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Liposomes, spherical phospholipid vesicles with a unique morphology mimicking that of body cells, have
emerged as versatile nanoparticles for drug delivery. Their biocompatibility, low cytotoxicity, targeted
delivery, and hydrophobic and hydrophilic characteristics make them stand out over traditional drug deliv-
ery systems. Liposomes can be tailored in size, composition, lamellarity, and surface charge, offering a
unigue level of customization for various applications. Extensive research in liposome technology has led
to the development of a wide range of liposomal formulations with enhanced functionalities, such as
PEGylated liposomes, ligand-targeted liposomes, and stimuli-responsive liposomes. Beyond their crucial
role in cancer treatment, liposomes play a significant role in influenza, COVID-19, cancer, and hepatitis A
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vaccines. They are also utilized in pain management, fungal treatment, brain targeting, and topical and
ocular drug delivery. This review offers insight into the types of liposomes, their composition, preparation
methods, characterization methods, and clinical applications. Additionally, it discusses challenges and

rsc.li/RSCPharma highlights potential future directions in liposome-based drug delivery.

water.®® Currently, liposomes are being heavily researched to
treat various diseases, including fungal and viral infections and

1. Introduction
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Drug Delivery Systems (DDSs) have improved the pharma-
cological attributes of free drugs by sequestering them in a
nano-vehicle and delivering them to the required site. They
also minimize the cytotoxicity of drugs and improve their
biodistribution.' Several types of nanocarriers ranging in size
between 10 to 500 nm are used in DDSs for several purposes,”
including nanocrystals, hydrogels, dendrimers, nanotubes,
micelles, solid lipid nanoparticles, ceramic nanoparticles, nano-
suspensions, nanowires, and liposomes.® Liposomes are a safe
and practical choice for encapsulating various drugs with their
biocompatibility, low toxicity, biodegradability, and hydro-
phobic and hydrophilic characteristics.® Furthermore, the tox-
icity of liposomes has been found to be lower than other nano-
particles.” They were first discovered in the 1960s by Alec
Bangham while researching the nature of cell membranes and
the effect of phospholipids on blood clotting. While conducting
his experiments, he accidentally observed that liposomes
formed spontaneously when phospholipids were dispersed in
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cancer, besides being used in vaccinations." This review
describes liposome types, their composition, preparation
methods, characterization methods, and clinical applications
and highlights the challenges and future prospects.

2. Types of liposomes

2.1. Liposomes’ formulation

Liposomes have a spherical shape and range in diameter
between 50-500 nm. Their amphiphilic properties allow them
to assemble into bilayer membranes in an aqueous environ-
ment, creating a closed bilayer structure of polar hydrophilic
heads and non-polar hydrophobic tails, as shown in Fig. 1.°
The hydrophilic heads contain the phosphate group facing the
inner and outer aqueous medium. In contrast, hydrophobic
tails are chains of fatty acids centered within the bilayer and
face each other to create a water-free zone.” This formulation
allows the liposomes to accommodate hydrophobic drugs in
their lipid bilayer and hydrophilic drugs in their core.®’

The biocompatibility of liposomes relies on the fact that
they have a similar structure and composition to the cell mem-
brane in the human body. They are made of natural phospholi-
pids extracted from animal tissues like egg yolk and bovine
brain or vegetable oils like soybean and cotton seed.
Liposomes could also be made up of semi-synthetic or syn-
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Fig. 1 Schematic representation of the liposome structure and encap-
sulation of drug molecules.

thetic phospholipids. The two main natural phospholipids
used in the synthesis of liposomes are glycerophospholipids
and sphingomyelin. The head group (denoted as X) in the gly-
cerophospholipids can be varied to form different types of
phospholipids like phosphatidylethanolamines (PE), phospha-
tidylcholines (PC), phosphatidylglycerols (PG), phosphatidyl-
serines (PS), phosphatidic acid (PA), cardiolipin (CL), and
phosphatidylinositol (PI) with a backbone of glycerol as shown
in Table 1. Moreover, sphingomyelins have a sphingosine

Table 1 The two main natural phospholipids used in liposome syn-
thesis and common head groups found with glycerophospholipids.
Retrieved and edited from ref. 11-13
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backbone, as shown in Table 1.® Additionally, cholesterol is
incorporated into liposomes to enhance their in vivo stability
and permeability. It also reduces the membrane fluidity and
limits their interactions with plasma proteins, minimizing the
encapsulated drug’s loss.>® Furthermore, polyethylene glycol
(PEG), a hydrophilic polymer, is beneficial for altering the lipo-
some’s biodistribution profile and pharmacokinetics."’

2.2. Size and lamellarity

Based on the size and number of the bilayers, liposomes are
classified into unilamellar, multilamellar (MLV >500 nm), and
multivesicular vesicles (MVV >1000 nm), as shown in Fig. 2.
Unilamellar vesicles can be further divided into small unila-
mellar vesicles (SUVs, 25-50 nm), large unilamellar vesicles
(LUVs, 100 nm-1 mm), and giant unilamellar vesicles (GUVs,
1-200 mm)."*"* Generally, liposomes must be prepared with a
specific size to allow their absorption into body cells. MVVs
and MLVs are commonly used for long-term drug delivery
effects. However, SUVs have steady drug encapsulation, release
kinetics, and prolonged circulation time in the body, making
them beneficial for chemotherapy and vaccines.'® Dynamic
light scattering (DLS) and Nanoparticle tracking analysis (NTA)
are the most used techniques to measure liposome size."”

Based on their application and composition, liposomes can
be classified into six primary types: conventional, stealth,
charged, bubble, actively targeted, and stimuli-responsive
liposomes.

2.2.1. Conventional liposomes. Conventional liposomes
are mostly made up of phospholipids, natural or synthetic,
with or without cholesterol,'"® and have limited stability,
making them easily absorbed and removed by the reticuloen-
dothelial system (RES) in the body.'® They have a very short
blood circulation time as they can be taken up by the mono-
nuclear phagocytic cells shortly after being administered intra-
venously.”® The mononuclear phagocytic system prevents con-
ventional liposomes from accumulating at the target region,
causing a rapid accumulation in the spleen and liver.>* For
this reason, sterically stabilized liposomes (stealth liposomes)
were researched and proved to have a prolonged circulation

GUVs (1-200 mm)

LUVs (100nm~=1 mm) :

MVV >1000 nm

SUVs (25-50 nm)

MLV >500 nm

Fig. 2 Liposomes classes based on size and lamellarity.
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time and increased drug effectiveness compared to conven-
tional liposomes.**

2.2.2. Stealth liposomes. Stealth liposomes were intro-
duced in the 1970s as second-generation liposomes. They are
surface-modified with hydrophilic polymers like PEG, polysac-
charides, or glycoproteins to achieve enhanced pharmacoki-
netics and better accumulation at the targeted site. This is
done by coating the liposome’s surface with a steric barrier,?®
minimizing opsonization in which liposomes are marked for
elimination by the mononuclear phagocytic system.>*?*
Additionally, they have enhanced biological stability and
reduced leakage of the encapsulated drug.?® Stealth liposomes
showed efficiency in both chemotherapy and gene therapy.”

