,
and added to DOPE/EPC and DPPC liposomes [122]. Drug release transitions were broad,
from 37 to 45 °C, with 50% release occurring at 43—-45 °C. Current work with liposomes
modified with HPMA polymers is in its early stages, but may provide for a biodegradable
polymer-modified thermosensitive liposome based on a poly(A-substituted acrylamide).

3.3.2. Poly(N-vinylethers)—Polymer-modified TSL research has traditionally been
dominated by NIPAAm-based polymers. As an alternative, poly(A-vinylethers) synthesized
via living cationic polymerization have been studied for the temperature-sensitization of
liposomes. As with RAFT and other living polymerization techniques, living cationic
polymerization yields polymers of low polydispersity and provides high control over
molecular weights.

Poly(A-~vinylethers) derive their thermosensitive properties from the dehydration of polymer
chains, i.e. a similar mechanism to that of NIPAAm-based copolymers. As with NIPAAm
copolymers, poly(A-vinylethers) present LCSTs which can be tuned by copolymerization
with hydrophobic monomers that double as anchor moieties for the fixation of these
polymers onto the lipid membrane [118,123,124]. Kono et al. demonstrated that block
copolymers of (2-ethoxy)ethoxyethyl vinyl ether (EOEOVE) and anchor group octadecyl
vinyl ether (ODVE) (Fig. 11) could be synthesized with LCST 40 °C, and that the extent of
drug release was affected by varying the chain length of the poly(EOEOVE) block [118].
Increasing the chain length of poly(EOEOVE) resulted in more intensive drug release,
indicating that the longer polymer chains enhance dehydration through the formation of
more highly hydrophobic domains. This was supported by transition enthalpy
measurements: block copolymers with the longest EOEOVE chains had the greatest
measured AH. These findings reinforced results from earlier studies with NIPAAm which
first highlighted the relationship between AH and extent of drug release.
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While there has a been a relative dearth of published in vivo data on thermosensitive
liposomes modified with p(NIPAAm)-based copolymers, recent studies have reported in
vivo success with EOEOVE-based polymers [123,124]. DOX-loaded EPC/cholesterol
liposomes modified with block copolymers of poly(EOEOVE) and poly(ODVE) suppressed
tumor growth in mice when combined with heating for 10 min at 45 °C (t43c = 40 min)
[123]. In another study, EPC/cholesterol liposomes coencapsulating DOX and gadolinium
chelates significantly delayed tumor growth, while also providing the capability of tracking
the particles via MR imaging [124].

3.3.3. Poloxamers—~Poloxamers (trade name Pluronics ®) is a collective name for a large
group of triblock copolymers consisting of a core hydrophobic block (polypropylene oxide,
PPO) flanked by hydrophilic end blocks (polyethylene oxide, PEO). These polymers present
a distinct temperature-sensitive mechanism from the LCST-presenting temperature-sensitive
polymers discussed thus far. In an aqueous environment at temperatures below what is called
their critical micellar temperature (CMT), poloxamers remain as individual non-associated
copolymers. Above the CMT, the co-polymers become more hydrophobic and form micelles
with the hydrophobic PPO groups forming the micellar core. This behavior can be used to
impart thermosensitivity to liposomes. At temperatures below CMT, liposome encapsulated
poloxamers do not associate with the lipid bilayer. Above the CMT, poloxamers partition
into the bilayer, causing defects and disrupting the membrane, resulting in release of
encapsulated drug [125].

Poloxamer CMT can be tuned by varying the molecular weight, the hydrophilic-lipophilic
balance, and polymer concentration [125,126]. Encapsulation in liposomes yields T,
typically within a 5 °C range of the polymer CMT. Chandaroy et al. developed a
temperature-sensitive liposome by modifying PEGylated dioleoyl phosphocholine (DOPC)
liposomes with Pluronic F-127, a poloxamer with MW 12,600 Da and composition PEOgg—
PPOg7—-PEQgg (Fig. 12). The authors found that incorporation of 50% cholesterol resulted in
much sharper transitions, and that liposome T decreased with increasing F127
concentration. The latter observation proved to be an issue, as even at low F127
concentrations (0.04% w/v) liposome T was generally too low for clinical applications (32—
34 °C). There was one exception: liposomes encapsulating a large MW drug (bovine serum
albumin conjugated to FITC) at low F127 concentration (0.04%) exhibited a narrow
transition at 38— 42 °C. Liposome T appeared to be affected by the size of the encapsulated
drug, as the same formulation substituting BSA for carboxyfluorescein exhibited a T near
32 °C [125].

