Thermosensitive Liposomal Drug Delivery
Systems: A Review

Abstract:

When combined with local hyperthermia or high intensity focused ultrasound,
thermosensitive liposomes are a promising technique for externally directing medications to
solid tumours. To selectively focus drug delivery to diseased or damaged tissue while
reducing drug distribution to vital normal tissues is the main goal of liposomal drug delivery.
An overview of temperature-sensitive liposomes is provided in this-review. The ability to
heat tumours with external energy sources in a controlled and predictable manner makes
temperature-sensitive liposomes an especially alluring alternative. The lipids used to make
conventional thermosensitive liposomes experience a gel-to-liquid phase shift many degrees
above physiological temperature. Lysolipids and artificial temperature-sensitive polymers
have recently been used to show how liposomes can be made to be sensitive to temperature.
Thermosensitive liposomes (TSL) and localized hyperthermia are potent delivery vehicles for
tumor-specific drugs. In addition to chemotherapy, hyperthermiais given to cancer patients to
help certain chemotherapeutic medications: work more effectively. Using temperature-
sensitive liposomes in conjunction with localized hyperthermia, which specifically releases
the medicine contained in the heated tumor tissue, can significantly increase the temperature-
dependent effect.

Introduction:

Typically made of phospholipids, liposomes are spherical vesicles that are generated by a
membrane bilayer (Figurel). Hydrophilic pharmaceuticals can be enclosed in the membrane's
aqueous core, whereas lipophilic. medications can be integrated into the membrane.
Liposomal formulations:can be prepared using a variety of techniques, from laboratory size
through Good ‘Manufacturing Practice manufacture for clinical quantities™ Drug loading can
be accomplished using active loading methods (Figure 2A) or passive loading methods
(Figure 2B).(Figure 3).

Flow chart 1. Protocol for liposome preparation
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Figure 2 Loading of drugs

By preventing quick metabolism, stable drug encapsulation inside of a liposomal formulation
lengthens the medication's half-life in the bloodstream following intravenous delivery.
Additionally, since undesired distribution in various physiological compartments is
prevented, there is a lower chance of drug-related side effects. The adaptability of liposomal
drug delivery systems is due to the fact that the lipid composition and/or technique of
synthesis can alter their biophysical properties, such as vesicle size, lamellarity, surface



charge, membrane fluidity, and surface. Liposomes are typically categorized as
biocompatible due to the usage of naturally occurring chemicals as the primary components,
such as (phospho) lipids and cholesterol. After distributing lecithin in an aqueous media,
Bangham et al. described the spontaneous production of liquid crystals in 1965% This
review's goal is to give a comprehensive overview of temperature-sensitive liposomes, with a
focus on the Low Temperature-Sensitive Liposome (LTSL). This LTSL was created to
release medication quickly in response to a temperature trigger at 41-42°C utilizing moderate
hyperthermia. Its fundamental design relies on a wealth of knowledge about liposomes that
was accumulated over a 40-year period in order to load and retain medication while dodging
the body's defenses. The most cutting-edge nanoscale drug delivery technology in clinical
therapy is a result of these studies, which also encompass basic research and preclinical and
clinical investigations® The addition of thermosensitive polymers to the formulation can also
result in drug release from liposomes that are activated by heat. * However, in'this study, we
emphasize the impact of lipid composition on the in vitro and in vivo behavior of the TSL
formulations currently being studied and concentrate on . formulations where
thermosensitivity is accomplished via the biophysical properties of the membrane-forming
phospholipids. °

A novel approach to medication targeting: external targeting that triggers
intravascular temperature-triggered drug release