2.2.3. Charged liposomes. N-[1(2,3-Dioleoyloxy) propyl]-N,
N,N-trimethyl-ammonium chloride (DOTMA) is a cationic lipid
used to synthesize cationic liposomes, while oleic acid is used
for anionic liposomes. Generally, charged liposomes demon-
strate enhanced stability during storage because charged par-
ticles repel each other, minimizing aggregation." In chemo-
therapy, cationic liposomes tend to accumulate in newly
formed tumor vessels, enhancing their antitumor effect. Jung
and colleagues developed PEG-complexed cationic liposomes
(PCL) loaded with doxorubicin and compared them to Doxil®,
the first liposomal drug formulation approved in 1995. In vitro
cellular uptake results, evaluated by fluorescence microscopy
and flow cytometry, showed higher PCL cellular uptake and
cytotoxicity against B16F10 cells (murine melanoma cell line
from mice) than Doxil®. Moreover, in vivo anticancer activity
of the same PCL against the human SKOV-3 ovarian adeno-
carcinoma xenograft model was comparable to Doxil®;
however, PCL showed a slightly reduced plasma level of doxo-
rubicin compared to Doxil® in a pharmacokinetic study in
rats.”® Furthermore, Chi and colleagues developed redox-
responsive liposomes functionalized with hyaluronic acid
(HA). These liposomes were loaded with doxorubicin and
coated with HA, which is negatively charged and serves as a
targeting ligand for the CD44 receptor (hyaluronan receptor).
The innovative aspect of these liposomes is their ability to
destabilize under reducing conditions or low pH environ-
ments. This feature significantly enhanced cytotoxic effects in
treating osteosarcoma in vitro with the MG63 cell line and in a
murine xenograft model.>” Nevertheless, increasing the cat-
ionic lipids in the liposome formulation suppresses the
Enhanced Permeability and Retention (EPR) effect, the mecha-
nism by which liposomes accumulate in tumor tissues more
than in healthy tissues due to the leaky nature of tumor blood
vessels. Hence, it causes aggregation by the electrostatic inter-
actions of liposomes with anionic compounds present in the
blood. Cationic liposomes have also been effective in gene
therapy as they successfully encapsulate nucleic acid by exploit-
ing the electrostatic interactions between their positive charge
and the negatively charged nucleic acids.*® Moreover, anionic
liposomes are used in transdermal drug delivery. Studies
showed that anionic liposomes diffuse through the stratum
corneum in the skin faster than the cationic liposomes, contri-
buting to enhanced drug penetration through the skin.?®
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However, anionic liposomes have a faster clearance rate and
are less stable in the bloodstream than cationic liposomes."

2.2.4. Bubble liposomes. Bubble liposomes are submicron-
sized microbubbles that constitute a coat and a gas-filled core,
such as air, nitrogen, or oxygen. The coating could be galac-
tose, lipids, proteins, surfactant, silver, or biopolymer;
however, lipids are the most common shell material for
bubble liposomes. They are intrinsically echogenic and can be
utilized as carriers that can deliver and discharge their con-
tents at the targeted site when exposed to ultrasound through
the cavitation mechanism. Ultrasound waves introduce oscil-
lations in bubble liposomes, causing a disruption in their
membrane and leading to drug release at the targeted site.***"
Moreover, microjets are formed in their surrounding fluid
upon applying ultrasound to bubble liposomes, creating pores
in the membrane of targeted cells, a mechanism called sono-
poration. These transient pores allow the liposome’s contained
materials, like siRNA, plasmid DNA, proteins, or drugs, to
enter the cell. This makes bubble liposomes beneficial in the
fields of DDSs and gene delivery. Moreover, the combination
of bubble liposomes and ultrasound can also be used to
deliver antigens in dendritic cell-based cancer immunother-
apy, hence preventing cancer from metastasizing.*?
Additionally, bubble liposomes containing nitric oxide (NO)
and oxygen are novel techniques in intravenous therapy. NO
bubble liposomes are used as vasodilators and have many
other applications. Encapsulating NO in bubble liposomes pre-
vents them from interacting with hemoglobin, enhancing the
effectiveness and stability of NO administration. Furthermore,
oxygen bubble liposomes have proven effective at supplying
high oxygen concentrations to the lungs. Hence, they can be
used to overcome hypoxic conditions in tumors, which con-
tribute to higher resistance to chemotherapy in some
tumors.>® These developments eliminate the drawbacks of con-
ventional techniques and can potentially improve treatment
results.™*°

2.3. Actively targeted liposomes

Actively targeted liposomes are considered third-generation
liposomes, primarily used in chemotherapy. Generally, lipo-
somes concentrate at the tumor site through the EPR effect, in
which tumors possess a leaky vasculature and enhanced per-
meability to maximize the uptake of oxygen and nutrients and
proliferate. Additionally, tumors have slow venous return and
poor lymphatic drainage, making liposomes accumulate even
more.** In other words, liposomes can passively target tumors
by the EPR effect. However, the drawback of passive targeting
is that it does not discriminate between cancerous and healthy
cells." Therefore, actively targeted liposomes were developed to
target cancerous cells through the receptor-ligand mecha-
nism. This mechanism is achieved by conjugating certain
types of ligands, called recognition moieties, to the surface of
liposomes. These ligands are specific to the angiogenic endo-
thelial cells or the tumor cells and bind to the receptors they
overexpress, enhancing the tumor-targeting.”> Recognition
moieties can be antibodies, nucleic acid, carbohydrates, vita-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the passive and active targeting mechanisms.

mins, or simple peptides." The difference between active and
passive targeting mechanisms is illustrated in Fig. 3 below.
Furthermore, Maruyama et al. developed PEGylated immunoli-
posomes with attached antibodies specifically for lung endo-
thelial cells in 1999. Their results showed that these liposomes
had high targetability and effectively avoided the RES.*®
Furthermore, Moghimipour et al. synthesized folate-conju-
gated liposomes loaded with 5-fluorouracil (5FU) in another
study. In vitro studies on colon carcinoma (CT26) cells proved
that these liposomes have higher cellular uptake and tumor
inhibition compared to the free drug. Moreover, Zhang et al.
synthesized integrin p3 specific ligand (B3int)-modified lipo-
somes loaded with DOX. Prostate cancer, including PC-3 and
DU-145 cell lines, were used to perform in vitro cellular uptake
studies. The results showed that the prepared liposomes had
higher uptake in PC-3 cells with a three-fold increase in cellu-
lar DOX compared to DU-145 cells.*”

2.4. Stimuli-responsive liposomes

Stimuli-responsive liposomes release their content at the tar-
geted site through exogenous (external) or endogenous
(internal) stimuli. The internal stimuli could be pH change,
unique enzymatic activity, or redox reactions. In contrast, the
external stimuli could be light, heat, ultrasound, or magnetic
fields, as shown in Fig. 4.>® Table 2 lists the most common
types of stimuli-responsive liposomes and their working
principle.