Wells et al. demonstrated that F127-modified DOPC/cholesterol liposomes were able to
deliver a small molecule fluorescent marker to cancer cells in vitro and in vivo [127].
Furthermore, cell-bound markers increased as cells or tumors were heated from 30 to 42 °C,
with tumors heated to 42 °C exhibiting 2.5-fold greater fluorescence compared to controls.
In vitro release curves showed a broad transition from 30 to 42 °C, correlating well with cell
uptake measurements. However, roughly 50% of encapsulated marker was released at 37 °C.
In general, F127 modified liposomes appear to have T too low for use as delivery vehicles
for small molecular weight drugs.
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3.4. Heating modalities for triggering release from thermosensitive liposome systems

Thermosensitive liposome research has been centered on the careful design and optimization
of liposome properties (e.g. size, stability, circulation time, responsiveness to temperature).
The first TSL engineered for delivery of chemotherapy is close to entering the market,
marking a major milestone in the development of these triggerable carriers. These
developments have raised the issue of how to most effectively and safely administer these
formulations and trigger drug release. TSL as a localized therapy depends on the ability to
accurately maintain controlled temperature elevations in target regions (e.g. tumor tissue),
while minimizing temperature elevations in surrounding healthy tissue. Thus, the modalities
used for heat-triggered release of drug from TSL are critical to the success of the drug
delivery platform. Here the various modes of heating that have been used to trigger release
from TSL are reviewed and evaluated.

3.4.1. Regional hyperthermia—The majority of studies with TSL in preclinical models
have applied regional, superficial heating with heated water baths [74,78,79,93,95,128-131].
Animals were typically positioned in specially designed holders that allowed for the
isolation and placement of the target area into a heated water bath. This method of heating is
limited to superficial tumors, and suffers from poor localization of heating, i.e. it is
impossible to heat the tumor without heating surrounding non-tumor tissue.

3.4.2. External electromagnetic applicators for localized hyperthermia—
Superficial tumors can be heated locally by means of external antennas or applicators that
emit microwaves or radiowaves. Several types of applicators, such as waveguide applicators
(e.g. ring, horn, spiral, and current sheet), have been used in preclinical models with
liposomes. For example, Hauck et al. studied the effects of hyperthermia applied from spiral
and annular-phased array microwave applicators on the efficacy of TSL against macroscopic
soft tissue canine tumors [132]. Commercially available applicators have a typical emitting
diameter of 15 cm at a frequency of 150-430 MHz and a typical maximum therapeutic depth
of 3 cm. On irregular surfaces such as the head and neck, the supraclavicular region, and the
axilla, therapeutic depth is further limited. Thus the utility of external applicators for local
hyperthermia and triggered drug release from TSL can depend strongly upon tumor location.
Intratumoral temperature is controlled by both the output of the power generator and also by
the positioning of the applicator.

3.4.3. Localized interstitial hyperthermia—One approach to access and heat more
deeply seated tumors is to insert antennas or applicators directly within the tumor, often with
the help of ultrasonographic guidance. Minimally-invasive antenna types include microwave
antennas, radiofrequency electrodes, heat sources (ferromagnetic seeds, heated water), and
laser fibers [55]. Several antenna types have been explored for tumor-localized heating in
preclinical studies, including heated water sources run through implanted catheters to
complement LTSL administration [133,134] and radiofrequency electrodes to complement
Doxil administration [135,136]. Interstitial hyperthermia is typically more variable than
heating provided by external microwave applicators. In order to ensure therapeutic
temperatures at all points of the target volume, multiple applicators are used and are
positioned in close proximity to one another, a practice that is very invasive. To minimize
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this, electrodes with expandable prongs have been used (Fig. 13). Interstitial hyperthermia is
effective for tumors less than 5 cm in diameter, but is restricted to locations that are feasible
for insertion (e.g. head and neck, prostate).

