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Liposomal technology has been widely used in the pharmaceutical field for the preparation of nano-sized
drug delivery systems based on natural or synthetic lipids. Liposomes possess many attractive properties,
such as easy processing, high biocompatibility, adaptable drug loading, and improved PK profiles. In
recent decades, great efforts have been made in this field, and dozens of liposomal medicines have been
marketed worldwide and many more are under preclinical or clinical investigations. Liposomes can
enhance the aqueous dissolution and stability of the encapsulated drugs and modulate the in vivo fate of
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the drugs (e.g., prolonged half-life and increased drug accumulation in the pathological sites). Therefore,
liposomal technology can improve the druggability of the candidates, enhance treatment efficacy and
reduce side effects. This review discusses the prospects of liposomal delivery, including the specific con-
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1. Introduction

Drug delivery systems (DDSs) refer to advanced dosage forms
used in disease prevention and treatment." The design concept
is to deliver the necessary amount of drugs to pathological sites
at the appropriate time frame to achieve the maximum curative
effect but with minimum side effects. In short, it can be called
the “3R” delivery principle—right dose, right place, and right
time.> Drug delivery technology can improve the druggability of
the candidates and make the drugs more potent and safer. As a
case in point, liposomal drug delivery systems can be applied to
various drugs to solve problems such as poor solubility and
high side toxicity. By using liposomal technology, the side toxic
effects of traditional chemo drugs can be significantly reduced,
thereby improving the compliance of patients.”

There is a massive market for DDSs, and liposomal drug
research and development (R&D) is a heavily invested field for
pharmaceutical enterprises. Apart from small molecule drugs,
the application of liposomal technology has been expanded to
biotechnological drugs. For example, nucleic acid drugs (e.g.,
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small interfering RNA, siRNA,® and messenger RNA, mRNA’)
have been developing rapidly with continuous innovation,
representing the third wave of modern drugs after small mole-
cule drugs and antibodies.® Due to the cell-impermeable
nature of nucleic acid drugs, the treatment success largely
depends on the vectors that can effectively transfer genetic
material to the target cells.”'® The liposome-based delivery is
one of the most effective non-viral gene delivery methods."""

Liposomes provide a wide range of application prospects;
some recent reviews have provided helpful information.'>™*
There are still some unsolved challenges in this field and great
efforts need to be made to meet the continuing demand in the
R&D of new liposomal drugs. This article will focus on three
aspects: the successful application, the confronting challenges,
and the transition from concept to clinical application, to
provide a summary of the technological advances and to
discuss the challenges and what is the next with pharma-
ceutical liposomal delivery.

2. Overview of liposomal technology

Liposomes can be formed as closed vesicles with a bilayer
structure when phospholipids or sphingolipids are dispersed
in the aqueous phase, due to the self-assembly in which the
hydrophobic tails of the lipids tend to gather, while the hydro-
philic head is exposed to the aqueous phase.'® Liposomes can
be used to deliver various kinds of drugs. The hydrophilic
molecules can be encapsulated in the aqueous core, whereas
hydrophobic drugs can be embedded in the bilayer.

This journal is © The Royal Society of Chemistry 2023
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2.1 A timeline of liposomal formulations in the market

The development of liposomes dates to the 1960s.'® Alec
Bangham, a British hematologist, first prepared liposomes,
which, initially, were proposed as a biofilm model."””'® Later,
liposomes were explored as drug carriers. In 1988, the first
pharmaceutical econazole liposomal product was born in
Switzerland. In 1990, the first liposomal injection, amphoteri-
cin B liposome, was marketed."® In 1995, the U.S. Food and
Drug Administration (FDA) approved the first liposomal anti-
cancer drug, doxorubicin liposome.®> To date, there are more
than 20 liposomal medicines on the market, mainly anticancer
drugs.”® A timeline of the major liposome products approved
for marketing is shown in Fig. 1. To date, there have been
dozens of marketed liposome-based therapeutics, together
with an increasing number of many undergoing clinical trials
in different therapeutic areas (Tables 1 and 2)."**“** The
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number of clinical trials in phase I, II and III was obtained by
searching the clinicaltrial.gov database. Their applications
involve various therapeutic areas, including cancer and anti-
infection. In recent years, the official approvals of the liposo-
mal combination CPX-351, inhaled amikacin liposomes, and
mRNA cationic liposomes represent the breakthroughs in
three directions: liposome-based precision combination
therapy, an innovative combination of liposomal drugs and
machinery, and liposome-based delivery of biomacromolecules.