2.4.1. pH-Responsive liposomes. Vila-Caballer and col-
leagues developed liposomes with the pH-responsive polymer
stearoyl-PEG-polySDM. These liposomes provide a vehicle for

© 2024 The Author(s). Published by the Royal Society of Chemistry

delivering bovine serum albumin (BSA) to the bladder epi-
thelium. The study results showed a significant increase in
BSA uptake by the MB49 cells (mouse bladder carcinoma cells)
at an acidic pH (6.5) compared to a neutral pH (7.4). Moreover,
at pH 6.5 and 7.4, control liposomes failed to deliver BSA to
the bladder epithelium. In contrast, the pH-responsive lipo-
somes successfully delivered BSA to MB49 cells at pH 6.5,
suggesting potential for targeted bladder cancer therapy.®”*®

2.4.2. Redox-responsive liposomes. Wang et al. synthesized
redox-responsive liposomes based on a disulfide-derivative
paclitaxel-ss lysophosphatidylcholine prodrug (PTX-ss-PC). The
in vitro cytotoxicity of the liposomes conducted on lung and
breast cancer cells revealed that these PTX-ss-PC liposomes are
promising in inhibiting tumor growth mediated by the pres-
ence of GSH.>”*’

2.4.3. Enzyme-responsive liposomes. Pourhassan et al. syn-
thesized secretory phospholipase A2 (sPLA2) sensitive lipo-
somes loaded with oxaliplatin (L-OHP). Nude mice bearing
sPLA2-deficient FaDu squamous carcinoma and sPLA2-expres-
sing Colo205 colorectal adenocarcinoma were used to evaluate
these liposomes’ in vivo therapeutic efficiency. Their study
showed that using sPLA2-sensitive liposomes did not enhance
drug efficiency compared to low- or non-sensitive liposomes,
and the mice did not show more prolonged survival. In con-
trast, these sPLA,-responsive liposomes accumulated in the
liver and posed a risk of systemic toxicity and liver failure due
to their high sensitivity and repeated dosage to reach an
effective therapeutic window. Moreover, reducing their toxicity
comes at the expense of lowering their sensitivity, which
caused them to lack an actively sPLA,-controlled released

RSC Pharm., 2024,1,928-948 | 931
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Fig. 4 Different types of stimuli-responsive liposomes.

mechanism, thus behaving similar to conventional pegylated
liposomes.”®

2.4.4. Light-sensitive liposomes. Chen et al. synthesized a
NIR-responsive bubble-generating thermosensitive liposome
(BTSL) system loaded with Cypate, a photothermal agent,
DOX, and NH,HCO;. The in vitro release study demonstrated
that after NIR irradiation, there was an increase in DOX
released from BTSL compared to (NH,),SO, liposomes at
42 °C. Moreover, the in vivo study results showed that the
system highly increased the accumulation of DOX in tumors,
inhibiting its growth and reducing the DOX side effects.>"

2.4.5. Thermosensitive liposomes. Derieppe et al. moni-
tored the penetration of doxorubicin released from thermo-
sensitive liposomes in the subcutaneous rat R1 rhabdomyo-
sarcoma xenograft. A water bath with a temperature of 43 °C
and fibered confocal fluorescence microscopy (FCFM) were
used for the setup. The tumor-bearing leg was immersed in
the water bath, and the liposomes were injected intra-
venously. The results from the FCFM showed an increase in
the fluorescence signal in the tumor cells, indicating an
increase in doxorubicin concentration at the targeted site.>
Furthermore, Lu et al. developed magnetic and thermally
responsive thermosensitive magnetic liposomes (TML)
loaded with citric acid-coated magnetic Fe;0, and Camptosar
(CPT-11). The liposomes were surface-conjugated with
Cetuximab (CET) to target epidermal growth factor receptors
on human primary glioblastoma (U87) cells. The in vitro
results revealed a rise in the TML-CPT-11-CET solution

932 | RSC Pharm., 2024, 1, 928-948

temperature after applying AMF and enhanced drug release,
contributing to the enhanced cytotoxicity of CPT-11 against
the cancer cells. Moreover, the in vivo therapeutic efficacy was
confirmed from PET/MRI studies in mice orthotopic xeno-
graft brain tumor models.*’

2.4.6. Ultrasound-sensitive liposomes. Deng et al. syn-
thesized iRGD-conjugated low temperature-sensitive liposomes
loaded with DOX (iRGD-LTSL-DOX) to explore their effect
with high-intensity focused ultrasound (HIFU) in targeting
mammary carcinoma cells (4T1), human breast adeno-
carcinoma (MCF-7), and human umbilical vein endothelial
(HUVECQ) cells. The in vivo results showed that DOX was intra-
vascularly released from the liposomes and penetrated the
tumor upon applying HIFU.>”>*

3. Liposome preparation methods

3.1. Organic solvents methods

Several methods are used to synthesize liposomes using
organic solvents like chloroform, ether, acetone, ethanol, and
methanol. These include reverse-phase evaporation, thin-film
hydration, ethanol injection, detergent removal methods, and
microfluidics methods, as listed in Table 3.

3.2. Organic solvent-free methods

Several methods are used to synthesize liposomes without
organic solvents. These include heating, dehydration-rehydra-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The most common types of stimuli-responsive liposomes and their working principle
Liposome type and trigger Principle Ref.

pH-Responsive liposomes

-pH change
Redox-responsive liposomes

-Electron transfer reaction
Enzyme-responsive liposomes

-Elevated enzyme expression
Light-sensitive liposomes

-Ultraviolet (UV), near-infrared (NIR), and visible (Vis) light
Thermosensitive liposomes

-Mild hyperthermia by: water baths, electromagnetic applicators,
ultrasound, magnetic resonance-guided focused ultrasound,
radiofrequency, laser fibers, microwave, and alternating current
magnetic field (AMF)

Ultrasound-sensitive liposomes

-High-intensity focused ultrasound

tion, pH jumping, and supercritical fluidic method, as listed

in Table 4.

3.3. Post-preparation handling methods

The following techniques are used after liposome synthesis

These liposomes are stable in neutral pH but become unstable in 38
acidic environments, and they are commonly found in some
pathological sites in the body. The pH change triggers the

liposome’s functional groups to be protonated, causing liposome
instability and drug release

Pathogenic sites in the body have higher amounts of glutathione 39 and
(GSH), which acts as a reducing agent and donates a hydrogen 40
atom to the liposomes. These liposomes have disulfide bonds in

their structure, and upon receiving a hydrogen atom, these bonds

are reduced, causing their cleavage and triggering drug release at

the targeted site

These liposomes utilize the fact that some enzymes are 41
overexpressed in diseased cells. Generally, they rely on the cleavage

of amides or esters by proteases or esterases to alter the

liposome’s lipid bilayer and release the drug at the targeted site

During synthesis, photoreactive groups are added to the 42 and
phospholipid bilayer. These liposomes become unstable after 43
applying a light source and release their content at the targeted
site

When these liposomes are exposed to mild hyperthermia (HT), 44-46
their lipid bilayer transitions from a gel to a liquid-crystalline

state. This transition raises the bilayer permeability, facilitating

drug release. The lipid bilayer composition determines the

required temperature and can be tailored to achieve HT, typically

between 40 and 43 °C. Moreover, magnetic field-sensitive

liposomes are considered a type of thermosensitive liposomes. A
paramagnetic agent like iron oxide is incorporated in these

liposomes, and an AMF is used to generate magnetic

hyperthermia that leads to drug release at the targeted site

Drug release is achieved by applying high-intensity focused 47
ultrasound to liposomes, causing drug release through several
phenomena:

1. Cavitation: Gas bubbles are formed and collapse suddenly near
the liposomes, disrupting them and releasing their content

2. Acoustic streaming: The radiation forces caused by the US waves
displace the liposomes and destabilize them, causing drug release
3. Microbubble nucleation: This may also occur due to cavitation.
It involves the growth of microbubbles inside the liposomes,
causing drug release when US is applied

4. Hyperthermia: The US energy is dissociated to thermal energy,
causing localized heat that leads to drug release

somes and then frozen at —30 °C. The mixture is then freeze-
dried under a vacuum at —10 °C for 24 hours, resulting in
fluffy solid particles that can be rehydrated with phosphate-
buffered saline at room temperature upon use."*°

3.3.2. Freeze-thaw cycles. This technique can be used

to improve the formation of uniform and unilamellar vesi-
cles, enhance lipid packing, or increase the shelf-life of
liposomes.