3.4.4. Focused ultrasound for localized hyperthermia—High-intensity focused
ultrasound (FUS; frequencies greater than 20 kHz) can be used to heat deep tissue in a
relatively small focal zone (mm) compared to other hyperthermia devices (e.g. microwaves).
FUS also allows for heating with a high degree of temporal control, as the rate of heating
depends on the magnitude and duration of the ultrasound exposure, which can be readily
controlled. The application of FUS occurs at a distance remote from the transducer, thus
providing a noninvasive means of heating.

Because of these attributes, FUS has emerged as a leading modality for heat-triggered drug
release from TSL, and recent reports have demonstrated the potential of FUS-TSL systems
for localized heat-triggered drug release [137-139]. In particular, Dromi et al. demonstrated
in a preclinical model that LTSL combined with hyperthermia from FUS enhanced drug
deposition at the tumor and delayed tumor growth relative to liposome treatment without
FUS [137]. However, in these and other studies, temperature measurement was limited to
point measurements made by invasive thermocouples or optical probes. Thus, with
conventional FUS systems, there remains a need for noninvasive, online monitoring of
heating throughout the whole target volume.

3.4.5. Magnetic resonance-guided focused ultrasound (MRgFUS)—Recent
advances have been made in the use of MR-compatible FUS transducers for MR-guided
application of focused ultrasound (MRgFUS). The integration of MR guidance during FUS
exposures allows for simultaneous: (i) MR-imaging to guide the treatment, a modality which
offers superior tissue differentiation compared to ultrasound imaging, and (ii) MR
thermometry to noninvasively monitor temperature changes and provide feedback in real-
time (Fig. 14).

Very recently, several groups have demonstrated the effectiveness of MRgFUS as a heating
modality for thermosensitive liposomes. In rat [140] and rabbit [141] experiments, tumors in
treatment groups receiving both MRgFUS and drug-loaded liposome demonstrated the
greatest uptake of drug when compared to controls (liposome only and/or free drug).
Furthermore, in studies of traditional and lysolipid-containing formulations coencapsulating
DOX with Gd-HP-DO3A, a clinically approved T1-weighted MRI contrast agent, DOX
release measured via fluorescence correlated well with Gd-HP-DO3A release measured via
NMR and/or MR spectroscopy [140,142]. Thus, there is the potential with these
multifunctional liposomes to probe for drug release in situ by measuring the relaxation time
of co-released MRI contrast agents.

Ranjan et al. demonstrated MRgFUS-enhanced distribution of DOX in tumors, with drug
fluorescence observed at greater penetration depths in tumors of animals that were
administered a combination of MRgFUS and liposomes as compared to tumors in animals
given only liposome or free drug, in which drug remained in the tumor periphery [141]. Ina
non-cancer rabbit model, Staruch et al. demonstrated the ability to localize drug
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accumulation in areas of the bone marrow by targeting these areas with MRgFUS exposure
in the presence of drug-loaded liposomes [143]. The results of these studies demonstrate the
potential of MRgFUS to provide localized chemotherapy when used in combination with
thermosensitive liposomal therapy, but evidence demonstrating improved clinical efficacy of
these systems is currently limited.

4. Summary and conclusions

Traditional thermosensitive liposomes (TTSL) are comprised of lipids that undergo gel-to-
liquid phase changes in response to temperature. These liposomes are typically composed of
DPPC, a lipid with phase transition temperature (T.) of 41 °C, and some combination of
cholesterol, DSPC, HSPC, and/or PEG-conjugated lipid for prolonged blood circulation.
Initial iterations of pure DPPC formulations resulted in liposomes that did not completely
release drug, a problem that was addressed by the inclusion of DSPC or HSPC. However,
these modified DPPC liposomes typically exhibited T, at around 43 °C, which resulted in
thermal dose requirements that can put non-cancerous tissue at risk of necrosis during
potential clinical administration of TTSL.