2.2 Liposome-based delivery technology

The delivery capacity of liposomes relies on their physico-
chemical properties, including phase transition temperature,
membrane permeability and fluidity, particle size, and zeta
potential.™ These properties are also important indicators for
quality control in the R&D of liposome products. As shown in
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Fig. 1 Timeline of the representative liposomal medicines.

Table 1 Marketed liposomal formulations in in different therapeutic areas

Product name Drug name Therapeutic application Approval
AmBisome Amphotericin B Anti-fungal agent 1990
Epaxal Inactivated hepatitis A vaccine Vaccine 1994
Doxil/Caelyx Doxorubicin Anti-cancer therapy 1995
Abelcet Amphotericin B Anti-fungal agent 1995
DaunoXome Daunorubicin Anti-cancer therapy 1996
Amphotec Amphotericin B Anti-fungal agent 1996
Inflexal V Influenza virus vaccine Vaccine 1997
Depocyte Cytarabine Anti-cancer therapy 1999
Visudyne Verteporfin Photodynamic therapy 2000
Myocet Doxorubicin Anti-cancer therapy 2000
LipoDox Doxorubicin Anti-cancer therapy 2002
Lipusu Paclitaxel Anti-cancer therapy 2003
DepoDur Morphine Analgesic 2004
Mepact Mifamurtide Anti-cancer therapy 2009
Exparel Bupivacaine Analgesic 2011
Margibo Vincristine Anti-cancer therapy 2012
Onivyde Irinotecan Anti-cancer therapy 2015
Mosquirix RTS,S antigen based vaccine Vaccine 2015
Vyxeos Daunorubicin/cytarabine Anti-cancer therapy 2017
Nocita Bupivacaine Analgesic 2017
Shingrix Glycoprotein E based vaccine Vaccine 2017
Onpattro Patisiran RNAi 2018
Arikayce Amikacin Anti-fungal agent 2018
Comirnaty Coronavirus vaccine Vaccine 2021
Spikevax Coronavirus vaccine Vaccine 2022

This journal is © The Royal Society of Chemistry 2023
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Table 2 Representative liposomes in the clinicaltrial.gov database

Product

Therapeutic areas name Drug name Approval
Anti-cancer therapy =~ LEP-ETU Paclitaxel Phase II
Anti-cancer therapy =~ SPI-077 Cisplatin Phase II
Anti-cancer therapy =~ LE-SN38 SN38 Phase II
Anti-cancer therapy ~ CPX-1 Irinotecan/floxuridine  Phase II
Anti-cancer therapy ~ S-ANNA Anamycin Phase III
Anti-cancer therapy =~ EndoTAG-1 Paclitaxel Phase III
Anti-cancer therapy =~ ThermoDox Doxorubicin Phase III
Anti-cancer therapy  Lipoplatin  Cisplatin Phase III
Cardiovascular Liprostin PGE-1 Phase III
therapy

Vaccine ARCoV Coronavirus vaccine Phase III
Vaccine CvVnCoV Coronavirus vaccine Phase III
Cancer vaccine Stimuvax Anti-MUC1 cancer Phase III

vaccine

Fig. 2, liposomes can be divided into small unilamellar vesicu-
lar (SUV), large unilamellar vesicular (LUV), multilamellar ves-
icular (MLV), and multivesicular liposomes (MVL). Notably,
surface modification is a common method for preparing
various types of functionalized liposomes, including long-cir-
culation liposomes, pH-sensitive liposomes, temperature-sen-
sitive liposomes, and immunoliposomes.**

Polyethylene glycol (PEG) has been widely used for surface
modification in liposomes. Because of its enhanced surface
hydrophilicity and steric hindrance of the PEG chains, PEG
modification (aka PEGylation) can reduce the interaction
between liposomes and serum proteins and increase the sys-
temic circulation time of drugs. Above the phase transition
temperature, the lipid layer would turn into a disordered state,
thus leading to decreased colloidal stability and increased
drug release. Dipalmitoylphosphatidylcholine (DPPC) and di-
stearoyl phosphatidylcholine (DSPC) in a certain proportion
are often used for preparing thermosensitive liposomes.>*?®
Furthermore, physical methods (e.g., photoirradiation, alter-
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Fig. 2 The structural classification of liposomes.
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nating magnetic stimulation, and microwave irradiation) are
usually applied for heating the target site where the thermo-
sensitive liposomes accumulate.*