Due to the leaky tumor vasculature, traditional PEGylated long-circulating doxorubicin
formulations like Doxil/Caelyx have been created to take advantage of the improved
permeability and retention effect (Figure 3A). However, due to a number of drawbacks,
passive drug targeting has not been able to outperform the free drug in terms of clinical
efficacy in humans. The amount that accumulates varies on the particulars of the tumor's
vasculature and could be boosted by heating the tumor tissue. ® Although less than 10% of
the injected dose accumulates in the tumor, extravasation of vesicles is the rate-limiting step,
and nanoparticles must circulate-for days to accumulate in sufficiently high concentrations®.
This is because uptake. in the liver and spleen competes with accumulation in tumor tissue. °
External targeting performed by temperature-triggered, localized intravascular drug release
from TSL with focussed heating is a promising substitute, according to Manzoor et al (Figure
3B). *° Doxorubicin was directly released into the bloodstream after reaching the heated
tumor tissue, leading to a high intravascular drug concentration. **** When compared to mice
given with free doxorubicin or Doxil/Caelyx, this resulted in a much higher penetration depth
of bioavailable doxorubicin into the tumor tissue. 1° With the use of this method, tumor sites
with limited- blood flow might also be treated, which is known to be more challenging
because of a hypoxia-mediated resistance mechanism. Targeting more hydrophilic medicines,
such as gemcitabine, under the idea of intravascular drug release. By controlling the heating
focus and heating power, temperature-triggered drug targeting by TSL has the benefit of
allowing external spatial and temporal control of drug release. In clinical practice, there are
well-established devices for localized or regional heating of tumour tissue, including deep-
seated tumour tissue, to 42 °C (mild hyperthermia). ** As a result, frequently used TSL is
made to release the medicine from the capsule between 39°C and 42°C.
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At the lipid bilayer's melting phasaﬁ%anﬂ N temperature (Tm), encapsulated hydrophilic
medicines are released from T Vhen the changeover from a solid gel phase (L) to a
liquid-crystalline phase (L) happens at Tm, the structure of the lipid bilayer changes (Figure
4). When the membrane is_in the%;};ﬁid-cr”@twalline phase as opposed to the gel phase, it is
more permeable to wayteéaﬁ ”hydropﬁi%c medicines. ** ** Because membrane portions from
both phases coexist ﬁ f grain boundaries at temperatures close to the Tm, hydrophilic
medicines highest permeability at these
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Figure 4:Factors affecting drug release from thermosensitive liposomes.

Traditional temperature-sensitive liposomes

The effect of cholesterol and PEG=phosphatidylethanolamine on stabilizing TSL formulations
in vitro was described by Gaber et al. in 1995: ** Cholesterol at a concentration of 30 mol%
was added to TSL formulations to abolish Tm by converting the membrane's phase state to a
liquid-ordered phase. For MRI-guided delivery of doxorubicin, a conventional temperature-
sensitive liposome (TTSL) fermulation with co-encapsulated doxorubicin and a gadolinium-
based contrast agent is:being researched. > Because it is more stable than low temperature-
sensitive liposome (LTSL) formulations that contain lysolipid, the TTSL formulation was
chosen for this research. *°

Lysolipid-containing low temperature-sensitive liposomes

As stated by Needham et al. in 2000, the integration of lysolipids into the membrane bilayer
represented a breakthrough in the production of clinically useful TSL formulations. The first
TSL formulation suited for the intravascular drug release strategy was LTSL. 2 Although the
use of surfactants reduces vesicle stability around Tm, this formulation is distinguished by
extremely rapid drug release upon heating. 2 In addition, it was discovered that 70% of the
lysolipid dissociated from the formulation within an hour of injection. %

DPPG; -thermosensitive liposome

In 2004, Lindner et al. reported on a novel liposomal formulation (DPPG2 -TSL) made up of
the phospholipids DPPC, DSPC, and 1,2-dipalmitoyl-sn-glycero-3-phosphodiglycerol
(DPPG2). % Because only one extra glycerol molecule is connected to the head group via an
ether bond, DPPG2 is a synthetic phospholipid with a molecular weight that is similar to that
of naturally occurring 1,2-dipalmitoyl-sn-glycerol-3-phosphoglycerol. 2®  Similar to



PEGylated lipids, the molecular family of oligoglycerols was created to lengthen the half-life
of vesicles in circulation. In both non-thermosensitive?” and thermosensitive®®%® formulations,
the addition of DPPG2 resulted in a lengthened circulation time. In DPPG2 -TSL-
encapsulated carboxyfluorescein, the plasma half-life was observed to be 9.6 hours in
hamsters and 5 hours in rats. *° Surfactants were not included in the DPPG2 -TSL
formulation, in contrast to the LTSL formulation. Although the release rates of doxorubicin
and carboxyfluorescein from DPPG2 -TSL were as quick as those observed with the LTSL
formulation %, the drug release from the DPPG2 -TSL formulation began at a temperature
that was about one degree higher. * When compared to LTSL, DPPG2 -TSL demonstrated
improved in vitro stability in full serum. ** In contrast to LTSL, the formulation was
stabilized throughout time by the presence of serum components at 37°C.