In an effort to improve the thermal response of thermosensitive liposomes, lysolipid-
containing thermosensitive liposomes (LTSL) were developed. Studies suggest that the
presence of lysolipids at a low molar % in DPPC bilayers results in the formation of
stabilized defects in the membrane during the phase transition, leading to enhanced release.
LTSL formulations were optimized for stability and thermal response, resulting in
formulations with T of 39-40 °C and very rapid release of drug (complete drug release
within tens of seconds). The combination of LTSL with external energy sources for localized
heat-induced drug release has shown tremendous promise for increasing intratumoral drug
concentration, and the efficacy and potential adverse effects of the approach are currently
being assessed in clinical trials.

As an alternative to lysolipids, which may desorb from liposomal shells and thus
compromise the stability and/or thermosensitivity of the liposome, temperature-sensitive
polymers have been utilized to improve the responsiveness of thermosensitive liposomes.
These polymers typically present a lower critical solution temperature (LCST) at which they
undergo coil-to-globule phase transitions. Anchored to lipid membranes via hydrophobic
interactions, they dehydrate and collapse at the LCST, becoming membrane disruptive and
inducing drug release. Polymer LCST can be tuned by copolymerization with a variety of
monomers, the choice of which also affects the extent of drug release. Polymer-modified
thermosensitive liposomes (PTSL) have thus far shown great promise, but their temperature-
responsiveness has not yet been optimized: formulations typically are not able to completely
release all of the encapsulated drug, or have broad release transitions such that significant
concentrations of drug are released at 37 °C. Typical syntheses techniques such as standard
free radical polymerization of NIPAAm have several disadvantages, such as lack of control
over molecular weight, high polydispersity, and limited freedom in choosing the architecture
of the polymer chain. Recently, living polymerization techniques have been used to
synthesize temperature-sensitive polymers with low polydispersity and high control of
molecular weight for the design of PTSL. The resulting formulations have demonstrated
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optimal release properties in vitro, and in vivo studies demonstrating increased efficacy are
ongoing.

Lastly, current heating modalities for triggering drug release from TSL have generally
suffered from limited penetration depth, invasiveness, insufficient spatial/temporal control of
heating, and insufficient/invasive monitoring of heating. Recently, focused ultrasound (FUS)
has shown the potential to accurately and noninvasively apply heating to tumor tissue while
minimizing heating to non-cancerous tissue. Furthermore, MR-guided focused ultrasound
(MRgFUS) has shown the potential for noninvasive, real-time monitoring of tumor
temperature during administration.

The clinical approval of Doxil in 1995 was a landmark event in the advancement of
liposomal technology for the treatment of cancer. Temperature-sensitive liposomes with
designs based on the gel-to-liquid phase transition of their lipid membranes are now in
advanced clinical trials, and promise to offer the ability for triggered drug release and site-
specific delivery. Polymer-modified liposomes that achieve temperature response via
temperature-dependent interactions between polymers and the lipid membrane have been
extensively studied, with multiple groups demonstrating improved performance in vitro and
increased efficacy in vivo. These have the potential to provide triggered drug release at
clinically attainable temperatures with increased efficiency, and without the stability issues
present in existing formulations of thermosensitive liposomes. Preclinical studies with
polymer-modified thermosensitive liposomes show great promise, and may lead to the
development of formulations that achieve site-specific delivery and triggered release of
therapeutically relevant doses of chemotherapy.
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Fig. 1.
Examples of current nanomedicines: (A) liposomes, (B) micelles, (C) polymeric

nanoparticles, (D) dendrimers, (E) carbon nanotubes, and (F) polymer-drug conjugates.
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Fig. 2.
Schematic representation of a liposome. Single lipid units such as the phospholipid

examples shown to the right form a stable bilayer around an aqueous inner core.
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Fig. 3.