The interaction between liposomes and cells mainly
includes adsorption, fusion, lipid exchange, leakage, endocyto-
sis, and enzymatic digestion.>””*® For instance, liposomes may
bind to the cell surface through electrostatic or ligand/receptor
interaction, and the lipid components of liposomes and cell
membranes can exchange with each other and fuse into the
cells.” Alternatively, the cells may ingest liposomes via phago-
cytosis, and the thus-formed phagosomes and lysosomes can
fuse and develop into secondary lysosomes. As the liposomes
disintegrate, the encapsulated drugs are released.

Because of their unique structural characteristics, liposomes
can be used for the stable encapsulation of drugs with different
physical and chemical properties, thereby improving drug stabi-
lity and dissolution. Liposomes can also improve the pharmaco-
kinetic profiles and biodistribution of the encapsulated drugs,
and thus enhance the therapeutic index. It means that lipo-
somes can deliver more drugs to the targeted tissues at the same
dose compared to a conventional formulation, thereby reducing
the drug accumulation in normal tissues, reducing adverse drug
reactions, and improving the quality of life of patients.>

There is always a pursuit of higher treatment efficacy and
safety in medical practice. As an advanced dosage form, lipo-
somes have many incomparable advantages and provide huge
opportunities in clinical translation.

3. Liposomal technology: innovation
of clinical advantages
The clinical application of liposomes has a history of over 30

years. Due to the continuous demand for new medication in
cancer therapy, liposomal formulations have become an R&D
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Fig. 3 Schematic illustration of improved drug safety.

hotspot. The antitumor liposomal products mainly include
anthracycline, camptothecin, and taxane derivatives, as sum-
marized in Fig. 3.

3.1 Enhancing treatment efficacy

Amphotericin B is a commonly used drug for deep fungal
infection by binding to ergocalciferol on the fungal cell mem-
brane, which leads to the formation of pores, ion leakage, and
ultimately fungal cell death. The conventional injection formu-
lations generally include the solubilizing agent deoxycholic
acid to increase its solubility, but often cause adverse reactions
like fever, heart rhythm disorder, and acute erythrocyte
hemolysis.>**' After administration, amphotericin B is mainly
excreted from the kidneys, with a narrow therapeutic index
and severe nephrotoxicity.*

The amphotericin B liposome (AmBisome) has a signifi-
cantly higher therapeutic index and reduced nephrotoxicity,*®
and can be used in patients with renal impairment or unaccep-
table toxicity precluding the wuse of amphotericin
B. Cholesterol in AmBisome™ could effectively reduce the
binding of amphotericin B to the membrane of normal cells.**
The negatively charged di-stearoyl phosphatidylglycerol (DSPG)
could stably bind with the positively charged trehalose amine
in amphotericin B. AmBisome can enhance therapeutic
efficacy.’ Liposomal formulation alters the pharmacokinetic
profile of amphotericin B, with a prolonged circulation time
and high in vivo exposure, e.g., enhanced Cpay (22.9 pg mL ™)
and AUC,_,4 (171 pg h mL™") after a 2 h infusion of liposomal
amphotericin B (2 mg kg™") than amphotericin B deoxycholate
(Cmax: 1.4 pg mL ™", AUCy ,4: 13.9 pg h mL™").*> AmBisome is
prone to accumulate in the reticuloendothelial organs such as
the liver but has significantly reduced distribution in the
kidneys (concentrationyigne,: 0.87 pg g~*, 5 mg kg™' d™') com-
pared to the conventional amphotericin B (concentration;ganey:

This journal is © The Royal Society of Chemistry 2023

12.7 pg g, 1 mg kg™ d7'), suggesting the reduced
nephrotoxicity.*”