Stealth TSL

By incorporating DSPE-PEG2000 into the original Yatvin formulation, a sterically stabilized
TSL formulation (Stealth TSL; Table 1) was created that allowed the passive accumulation of
TSL in tumor tissue and had a better in vivo half-life than the LTSL formulation. ** Li et al.
showed that Stealth TSL had better in vitro stability at 37°C.in serum when:comparing it to
LTSL. 2" At 42°C, Stealth TSL released doxorubicin at its highest rate. 2" The release of
doxorubicin from Stealth TSL begins at a greater temperature (39°C versus 37°C) than
LTSL.?

Hyperthermia-activated cytotoxic formulation

The hyperthermia-activated cytotoxic (HaT) liposome formulation published by Tagami et al.
is another TSL formulation containing encapsulated doxorubicin that is currently being
studied (Table 1). ** DPPC and the non-ionic surfactant polyoxyethylene (20) stearyl ether
make up HaT. (Brij78; Figure 5A). It was assumed that since Brij78 had a PEGylated acyl
chain, it may perform the same role as lyso-PC and DSPE-PEG2000 in the LTSL
formulation. %% At 40°€-42°C 'in buffer, the HaT formulation demonstrated 100%
doxorubicin release in.3 minutes. * HaT demonstrated increased drug release rates at 40°C
and comparable blood pharmacokinetics when compared to LTSL. ** A blood circulation
half-life of roughly.0.5.hours was noted for both formulations following injection. ** When
compared to LTSL, a single intravenous treatment with HaT at a doxorubicin dose of 3
mg/kg body Weight in conjunction with local heat demonstrated improved tumor reduction. *

STL formulation

Another stabilized formulation containing encapsulated doxorubicin was described by Park et
al. in 2013 and included DPPC, DSPE-PEG2000, cholesterol, and fatty acid-conjugated
elastin-like “polypeptide 55:2:15:0.4125 (mol/mol) (STL) (Table 1). * Doxorubicin
encapsulated in STL and LTSL,* respectively, had plasma half-lives of 2.03 hours and 0.92
hours, according to pharmacokinetic tests in mice. When combined with high-intensity
focused ultrasound, STL considerably outperformed LTSL in terms of tumor growth delay
seven days after injection.®®

Thermosensitive liposomes for MRI-guided drug delivery



The preferred technique for image-guided medication distribution with TSL is MRI. It is an
accepted clinical practice due to its well-known capabilities for morphological and functional
tumor characterization without exposure to ionizing radiation. Additionally, MRI
thermometry is established for the management of thermotherapies such high intensity-
focused ultrasound and radiofrequency hyperthermia. Clinical applications have already
adopted specialized hybrid systems. *>**3" Using MRI to modulate hyperthermia, localized
drug release from TSL has been proven in rodents 38,39 and nonrodents 40~*2. Encapsulating
MRI contrast agents in TSL formulations enables for additional characterization of the drug
administration that is only possible in humans when utilizing MRI, in addition to managing
the heating volume.

Signal mechanism

The most common MRI-active contrast agents for encapsulating in° TSL ‘formulations are
paramagnetic gadolinium chelates ** ***** and manganese ions.“**° (Table 1). The
fundamental source of the MRI signal is not the contrast agent itself, but rather the nuclear
magnetic resonance of water protons. Only the ability of MRI contrast agents to speed up the
water proton relaxation around the molecules of the contrast agent allows for their
visualization. The contrast agent molecule must be given the opportunity to interact with a
significant number of water protons in order for this indirect signal-producing contrast
process to work. The contrast agent must be enclosed:inside the TSL in order to visualize
temperature-induced release.>>* Because there is little water interaction with the TSL's
exterior below the Tm, the agent mostly interacts -with the water inside of the TSL. As a
result, as compared to contrast agents that are free, the contrast agent is less visible. T1-
weighted pictures show an increase in signal as one gets closer to the Tm due to the increase
in water exchange. *° The contrast-agent.is released around the Tm, causing a maximal signal
change that is comparable to the signal change produced by the free contrast agent. >* This
enables significant temperature-based modification of an MRI signal.>