3.3.1. Freeze-drying (lyophilization). This method prolongs
the shelf-life of prepared liposomes by preserving them in a
dry and stable state. It prevents the liposomes from physical
degradation during storage and prevents the hydrolysis of
phospholipids.®® Several cryoprotectants, including trehalose,
lactose, and glucose, can be mixed with the prepared lipo-

© 2024 The Author(s). Published by the Royal Society of Chemistry

after any preparation method to enhance lamellarity and
drug encapsulation efficiency. The process starts with freez-
ing the liposomes in liquid nitrogen (—196 °C) and then
leaving it to melt at room temperature. Vesicles fuse and
form LUVs when the solution thaws, and the process can be
repeated up to 10 times to get the required results. Moreover,
pores are formed in the lipid bilayer, enhancing the per-
meability and allowing enhanced drug encapsulation when
the drug is added.>>”°
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Method Preparation technique Advantages Disadvantages Ref.
Reverse-phase Lipids and amphiphilic molecules are -Easy to prepare -Difficult to remove the organic 1, 14 and
evaporation dissolved in an organic solvent and mixed solvent due to its contact with 54-56
with an aqueous buffer containing the water- the encapsulated material
soluble drug to be encapsulated. During the
sonication of the mixture, inverted micelles are
formed. A rotary evaporator then evaporates
the organic solvent under low pressure,
causing micelles to become viscous. Some
collapse at a critical point, creating a bilayer
around the remaining micelles and forming
liposomes. The product is a mixture of MLVs
and LUVs, and extrusion using an extruder
with a polycarbonate membrane can then be
used to reduce the size of the liposomes
-Used widely -A possibility of denaturation of
peptides due to sonication
conditions
-Large molecule
encapsulation like nucleic
acids and proteins
Thin-film This is the most common method for -Easy to prepare -Heterogeneous MLVs are 1,5, 14,
hydration preparing liposomes. Lipids and amphiphilic formed 15, 54
(Bangham molecules are dissolved in an organic solvent and 57
method) and placed in a round-bottom flask. A rotary
evaporator then evaporates the organic
solvent under vacuum, forming a thin lipid
film on the wall of the flask. The hydration of
the thin film then takes place by adding an
aqueous solution that may contain the drug
needed to be encapsulated, followed by
sonication using a sonication bath. This
leads to MLVs formation, which can be
extruded to form unilamellar liposomes of a
specific diameter. Fig. 5 illustrates the steps
of preparing liposomes using the thin-film
hydration method
-Used widely -Water soluble drugs have
inferior encapsulation efficiency
-Poor repeatability and
inappropriate for mass
production
-Time-consuming
Solvent injection This method may be done using several -Suitable for the preparation -High polydispersity index (PDI) 1, 14, 15,
(ethanol/ether) organic solvents. The phospholipids and the of large liposomal 54 and
drug can be dissolved in ethanol and injected = formulation volumes 58
into a water phase with a high stirring speed,
as shown in Fig. 6. The organic solvent is then
removed by filtration or a rotary evaporator to
form liposomes. Another organic solvent,
diethyl ether, has a low boiling point and can
dissolve lipids and other amphiphilic
molecules. The solution is then injected into
an aqueous solution with a higher boiling
point than the ether, allowing it to evaporate
and form liposomes, mostly LUVs
-MLVs are present in most cases
-Low encapsulation efficiency
-Low stability due to the high
temperatures and use of organic
solvents
Detergent removal  Detergents with high critical micelles -LUVs with high capacity -Hydrophilic drugs detached 1,15, 54
method concentration (CMC) and lipids are dissolved and uniform size are from liposomes during and 58

in an organic solvent. After solvent evaporation
under low pressure, a thin film lipid layer is
created in the round bottom flask, which is
then hydrated using an aqueous solution. The
detergent is finally removed by dialysis,
dilution, size-extrusion chromatography, or
adsorption onto hydrophobic beads
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formed

-Easy to prepare

detergent removal

-Low liposome concentration in
the final solution
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Method Preparation technique

Advantages

Disadvantages Ref.

This versatile method allows the
manipulation of microfluidics in
microchannels, usually 5-500 um cross-
sectional dimension. Lipids are dissolved in
an organic solvent and then injected into
microchannels in the opposite direction to
the aqueous solution inside the
microchannels. Continuous mixing of the
organic solvent and the aqueous solution
forms liposomes. A popular method is
microfluidic hydrodynamic focusing (MHF),
in which lipids are dissolved in alcohol in a
central channel connected to two vertical side
channels containing an aqueous solution.
When the alcohol gets mixed with and
diluted by the aqueous solution, the lipids
self-assemble, forming liposomes

Microfluidic
methods

3.4. Drug loading

There are two techniques of drug loading inside the lipo-
somes, including passive and active loading techniques. The
drug is encapsulated during the liposome synthesis process in
the passive loading, while it is loaded after liposome formation
in the active loading technique. Hydrophobic drugs are encap-
sulated in the lipid bilayer, and the hydrophilic drugs are
encapsulated in the aqueous core in passive loading. The
main drawback of this method is low encapsulation efficiency;
hence, free drugs must be removed. Several marketed lipo-
somes, including AmBisome®, Expel®, DepoCyte®, and
DepoDur®, are prepared through the passive loading tech-
nique.”’ Moreover, the active loading technique, also called
remote loading, transforms the drug from being membrane-
permeable to impermeable to trap it inside the liposomes.>
Loading the drug remotely can be done using several tech-
niques, such as citric gradient, ammonium sulfate gradient,
and pH gradient.” All of these techniques follow the same
principle. Upon the diffusion of free drugs inside the lipo-
somes, they are modified to entrap them inside the liposomes
due to the inhibition of membrane permeation.”> Several FDA-
approved liposomes, including Doxil®,>’*”® DuanoXome®,
and Myocet™,>”> are synthesized using the active loading
technique.*

4. Characterization methods of
liposomes

Several methods have been used to evaluate the efficacy of lipo-
some formulation by characterizing different physiochemical
parameters. These include size and size distribution, shape
and morphology, encapsulation efficiency, lamellarity, surface
properties, release profile, and phase behavior. Table 5 sum-
marizes the most common characterization techniques.

© 2024 The Author(s). Published by the Royal Society of Chemistry

-Proper liposome
polydispersity, morphology,
average size, and lamellarity 60

-High production cost of the
micro-circuits

1, 14, 15,
59 and

-Low concentration of
liposomes in the final solution
(MHF)

5. Clinical uses of liposomes

5.1. Cancer treatment

Cancer is the second leading cause of death globally after
heart disease, causing a significant impact on public health.®
According to an estimate by the American Cancer Society and
based on incidence data collected by central cancer registries
and mortality data collected by the National Center for Health
Statistics, 2 001140 new cancer cases, and 611720 cancer
deaths are projected to occur in the United States in 2024.%*
Healthy body cells tend to divide rapidly and uncontrollably,
causing tissue failure and many complications in cancer
patients. Moreover, genetic disorders, smoking, and environ-
mental carcinogens may cause cancer.*»®> There are many
treatment options for cancer; however, the choice depends on
factors including the patient’s age, comorbidity, and cancer
stage. These options include radiation therapy, chemotherapy,
hormonal therapy, and immunotherapy. A combination of the
mentioned therapies is used in most advanced cancer stages.
However, chemotherapy remains one of the most common
treatment options as it uses drugs to destroy cancer cells and
prevent them from dividing. Despite that, chemotherapy has
many toxic side effects, including hair loss, vomiting, fever,
anxiety, fatigue, nausea, and many other severe side effects.
Furthermore, a common challenge in chemotherapy is the re-
sistance of cancer cells to anticancer drugs. Cancer cells can
evade the effect of cancer drugs through several mechanisms,
including cell survival by activating specific survival pathways,
epigenetic alterations, and multi-drug resistance by pumping
the chemotherapy drugs out of the cancerous cells, causing a
reduction in their efficiency.**>*” Non-specified targeting that
causes damage to healthy organs and cells is also a common
problem associated with chemotherapy.