Amphotericin B is a concentration-dependent antifungal
drug, and a higher dose is beneficial for antifungal efficacy.
AmBisome displayed prolonged post-antifungal effects for a
duration of up to 12 hours.’® AmBisome showed MIC;, and
MICy, values of 1 and 2 pg mL™, respectively. In contrast, the
conventional amphotericin B showed MIC5, and MICy, values
of 4 pg ml™" for both.*® The survival rate of AmBisome against
multidrug-resistant Candida auris infection in mice was 4.5
times that of the conventional amphotericin B at 14 days post
inoculation.®® Notably, inhaled administration of AmBisome
has been under clinical investigation, as summarized in ref.
37, which suggests that prophylactic AmBiosome inhalation
could benefit patients at high risk through reduced incidence
of invasive pulmonary aspergillosis. AmBiosome has become a
standard treatment in many infections, and given its higher
dose tolerance, it is called as a replacement for the convention-
al amphotericin B for primary therapy for invasive fungal
infections in clinical practice and research.*®

3.2 Improving drug safety

Doxorubicin (DOX), an anthracycline, is potent in treating a
variety of cancers. Yet, the main problem of doxorubicin in
clinical application is the serious cardiac toxicity.” Doxil is the
first approved doxorubicin liposome. PEGylation can protect
carriers from being recognized and phagocytized by the
immune system, significantly reducing cardiotoxicity. Doxil is
a PEGylated liposomal formulation and has a slower clearance
from the circulation (0.04 1 h™" m~>) and a prolonged half-life
(55 h) compared with conventional doxorubicin.?® Therefore, it
brings forth a new problem: the increased probability of skin
toxicity, exemplified by hand-foot syndrome.?” Different from
Doxil, Myocet, a marketed non-PEGylated doxorubicin liposo-
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mal injection, shows the benefit of reducing skin and cardiac
toxicities.’*™** In phase III clinical trials, both Myocet and
Doxil exhibited similar responses (%43%) and median survival
rates (19 vs. 16 months; P = 0.79).*> Both Doxil and Myocet
reduced the risk of cardiac toxicity,** with the Cp,ax of doxo-
rubicin in the heart decreased to 60% and 50% of doxorubicin
solution, respectively.*> However, we cannot find a direct com-
parison study of cardiotoxicity between Doxil and Myocet. It is
expected that they may have comparable cardiotoxicity due to
their similar heart exposure. The clearance (5.1 + 4.8 1 h™") of
Myocet is much slower than that of conventional doxorubicin
(46.7 + 9.6 1 h™") but not as slow as that of PEGylated Doxil.*®
As a result, the non-PEGylated doxorubicin had a lower rate of
hand-foot syndrome than Doxil.** Although the PEGylated
doxorubicin liposomes exhibited higher plasma AUC than the
non-PEGylated counterpart, paradoxically, the latter showed
twice higher intratumor drug accumulation efficiency in a
tumor-bearing murine model.*”

Irinotecan is a water-soluble camptothecin derivative and
its metabolite SN38 is a DNA topoisomerase 1 inhibitor with
potent anticancer activity. However, irinotecan has a subopti-
mal pharmacokinetic profile (e.g., rapid elimination) and acute
toxicities (e.g:, severe gastrointestinal reactions).*®*® The irino-
tecan PEGylated liposome (Onivyde) was approved by the FDA
in 2015 for use in patients with metastatic pancreatic adeno-
carcinoma. In a phase III trial, the median overall survival in
patients receiving Onivyde plus fluorouracil and folinic acid
was 6.1 months, compared with 4.2 months in patients who
received fluorouracil and folinic acid.>® Compared with free-
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form irinotecan, the dose-normalized PK of SN-38 (the active
metabolite) after Onivyde treatment was characterized by lower
Cmax (9-2 vs. 26.3 ng mL ™), prolonged terminal half-life (75.4
vs. 10.4 h), and higher AUC (710 vs. 229 ng h mL™").>' The
reduced peak concentration could alleviate the adverse
reactions.