Table 1 Overview of thermosensitive lipesomes

Abbreviation Membrane First Tn Encapsulated Encapsulated Targeting principle

composition publication (encapsulated drugs MRI contrast
doxorubicin) agent

First TSL DPPC/DSPC 3:1 1978° - Neomycin® -
(molZmol) Methotrexate®

TTSL DPRC/HSPE/Chol/ 1995 40.9°C> Doxorubicin®**  Gd-based®** Passive targeting
DPPE-PEG before heat-triggered,
50:25:15:3 (mol/mol) interstitial drug release

LTSL DPPC/lyso-PC/DSPE- 2000* 40.8°C* Doxorubicint Gd-based and Intravascular drug
PEG, 00 Cisplatinum®® Mn-baseds#.87-89 release
90:10:4 (mol/mol)

DPPG2-TSL DPPC/DSPC/ DPPG2 200457 41.9°C Doxorubicin?® Gd- and Mn- Intravascular drug
50:20:30 (mol/mol) Gemcitabine?® basedes-6.9.93 release

Miltefosine™

Stealth TSL DPPC/DSPC/ DSPE- 20074 43.0°C™ Doxorubicin?:72  — Passive targeting
PEG,,y, before heat-triggered,
80:15:5 (mol/mol) interstitial drug release

HaT DPPC/Brij78 96:4 20117 41.0°C™ Doxorubicin™ Gd-based®” Intravascular drug
(mol/mol) Gemcitabine™ release

Oxaliplatin™

STL DPPC/DSPE-PEG, .,/ 20137 - Doxorubicin™ - Intravascular drug
Chol/ELP 55:2:15:0.4125 release
(mol/mol)

Abbreviations: Brij78, polyoxyethylene (20) stearyl ether; DPPE-PEG, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(PEG); DPPG., 1,2-dipalmitoyl-sn-
glycero-3-phosphodiglycerol; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE-PEG,,,, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(PEG)-2000; ELP,
fatty acid conjugated elastin-like polypeptide; Gd, gadolinium; HaT, liposome hyperthermia-activated cytotoxic formulation; DPPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine; HSPC, hydrogenated soy phosphatidylcholine; LTSL, lysolipid-containing low-temperature sensitive liposomes; Mn, manganese; MRI, magnetic resonance
imaging; TTSL, traditional temperature-sensitive liposome; TSL, thermosensitive liposome; Chol, cholesterol; T , phase transition temperature.

Applications



A technique for quality control in thermotherapy for patients, TSL can be used with an
encapsulating contrast agent to discriminate heated from unheated tissue®*** or to quantify
absolute temperatures as a supplement to conventional MRI thermometry methods.>*>> The
toxicity of manganese is the main disadvantage of the aforementioned strategy (II). Other
studies are utilizing gadolinium-based contrast compounds that have received clinical
approval to get around this. Hossann et al. looked examined six of these contrast agents for
DPPG2 -TSL encapsulation and found that a non-ionic contrast agent with little osmolality
contribution was the best option. *° Using gadolinium-based contrast agents, two
encapsulation techniques are conceivable, but the release kinetics and signal mechanisms for
the contrast agent and medication must be taken into account. Combining two TSL subsets,
one of which contains only the contrast agent and the other of which contains only the
medication, is one tactic. >° By using this technique, more contrast agents and medication can
be encapsulated without experiencing osmotic consequences. “° The second technigue, which
limits the amount of both components in each TSL, is to encapsulate the medication and the
contrast agent in the same TSL. The temperature-dependent medication release rate and MRI
signal change must, however, be correlated for both procedures. >/

Conclusion

Together with local hyperthermia or high-intensity focused ultrasound, TSL is a promising
method for external medication targeting solid tumors.

There have been several formulations created,-one of which is.currently undergoing clinical
testing. Results from in vivo experiments provide compelling evidence that external targeting
of extremely stable long-circulating medication formulations is preferable to passive
targeting. Additionally, MRI-guided drug delivery opens up the possibility of online heating
focus monitoring, determining the concentrations of drugs released locally, and externally
managing drug release by adjusting the heating focus and power. The distinguishing feature
of this nanotechnology-based medical strategy will be the integration of MRI-guided drug
administration and external targeting with TSL.
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