For these reasons, there is a pressing demand to address
the mentioned drawbacks and find treatment approaches that
target cancerous cells with minimal harm to the surrounding

RSC Pharm., 2024,1,928-948 | 935
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Method Preparation technique Advantages Disadvantages Ref.
Heating method Phospholipids are directly hydrated with an -Fast and easy -High temperatures are 1, 15,
aqueous solution at 60 °C or 120 °C and required 61 and
continuously stirred for an hour 62
Hydration agents like propylene glycerol or glycerin ~ -No toxic solvents used; no -Drug and phospholipid
are added as stabilizers and isotonising agents that  need to remove the solvent degradation
prevent the liposomes from coagulating from the final solution
Dehydration- Lipids and other amphiphilic molecules are directly -Easy to prepare -Synthesized liposomes 1,54
rehydration dispersed in an aqueous solution that may contain have high PDIs and 63
method the drug to be encapsulated. Water is then (heterogenous)
evaporated (dehydration step) under nitrogen in a
rotating flask, forming a multilamellar film that
sandwiches the drug molecules. Water is then
added (rehydration step), forming LUVs
-No toxic solvents; no need to
remove the solvent from the
final solution
-Suitable for large-scale
production
pH jumping Phospholipids are dispersed in an aqueous solution -Easy and quick -Need for precise pH 1, 54,
method containing phosphatidylcholine and phosphatidic levels 59, 64
acid, then subjected to a 3.5-fold increase in pH for and 65
a short time (less than 2 min), forming SUVs.
Increasing the phosphatidic acid to
phosphatidylcholine ratio yields a higher
percentage of SUVs versus LUVs
-Suitable for large-scale -Potential damage or
production denaturation of sensitive
molecules
-Highly stable SUVs
Supercritical A supercritical fluid like scCO, dissolves the -High encapsulation efficiency -High cost despite scCO, 1, 15,
fluidic method lipids. It is non-condensable, non-toxic, and non- having low cost 66 and
inflammable and has a low critical temperature 67

and pressure. A liquid pump continuously feeds
the aqueous phase into a cell containing the
supercritical lipid solution, enabling the phase
transition of the dissolved phospholipids. After all
CO, has been removed, liposomes form due to
the sudden drop in pressure during
depressurization

healthy cells.'* Nanocarriers, especially liposomes as they are
FDA approved, are being investigated heavily in chemotherapy,
as they can sequester anticancer drugs and release them at the
targeted cancer cells, therefore minimizing the cytotoxicity of
healthy cells.” In addition to providing passive targeting to
tumor tissues via the EPR effect, they can be utilized for active
targeting by binding with specific site ligands, as described
earlier. They also improve the pharmacokinetic effects of the
encapsulated drug by reducing the chance of being eliminated
and increasing the circulation time.*® Doxil®, also called
Caelyx®, was the first liposomal drug formulation that was
released in 1995 for the treatment of ovarian cancer, HIV-
related Kaposi’s sarcoma, and myeloid melanoma.® Several
other products were later approved, like DaunoXome® in 1996
for Kaposi’s sarcoma, Myocet® in 2000 for breast cancer,
Mepact® in 2009 for osteosarcoma, Marqibo® in 2012 for leu-
kemia,”® Lipo-Dox® in 2013 for ovarian cancer,”’ Onivyde® in
2015 for pancreatic adenocarcinoma,’® and Vyxeos® in 2017
for acute myeloid leukemia.®® Furthermore, many liposomal

936 | RSC Pharm., 2024, 1, 928-948

-Suitable for low-solubility
drugs
-Controlled liposome size

-Low yield

formulations are currently being tested in clinical trials. For
example, Lyso-thermosensitive liposomal DOX (LTLD,
ThermoDox®), a phase II clinical trial drug for nephro-
blastoma, liver tumors, and rhabdomyosarcoma, is being
studied for its ability to release medication from liposomes
using Magnetic Resonance-Guided High-Intensity Focused
Ultrasound (ClinicalTrials.gov-study: NCT04791228 3).
Moreover, MBP-426, now in phase II clinical trial for treating
second-line gastric, gastro-esophageal, or esophageal adeno-
uses oxaliplatin-loaded, transferrin-conjugated
phosphatidylethanolamine-liposomes combined
and 5-FU (ClinicalTrials.gov-study:

carcinoma,
N-glutaryl
with  leucovorin
NCT00964080 *4).

5.2. Fungal treatment

When the immune function in the body is suppressed, the
body becomes prone to fungal infection. Amphotericin B is
the most used lipophilic antibiotic for treating systemic fungal
infections.®®> However, it has several undesirable side effects,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Thin-film hydration method of liposomes preparation.
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Fig. 6 Solvent injection method of liposomes preparation using ethanol.
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Table 5 Characterization methods used for the evaluation of different liposome parameters

Studied attribute Characterization technique Ref.

Size and size distribution (polydispersity index) -Dynamic Light Scattering (DLS): A diluted sample of liposomes is 74-76
used to measure the diameter and the polydispersity index. The
principle is based on the change in the light intensity scattered from
the liposome vesicles upon applying a light source like a laser beam

Measuring the mean hydrodynamic radius (R},) and the broad- -Transmission Electron Microscopy (TEM): A highly accelerated electron

ness of the vesicles’ size distribution beam (100-1000 keV) is passed through the liposomes to analyze their
size. Several types of TEMs exist, including cry-TEM (visualizes the
liposomes in their native state without staining) and freeze-fracture
TEM (visualizes the internal and external structures of the liposomes)
-Scanning Electron Microscopy (SEM): A high-energy focused beam
of electrons (20 keV) analyzes the size of liposomes.

Shape and morphology TEM, SEM, and Atomic Force Microscopy (AFM) evaluate the shape 77 and
and morphology of liposomes 78
-AFM: A scanning probe microscope technique used to take high-
resolution 3D images of liposomes. Due to the sample features, a
sharp-tip cantilever moves up and down on a sample (liposomes). An
optical sensor then senses the interaction and surface forces between
the tip and the sample surface. It draws a detailed image showing
the liposomes’ surface modifications and detects ligands

Encapsulation Efficiency (EE) The process involves preparing the liposomes and then separating 15 and
the encapsulated drug from the free, unencapsulated drug. This 79
separation is achieved through centrifugation, ultrafiltration, or
dialysis. After separation, the amount of drug within the liposomes is
measured using analytical methods such as spectrophotometry or
chromatography. The encapsulation efficiency is then expressed as a
percentage, calculated by dividing the amount of drug encapsulated
by the total drug amount and multiplying by 100