The traditional paclitaxel injection (Taxol) contains poor
biocompatible solvents (1:1 blend of polyethoxylated castor
oil and ethanol), which are highly irritating and may induce
hypersensitivity. The incidence of paclitaxel hypersensitivity
varies between 8 and 45% and premedication with glucocorti-
coids and H1 and H2 antagonists is needed for prevention.’?
The first paclitaxel liposome product (Lipusu) has been mar-
keted in China for the treatment of breast cancer, gastric
cancer, and non-small-cell lung cancer, and has the benefit of
relieving the adverse reactions.>® In the single-dose acute tox-
icity assays, the LDs, values of Lipusu (69.82 mg kg™') were
twice higher than that of Taxol (33.0 mg kg™"), and no hyper-
sensitivity reactions were observed in the Lipusu group.>*
Lipusu exhibited a superior safety profile over Taxol. In 2018,
Lipusu accounted for about 63% of the paclitaxel market in
China, with a sale of RMB 2.168 billion.>”

3.3 Precision combination therapy

Combination therapy is a common clinical practice in cancer
management. The ideal combination can yield the maximum
synergistic effect with the minimum doses (Fig. 4). The
combination index (CI) method is used to identify an opti-
mized ratio for the synergistic cytotoxicity evaluation (CI < 1,

{ \
tDrugA! |DrugB
First |

After

&_/;J

dependent
combination

Sequentially dependent therapy

combination therapy

Fig. 4 Schematic illustration of combination therapy. Combination therapy typically involves two patterns—sequential administration and co-
administration. The latter one has drawn more and more attention for its simultaneous action on the targets.
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CI = 1, and CI > 1 respectively representing synergy, additivity,
and antagonism).>®

Currently, most combination regimens are developed on an
empirical basis, and preclinical studies do not play a leading
role; notably, they seldom yield synergistic effects but most are
only additive.”” Although the optimized drug combination can
be readily obtained by in vitro cell tests, clinical translation is
difficult, which could partially account for the differences in
the pharmacokinetics of individual drugs. The administration
of combination drugs cannot be simultaneously delivered to
tumor cells at a fixed-dose ratio via a regular formulation. The
optimal efficacy relies on the synergistic dose ratio.

As a case in point, CPX-351 (Vyxeos) is a liposomal combi-
nation of daunorubicin and cytarabine at a 1:5 molar ratio,
which is the first liposomal combination approved by the FDA
to treat acute myeloid leukemia (AML). Compared with the co-
administered free drugs, CPX-351 exhibited similar PK profiles
of both drugs, and importantly, the molar ratio of the combi-
nation drugs in plasma can remain at a relatively stable level
(Fig. 5A).°® The precise delivery of a fixed ratio is essential for
achieving optimal treatment efficacy. The survival in the 1:5
ratio group was the highest among all the groups, in particu-
lar, yielding 3 times higher than in the 1:1 ratio group
(Fig. 5B).>° A phase III study of CPX-351 (NCT01696084)
showed that its median progression-free survival (PFS) was
9.5 months, compared to 5.9 months in the control group
(cytarabine + daunorubicin therapy); furthermore, the com-
plete remission rate of CPX-351 was 37%, while that of the
control group was only 25%.°°

The success of the above study inspired followers. For
instance, CPX-1 liposome injection is a liposomal combination
of irinotecan and floxuridine. A phase II study of the CPX-1
liposome injection in treating advanced colorectal carcinoma
(NCT00361842) was completed in mid-2021. What is more, the
clinical trial of liposomal injection of irinotecan and fluorouri-
dine combination (LY01616) is underway for the treatment of
advanced gastrointestinal cancers.®*

>
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3.4 Innovative administration route

Compared with single drugs, drug-device combination pro-
ducts have the advantages of enhancing drug efficacy and
broadening the applicability. The successful cases include
stents with drug coating, catheters with antibiotic coating, and
wound patches containing antibacterial and anti-inflammatory
drugs. The combination of advanced drug delivery systems
and medical devices represents a new direction.

Amikacin is an aminoglycoside antibiotic against a variety
of nontuberculous mycosis (NTM). It needs to be administered
intravenously and its use is limited due to the severe toxicity to
623 Charge-neutral lipo-
somes have been developed to deliver amikacin directly to the

hearing, balance, and renal function.

lungs. This amikacin liposome inhalation suspension (ALIS) is
administered once a day using an eFlow atomization system
(Fig. 6). ALIS could not only prolong the release and action of
amikacin in the lungs but also reduce systemic exposure. In
the lungs, the liposomes can facilitate the uptake by pulmon-
ary macrophages infected with NTM.®*®> The FDA approved
ALIS as an orphan drug and a qualified infectious disease
product, rendering a 7-year market monopoly.