Pogssible mechanisms involved in combination hyperthermia and thermosensitive liposome
therapy: (A) drug-loaded liposomes (green indicating the lipid shell and yellow indicating
the drug) preferentially extravasate from pores in leaky tumor blood vessel walls (i.e. EPR
effect), (B) applied mild hyperthermia (hyperthermia region indicated by red circle)
increases tumor vessel pore size, increasing tumor liposome extravasation, (C) hyperthermia
triggers drug release from temperature sensitive liposomes in the tumor vasculature as well
as in (D) the tumor interstitium. Recent findings suggest the mechanism of drug delivery
from combination TSL and HT is dominated by intravascular release (C) [62].
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Fig. 4.

Temperature-dependent phase transition of a lipid bilayer. An increase in the lipid bilayer
fluidity due to an increase in temperature above T is associated with an increase in drug
release.
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Fig. 5.
Schematic of the lysolipid-containing thermosensitive liposomes (LTSL) developed by

Needham, Dewhirst et al. [94]. Lipid bilayers are composed of DPPC and MPPC (10 mol%),
a lysolipid that stabilizes grain boundary defects during the phase transition, leading to rapid
drug release.
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Fig. 6.
Proposed mechanisms of drug release from traditional thermosensitive liposomes (TTSL)

and the lysolipid-containing thermosensitive liposomes (LTSL) developed by Needham,
Dewhirst et al. [94]. Upon heating, grain boundaries form between solid and liquid domains.
Melting is initiated at these boundaries, leading to drug release. In LTSL, lysolipids such as
MPPC accumulate at these boundaries and form stabilized defects, leading to enhanced drug
release.
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Fig. 7.
Ilustration of drug release from polymer-modified thermosensitive liposomes (PTSL). At

temperatures greater than the lower critical solution temperature (LCST) of the polymer,
polymer chains collapse, resulting in disruption of the membrane and release of
encapsulated drug.
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Fig. 8.
Schematic of fixation of polymer chains having anchors at (A) random positions on the

polymer backbone and (B) the chain end to a liposome membrane.
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Fig. 9.

Cgpolymers of NIPAAm and (A) N-acryloylpyrrolidine (Apr), (B) N, N-dimethylacrylamide
(DMAM), and (C) N-isopropylmethacrylamide (NIPMAM) discussed in [117]. Two dodecyl
groups at the terminal end of the chains allow fixation to the hydrophobic core of the lipid
membrane. Copolymers presented similar LCST (~40 °C) but varying transition enthalpies
(Apr < DMAM < NIPMAM). Drug release from polymer-modified liposomes increased
with increasing AH.
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Fig. 10.
Structure of p(NIPAAmM-co-PAA) synthesized via RAFT chemistry [102]. The dual-sensitive

polymer (temperature, pH) was fixated onto liposomes, and drug release triggered by both
heating and acidic pH. The pH-sensitivity is applicable to cancer therapy, as tumors are
known to be slightly acidic.
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Structure of p(EOEQOVE-s-ODVE) synthesized via living cationic polymerization
[118,123,124].
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Fig. 12.
Structure of pluronic F-127. Hydrophilic polyethylene oxide blocks flank the hydrophobic

polypropylene block. The polymer forms micelles at elevated temperatures, and when
encapsulated in liposomes can disrupt the lipid membrane, providing a means of
temperature-triggered release [125,127].
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Fig. 13.
Schematic of interstitial hyperthermia showing single radiofrequency probe with expandable

prongs for more uniform heating.
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Fig. 14.
The development of MR-compatible focused ultrasound transducers has led to the

emergence of MR-guided focused ultrasound as a very effective tool for image-guided
thermal therapy. Focused ultrasound transmitted through the skin can heat tumors rapidly
(i.e. heating in less than a second) without damaging intervening tissue. Two-dimensional
maps of ultrasound-mediated heating are possible with MR thermometry, thus allowing for
feedback control of the focused ultrasound system. The image-guided system can be used
for sustained, controlled heating of tumors above the threshold for triggered release of
chemotherapeutics from thermosensitive liposomes.
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