EE is the ratio of the drug successfully encapsulated within

the liposome vesicles compared to the total amount of drug

initially used

Release profile The process starts with preparing the drug-loaded liposomes in a buffer 77 and
solution. The liposomes are then subjected to a triggering mechanism. 80
Samples are taken from the solution, and the amount of drug released
is measured using UV-vis spectrophotometry, High-performance liquid
chromatography (HPLC), or Liquid chromatography-mass spectrometry
(LC-MS). The data collected are plotted as a cumulative percentage of
drug released versus time, providing a detailed profile of the release
kinetics and mechanism. This profile is crucial for predicting the
behavior of liposomal formulations in biological systems and
optimizing their therapeutic efficacy

Release profile is the amount of drug released from liposomes

Surface charge (zeta potential) Liposome surface charge can be measured through DLS and 1 and
Electrophoretic mobility to evaluate their stability 74

Measures the electrical charge on the surface of liposomes, -Electrophoretic mobility: An electric field is applied across the

which significantly influences their colloidal stability sample, and the particles’ velocity is measured as they migrate to the

electrode of opposite charge. The velocity is proportional to the
magnitude of the zeta potential
Phase transition temperature behavior -X-ray Diffraction (XRD): A liposome sample is placed in a glass 80-83
capillary and exposed to X-rays that interact with the electrons within
the liposomes. The X-rays get diffracted after striking the electrons,
resulting in a diffraction pattern that changes with the gel-to-liquid
phase transition or vice versa
Measure the changes in the lipid bilayer properties as a -Differential Scanning Calorimetry (DSC): A liposome sample is
response to temperature change subjected to an increase in temperature, and as heat is absorbed, the
liposomes shift from gel to liquid phase. This process occurs at a
melting temperature (7,,) that varies depending on the lipid compo-
sition of the vesicles. The liposomes could also be subjected to a
decrease in temperature, where the heat is released, and they shift
from liquid to gel phase
Lamellarity TEM, SEM, XRD, and Phosphorous-31 Nuclear Magnetic Resonance 1, 82
(*'P-NMR) and 83
Number of lipid bilayers

including nephrotoxicity, vomiting, headache, nausea, fever, through two main mechanisms: modulating the drug transfer
anemia, and many other severe conditions. For this reason, rate from the liposomes to the healthy cells and lowering the
the encapsulation of this drug in liposomes reduces its toxicity ~drug clearance rate from the bloodstream.’® Liposomes have a
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high affinity for ergosterol, a sterol found in the fungi cell
membrane, causing them to accumulate at the fungi site
rather than in healthy cells.”> AmBisome®, a liposomal formu-
lation of amphotericin B, was approved in 1997 to treat sys-
temic fungal infection.?® It can bind to fungal cell walls and
release amphotericin B, which is transferred through the cell
wall and attaches to ergosterol in the fungal membrane.
Moreover, AmBisome® is used to treat extracellular (aspergillo-
sis and candidiasis) and intracellular (histoplasmosis and
leishmaniasis) systemic fungal infections.”” In a recent phase
III clinical trial, AmBisome® is being compared to olorofim
(non-liposomal anti-fungal drug) to treat invasive fungal
disease caused by Aspergillus species (ClinicalTrials.gov-study:
NCT05101187 °%). The FDA also approved Abelcet® in 1995 for
treating invasive fungal infections and Amphotec® in 1996 for
treating visceral leishmaniasis.>®>%°

5.3. Liposomes in pain management

Multivesicular liposomes comprise many water-filled poly-
hedral sections divided by bilayer lipid septa. This structure
allows them to encapsulate drugs with increased effectiveness.
DepoDur® is a liposomal formulation containing morphine
and made up using multivesicular liposome technology
referred to as DepoFoam®. It was approved by the FDA in 2004
for a single epidural morphine injection in postoperative pain
management.'°® Moreover, Exparel®, FDA-approved in 2011, is
also made up using the DepoFoam® technology to release
bupivacaine for postsurgical analgesia. A single-dose injection
of liposomal bupivacaine is used at the surgical site to provide
up to 72 hours of analgesia for pain relief.'"®" Moreover, a clini-
cal study, currently in phase IV, evaluates the efficiency of
Exparel® compared to standard 25% bupivacaine in decreas-
ing pain medication consumption (ClinicalTrials.gov-study:
NCT02499159 '%%).

5.4. Liposomes in vaccination

5.4.1. Cancer vaccine. Cancer vaccines aim to boost the
body’s immune response against cancerous cells. Antigen-pre-
senting cells (APCs) are immune cells that play a crucial role in
initiating the body’s immune response, including dendritic
cells, macrophages, and B-cells. APCs capture tumor antigens
and present them to T-cells, which are effector cells that can
recognize and Kkill cancerous cells. However, the specific acti-
vation of APCs through oncological vaccines, also known as
therapeutic cancer vaccines, poses a technical obstacle.'®?
Liposomes are being heavily researched as antigen-carrying
vehicles for APCs. They can encapsulate tumor-specific anti-
gens in their core or carry them on their surface and then
deliver them to the cytoplasm of APCs, thereby initiating an
immune response against tumor cells.'®* PDS0101 is a cancer
vaccine currently in phase I/II trial to study its effect in shrink-
ing tumors in patients with human papillomavirus-associated
oropharynx cancer metastasized to lymph nodes. It comprises
specific peptides that help the body build an immune
response against cancerous cells (ClinicalTrials.gov-study:
NCT05232851 '%). Another recent study in phase IIA explores

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the effect of the PDS0101 vaccine, a liposomal vaccine using
Cisplatin drug, combined with chemoradiation therapy in
treating patients with stage IB3-IVA cervical cancer. The
Vaccine contains two active components: one intended to
boost the immune response against human papillomavirus
viral protein, and the other is a group of peptides taken from
the  human (ClinicalTrials.gov-study:
NCT04580771 '%6).

5.4.2. Hepatitis A vaccine. Hepatitis A is characterized by
liver inflammation caused by the hepatitis A virus (HAV). It
spreads through contaminated food and water containing the
feces of an infected person, and it is associated with poor
hygiene and sanitation. There are several hepatitis A vaccines
available worldwide, providing protection from HAV.'"
Virosomes are a type of liposome that act as vaccine carriers,
encapsulating specific antigens and presenting them to the
immune cells. After treatment with a detergent, they are pre-
pared by removing the protein shell that envelops the viral
genetic material from an enveloped virus. The phospholipid
bilayer membrane of liposomes is then loaded with the viral
membrane protein to facilitate their fusion with immune
cells.”® Epaxal® is the first hepatitis A vaccine utilizing viro-
some technology developed by Crucell Berna Biotech and
released in Europe in 1993. HAV was deactivated with formal-
dehyde and attached to the virosome surface to facilitate the
delivery of HAV antigen to immunocompetent cells. The clini-
cal trials on adults showed that more than 95% of the people

had anti-HIV titers for up to 20 years after a second booster
9,108

papillomavirus

vaccine.