By the application of medical devices, a new administration
route for the drugs can be realized and thus change a thera-
peutic pattern. In addition, a self-administered device can
improve the accessibility of the medication and the compli-
ance of patients. The development of liposomes with an
inhaled drug delivery mode assisted by medical devices is a
promising method for lung diseases and could be promising
for combating the Covid-19 pandemic.

4. Liposomal technology: the
confronting challenges

There have already been dozens of marketed liposomal medi-
cations, but the R&D success in liposomal drugs is still a for-
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Fig. 5 The liposomal combination of daunorubicin and cytarabine. (A) The plasma drug concentrations of CPX-351 in comparison with free drugs
in mice. Inset: cytarabine: daunorubicin molar ratios in plasma after CPX-351 administration. (B) The survival rate of mice bearing leukemia tumor
with multiple treatments with the liposomal combination containing various drug ratios. Reproduced with permission from ref. 58 and 59. Copyright

© 2013 American Chemical Society; Copyright © 2009 Elsevier.
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Fig. 6 Aerosol delivery of ALIS using the eFlow(R) technology. (A) Cryo-electron microscopy of ALIS liposomes. (B) Delivery of ALIS using PARI
Lamira nebulizer. Liposome amikacin directly was delivered to the infection site in the lung, with 70% aerosol droplets in the respirable range
(MMAD: 4.1-5.3 pm). Reproduced with permission from ref. 66. Copyright © 2021 Elsevier.

midable challenge that involves the simultaneous optimization
of several parameters to achieve a final liposomal formulation
that is safe and effective.®” There are some unsolved funda-
mental issues in this field, which are discussed below.

4.1 Clinical efficacy challenges of liposomal medicines

Liposomal technology is a landmark in the field of cancer
nanomedicine. Taking a magic bullet-like action is the holy
grail of cancer nanomedicine. In theory, nanomedicine can
target the tumor cells while sparing the normal cells, thus
enhancing therapeutic efficacy and reducing side toxicity.
Liposomal doxorubicin is known to reduce cardiac toxicity
because liposomes can diminish drug penetration through the
continuous endothelial linings of blood vessels into the heart.
However, the clinical observation has not demonstrated the
expected benefits—the survival time of cancer patients receiv-
ing nanomedicines has not been significantly prolonged.>>"*

For example, PEGylated liposomal doxorubicin (PLD) did
not exhibit enhanced efficacy compared with a traditional
doxorubicin injection.*® This discouraging case is not alone in
cancer nanomedicine, and a similar result was also observed
in a study of comparative effectiveness of nanoparticle
albumin-bound (nab)-paclitaxel vs. paclitaxel monotherapy,
showing that the median overall survival was 11.2 months
(nab-paclitaxel) and 10.8 months (paclitaxel).®®

It remains unknown why the improved delivery does not
lead to enhanced clinical efficacy. The improved delivery
efficiency and therapy efficacy of PLD have been widely demon-
strated in preclinical animal models.®® The selective delivery of
PLD to metastatic breast carcinoma (bone metastases) was also
found in the patients, showing a 10-fold higher intratumoral
drug concentration compared with that in the adjacent normal
tissue.”® But the cutting edge in delivery fails to translate into
survival benefits.

What is more, cancer nanomedicines often cause a new
problem—hand-foot syndrome, and its incidence increases
significantly in the treatment with PLD. Clinical reports
revealed that 40-50% of patients developed moderate to severe
hand-foot syndrome.”””*> Considering the challenge in the

68 | Biomater. Sci,, 2023, 11, 62-75

clinical efficacy of liposomal drugs, we must rethink the
current delivery strategy. A plausible reason could be the real
bioavailability of the free drug in the target site. Doxorubicin
must be sufficiently released for entering the nucleus where it
takes action. Yet, little is known about this final step in the
in vivo kinetics. The issue will be discussed in detail in section
4.4.

4.2 EPR challenges

The high permeability and retention effect (EPR) of solid
tumors is associated with the rapid tumor growth that causes
a defective and leaky tumor vascular endothelium and insuffi-
cient lymphatic drainage and blood flow; under this circum-
stance, the nanoparticles readily permeate and remain inside
the tumor (Fig. 7).”>’* The nanoparticles can preferentially
accumulate in the tumor via the EPR effect-based passive tar-
geting delivery.