5.4.3. Influenza vaccine. The WHO recommends influenza
vaccination for acute respiratory infections resulting from the
influenza virus. Influenza evolves constantly, and the body’s
immunity wanes over time; annul vaccinations are rec-
ommended to boost the body’s immunity against influenza."*®
Inflexal® V is based on virosome technology, and it was devel-
oped by Crucell Berna Biotech and approved in 1997.° It differs
from the traditional influenza vaccine, which usually contains
an attenuated form of the same virus. Inflexal® V contains hae-
magglutinin (HA), a surface glycoprotein derived from influenza
A and B virus strains and incorporated into the virosomes syn-
thesized from synthetic and natural phospholipids.”'*® HA in
the influenza virus causes it to attach to respiratory cells, allow-
ing it to replicate in the host. For this reason, it can be encapsu-
lated in the bilayer membrane of the liposomes to guide the
virosomes to the APCs, causing the fusion of virosomes with
their membrane and initiating an immune response."”* The
virosomes used are unilamellar carriers with a size of 150 nm
mean diameter, and they are characterized by their low immu-
nogenicity due to their minimal viral protein content. However,
despite this low immunogenicity, studies showed that Inflexal®
V can initiate a better immune response than traditional vac-
cines. Furthermore, cephalin is a phospholipid that is incorpor-
ated in the liposome bilayer membrane of Inflexal® V. It acts as
an adjuvant to boost the immune response as it can indepen-
dently stimulate B-cells regardless of T-cells and can bind hepa-
titis A antigen.”* %"
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5.4.4. COVID-19 vaccine. Coronavirus disease 19
(COVID-19) is caused by severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2). It first appeared in December 2019,
causing a global pandemic and massive crisis that affected the
economy and global health. Coronavirus is mainly made up of
four types of proteins: nucleocapsid (N), membrane (M), envel-
ope (E), and spike (S) protein. The four proteins work together
to activate the virus. However, the spike protein is responsible
for the attachment and fusion of the host cell receptors and
the virus. Two liposome-based vaccines, Pfizer/BioNTech and
Moderna, were developed and approved in 2021 for
SARS-CoV-2.> These vaccines work by delivering mRNA
entrapped into liposomes to the cytoplasm of the host cells;
mRNA is translated into spike protein and acts as an antigen
to develop an immune response to SARS-CoV-2.''? The lipo-
somes remain stable in circulating blood and are then taken
by the phagocytic cells through endocytosis. Once they enter
the cytosol, their membrane destabilizes, releasing mRNA. The
mRNA is then translated into spike proteins and expressed on
the surface of the infected cells, triggering an immune
response and releasing antibodies.''*'"®* Based on clinical
data on Pfizer/BioNTech, with the product name Comirnaty®,
the Vaccine offered robust protection from coronavirus with a
two-dose regimen offering 95% efficacy for individuals aged 16
years old and above (ClinicalTrials.gov-study: NCT
04368728 ''*). Moreover, the Moderna vaccine illustrated
94.1% efficacy in preventing COVID-19 and garnered emer-
gency use authorization from the FDA and other global
agencies (ClinicalTrials.gov-study: NCT04470427 %)%

5.5. Liposomes in other drug delivery applications

Brain drug delivery is restricted by the presence of the blood-
brain barrier (BBB). The BBB comprises endothelial cells
joined by tight junctions, forming a selective protective barrier
that prevents harmful substances from entering the brain.
However, the BBB also prevents many drugs and chemothera-
peutic agents from entering the brain. Therefore, finding
optimal approaches to cross the BBB and effectively deliver
drugs with minimal risk to patients is crucial. Several types of
nanoparticles, including micelles, gold nanoparticles, solid-
lipid nanoparticles, and liposomes, offer prominent strategies
for delivering drugs to the brain, solving the permeation
problem associated with traditional drug delivery techniques.
Among all, liposomes show great potential as their com-
ponents are non-immunogenic, biologically inert, and bio-
degradable, with low inherent toxicity. Many liposomal formu-
lations made it to the market, including Doxil® (Caelyx®) and
Myocet® for glioblastoma multiforme, and Abelcet® and
AmBisome® for Cryptococcal meningitis, while many others
are still under clinical trials.**®**”

Apart from the diverse intravenous applications mentioned
above, liposomes have become increasingly crucial for deliver-
ing drugs transdermally. Using liposomes for such appli-
cations offers controlled and targeted delivery of dermatologic
compounds like corticosteroids, antibiotics, and retinoic acid
to the skin layers. The presence of phospholipids in their lipid
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layer provides targeted delivery to the stratum corneum and
epidermis while reducing systemic absorption. Several studies
have evaluated the effect of skin disease-related drugs encap-
sulated in liposomes and delivered through the topical
route.’*® Methotrexate (MTX), an immunosuppressant used to
treat psoriasis, is known to cause adverse effects, such as
mucosal ulceration and cirrhosis, when delivered orally or par-
enterally over a long term. Topical delivery of MTX showed
limited skin penetration and ineffective treatment for patients
with psoriasis. Ali et al. developed MTX-loaded liposomes for
treating localized psoriasis and compared them to plain MTX
gel. In a double-blind study on albino mice, the gels were
applied daily, followed by irradiation with a 650 nm diode
laser at 80 joules. Results showed 3-4 times higher skin per-
meation than conventional MTX cream, providing an effective
and safer topical treatment for psoriasis and avoiding the
adverse effects of systemic MTX treatment.''® Furthermore,
several recent studies evaluated the effects of liposomal
amphotericin B, AmBisome®, and showed promising results
in the topical treatment of cutaneous leishmaniasis."*°

Another interesting and promising application of liposomes
is in the ocular drug delivery field. Among their many benefits
in this field, liposomes can enhance drug levels in different
ocular tissues by extending drug persistence on the eye’s
surface, improving corneal permeation, and managing drug
release. Also, they do not pose any toxicity or irritation to the
eyes. Dry eye, caused by inferior tear quality and quantity, is a
chronic condition affecting many people. Several studies have
been conducted to create artificial tears for treating dry eye
disease using liposomes. Ectoin® Eye Spray - Colloidal was
compared to liposomal eye spray Tears Again® in treating
mild-moderate dry eye disease patients in a recently com-
pleted study. The study aimed to evaluate the efficiency and
tolerability of both formulations, and the results have not yet
been published (ClinicalTrials.gov-study: NCT03519815 **").
In another phase II clinical trial, the safety and efficacy
of liposomal latanoprost in treating glaucoma, an eye con-
dition in which the optic nerve becomes damaged and contrib-
utes to ocular hypertension, was assessed, and the study
results are yet to be published (ClinicalTrials.gov-study:
NCT01987323 122),13

Table 6 illustrates the clinical trials made in different lipo-
somes applications. Additionally, Table 7 illustrates some of
the recent patents of liposomes in drug delivery.

6. Challenges and future prospective

Liposomes are increasingly being researched and used as drug
carriers in drug delivery systems. Despite many benefits, such
as reduced toxicity, extended circulation time, and improved
pharmacokinetic properties of the encapsulated drug, lipo-
somes face some pitfalls and challenges that hinder their clini-
cal translation from bench to bedside. While the phospholipid
bilayer of liposomes has the advantage of being similar to
cells, it may sometimes undergo oxidation reactions or hydro-
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Table 6 Clinical trials in different liposomes applications
Study number Title Phase Ref.
NCT04791228 Thermodox and MR-HIFU for treatment of relapsed solid tumors Phase II 93
NCT00964080  Study of MBP-426 in patients with second line gastric, gastroesophageal, or esophageal adenocarcinoma  Phase II 94
NCT05101187  Olorofim Aspergillus infection study Phase III 98
NCT02499159 Pain management in response to Exparel vs. standard Bupivicaine Phase IV 102
NCT05232851 A vaccine (PDS0101) alone or in combination with Pembrolizumab for the treatment of locally advanced  Phase I/II 105
Human Papillomavirus-associated Oropharynx cancer
NCT04580771  Avaccine (PDS0101) and chemoradiation for the treatment of stage IB3-IVA cervical cancer, the Phase 1A 106
IMMUNOCERY trial
NCT Study to describe the safety, tolerability, immunogenicity, and efficacy of RNA vaccine candidates against Phase 3 114
04368728 COVID-19 in healthy individuals
NCT04470427 A study to evaluate efficacy, safety, and immunogenicity of mRNA-1273 vaccine in adults aged 18 years Phase 3 115
and older to prevent COVID-19
NCT03519815 Clinical study to evaluate the efficacy of Ectoin® containing eye spray for treatment of dry eye disease Not applicable 121
NCT01987323  Safety and efficacy of liposomal Latanoprost in ocular hypertension Phase II 122
Table 7 Some patents in liposomal drug delivery
Patent number Year Inventor Assignee Brief description Ref.
11890352 2024 Kimberly A. Kelly, Siva University of Virginia ~ Plectin-targeted liposomes/PARP inhibitor in the 124
Sai Krishna Dasa Patent Foundation treatment of cancer
US20190110989A1 2020 Ghaleb Husseini, American University Ultrasound triggered drug release from 125
Mohammad Al-Sayah, of Sharjah immunoliposomes for breast cancer treatment
Amal Elsadig
US10213385B2 2019 Jun Yang, Stephen Mallinckrodt LLC Administration of a therapeutic liposome with an active 126
H. Wu, Cliff J. Herman agent, followed by an attacking liposome that induces the
agent’s release from the therapeutic liposome
US-9895313-B2 2016 Zhu De Min, Chen Cureport Inc A pharmaceutical composition containing two liposome 127
Guogiang types for delivering docetaxel and doxorubicin to treat
lung, colon, breast, and liver cancers
US20060002994A1 2006 James Thomas, Hung-Yin University of Utah Liposomes modified with a surface-active dopant to 128

Lin, Natalia Rapoport

lysis, two leading causes of chemical instability. Hydrolysis
happens due to the cleavage of ester bonds that hold the lipid
constituents together."*® Upon hydrolysis, the free fatty acids
lower the pH in the surrounding medium and produce harmful
substances to the human body. Antioxidants like vitamins C
and E and flavonoids can be incorporated in liposome formu-
lations to prevent oxidation. Cholesterol can be added to slow
down the hydrolysis process, and the freeze-drying method can
be used to prepare and preserve liposomes. Another factor influ-
encing chemical stability is the zeta potential; synthesizing lipo-
somes within the stable range by properly selecting lipids and
optimizing the attachment of moieties to the surface of the lipo-
somes reduces the possibility of aggregation.™*

Moreover, the physical stability of liposomes is another
critical limitation affecting their clinical translation. Physical
stability highly depends on the liposome’s lipid composition,
size distribution, and storage conditions. Any defects in the
liposome’s structure lead to the leakage of the encapsulated
drug and liposomes aggregation during storage. Therefore,
using saturated phospholipids like hydrogenated phospha-
tidylcholine instead of unsaturated phospholipids enhances
the physical stability of the lipid membrane. Additionally,
using the freeze-drying method to preserve the liposomes
could guarantee better and long-term physical stability.'%®

© 2024 The Author(s). Published by the Royal Society of Chemistry

Research Foundation

enhance permeability when exposed to ultrasound

Despite the many benefits of PEGylation, especially in over-
coming the immune response against liposomes, many
studies discuss its serious challenges. In fact, PEGylated lipo-
somes face difficulties in effectively interacting with target
cells because of the steric hindrance caused by the PEG chain.
Therefore, endocytosis, which is the primary pathway for the
uptake of liposomes by cells, could be hindered. Moreover,
when administering the PEGylated liposomes in multiple
doses, antibodies are produced due to a phenomenon known
as accelerated blood clearance (ABC), which affects the circula-
tion time of liposomes in the body."**™° Furthermore,
researchers adopted several strategies to evade this phenom-
enon. For example, Saadati et al. examined how changing the
dose interval of PEGylated nanoparticles would affect their
pharmacokinetics. They found that increasing the dosing
interval from 7 to 28 days reduced the ABC phenomenon."*?
Furthermore, Ishida et al. examined the effect of the density of
PEG chains. They found that very high or very low density of
PEG on the liposome’s surface could cause an immune
response towards the liposomes.™* Additionally, reducing the
length of PEG chains could also help in evading the ABC
phenomenon."*

Furthermore, human cancers’ heterogeneous extracellular
matrix (ECM) increases the interstitial fluid pressure, prevent-
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ing liposome accumulation and extravasation, particularly in
the tumor center. Additionally, the ECM density affects the
efficiency of the EPR effect in tumor tissues. For example, pan-
creatic adenocarcinomas have a dense ECM, hindering the
penetration of liposomes in tumor tissue.’** Nevertheless,
enhancing the EPR effect can be achieved by increasing the
vascular leakiness through hyperthermia, sonoporation, and
radiotherapy or by tumor-specific vasodilation.”*"

Moreover, to overcome multi-drug resistance and achieve
synergistic efficacy, co-delivery strategies in which multiple
drugs are encapsulated simultaneously in the liposomes can
be utilized.'*

Nevertheless, animal models are crucial for assessing the
efficiency of liposomes as anti-tumor drugs; however, their
results do not always align with the clinical trials. Mouse solid
tumor models usually overestimate the therapeutic effective-
ness of ligand-targeted liposomes due to the exaggeration in
the EPR effect due to the rapid tumor growth and the leaky
blood vessels, especially in subcutaneous tumor models. Since
the tumor cell’s inoculation site influences the degree of the
EPR effect, using orthotopic tumor models could be a promis-
ing method of assessing the effectiveness of the liposomal for-
mulation. Additionally, intrarectal injection of cell lines
showed more accuracy in evaluating colorectal cancer than
other models. Mouse models also struggle to assess liposomal
formulation’s efficiency in metastatic and advanced cancer
cases. For this reason, incorporating metastatic models, select-
ing proper animal models, and utilizing multiple models in
preclinical studies might aid researchers in achieving more
reliable results."*"

Lastly, the existing liposome manufacturing methods pose
a significant challenge in scaling up production due to their
complexity and inefficiency. The most commonly used
method, the ethanol injection method followed by extrusion,
involves multiple steps requiring energy, time, and expertise,
making large-scale production challenging. However, micro-
fluidics and nanoprecipitation provide promising solutions by
potentially eliminating the need for solvent removal and extru-
sion, streamlining the process, and enhancing the efficiency of
liposome production on a commercial scale.'*®

Future research must also focus on integrating liposomes
with personalized medicine to tailor drug delivery systems
according to patient’s disease conditions and genomic
information.'*’

7. Conclusions

Liposomes, among other nanoparticles, represent an up-and-
coming technology for revolutionizing drug delivery systems
due to their biocompatibility, versatility, morphological simi-
larity to the body cells, and increased pharmacokinetics and
stability of the encapsulated drug. Since their first entry into
the market in 1995, they have been continuously researched
for various applications, including cancer treatment, vaccines,
and pain management. Several liposomal formulations and
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drug-release triggering mechanisms have been developed
since then, including thermosensitive, pH-sensitive, enzyme-
sensitive, ultrasound-sensitive, light-sensitive, and redox-sensi-
tive liposomes. This reflects the intensive and dedicated
research to advance liposome technology. Despite the success-
ful translation of many liposomes into clinical use, several
limitations impede many others in different clinical phases
from progressing into clinical use. Significant aspects like
their chemical and physical stability, drug leakage, encapsula-
tion efficiency, large-scale production methods, and model
evaluation must be considered in future research to unlock the
full potential of liposomes in drug delivery systems.
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