It has been well documented that long circulation is helpful
when nanomedicines enhance tumor accumulation through
the EPR effect compared with the free drug in the xenografted
tumor models.”” Yet, due to the highly leaky vasculature in the
subcutaneous flank tumor xenografts, such models are of
limited value to evaluate the EPR effect. They probably provide
an overstated impression on the EPR effect in nanoparticle
delivery.”® But this is not the case in a spontaneous cancer
model; a recent report showed neither long- nor short-circulat-
ing nanomedicines can enhance intratumor drug accumu-
lation via the EPR effect in a transgenic spontaneous breast
cancer model regardless of their size or composition.””
Understandably, spontaneous tumors develop slowly as com-
pared to the xenografted ones that can develop within a few
days; the rapidly growing tumors are characterized by an
abnormal vascular structure and have more porous tumor
blood vessels.”® Another study involving canine spontaneous
tumor models revealed that the fast-growing carcinomas gener-
ally had higher liposome accumulation than the relatively
slow-growing sarcoma, tracked by ®*Cu-labeled liposomes.”®

Therefore, it is a reasonable consideration that the EPR
effect is not a general phenomenon in cancer patients, and

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Conventional and more realistic depictions of EPR. Reproduced with permission from ref. 80. Copyright © 2014 Elsevier B.V.

instead, the EPR effect varies depending on the tumor type
and status. Considering the heterogeneity of tumor histology,
it is important to develop an effective method to screen out
the patients who are sensitive to nanomedicine and can
benefit from the EPR effect, e.g., by using non-invasive
imaging of pre-dose imaging agent-labeled liposomes before
treatment.®® For instance, radiolabeled liposomes can be used
for cancer imaging as well as inflammatory lesion detection
with good sensitivity and specificity, and are promising for
in vivo diagnostics for screening those suitable for liposome-
based therapy. It is time to call for precision nanomedicine: to
give the right formulations to the right patients.

4.3 Targeting challenges of liposomal technology

To achieve the active targeting function, liposomes are typi-
cally modified with the functional molecules (e.g., sugars,
peptides, and antibodies) to overcome the physiological deliv-
ery barriers (e.g., blood-brain barrier) via ligand/receptor
interaction.®>® Promising results have been commonly
reported in preclinical studies, but there is a huge gap from
preclinical to clinical application. Although the active target-
ing liposomal technology has been widely explored, it has not
yet achieved successful clinical translation.®*** An opinion is
that the tumor cells are highly heterogenic and their surface
characteristics are various even in the same tumor tissue,
thus leading to insufficient active targeting -efficiency.
However, the active targeting delivery strategy in antibody-
drug conjugates (ADC) has obtained breakthrough success;
there have already been more than ten ADC products
approved. In contrast, none of the antibody-modified lipo-
somes (aka immunoliposomes) can survive through clinical
trials. For example, anti-HER2 is a commonly used antibody
component of the marketed ADCs (e.g., Trastuzumab deruxte-
can); it demonstrates that the anti-HER2-mediated active tar-
geting delivery strategy is workable. Anti-HER2 was also

This journal is © The Royal Society of Chemistry 2023

applied in an immunoliposome drug (MM-302) serving as a
targeted delivery ligand, but the phase II clinical trial
(HERMIONE) of MM-302 failed to meet the endpoint.®
Therefore, the heterogenic expression of the target receptors
in the cancer cell surface may not be the major issue respon-
sible for the failure of the immunoliposomes. A plausible
account is that the cargo size matters. In ADC, typically the
molecular weight ratio between the targeting ligand and the
drug cargo is 40: 1, while for immunoliposomes, the size of a
liposomal sphere could be hundreds of times larger than the
conjugated antibodies. In a figurative sense of the size differ-
ence, ADC is like a huge horse pulling a tiny cart, while
immunoliposome is like a horse pulling a train. Therefore,
there is a pressing need to elucidate the binding kinetics
between immunoliposomes and cells via ligand/receptor
interaction as well as the difference in the fluid dynamics of
immunoliposomes in the human body and the experimental
animals (typically, a mouse model). The knowledge will help
understand the paradox.

Of course, many factors potentially affect the treatment out-
comes in the patients. Further detailed investigations need to
be carried out to illustrate the unknown issues.

4.4 Invivo fate challenges of liposomes

Compared with free drugs, liposomes sustain a highly complex
fate. However, the biological fate of liposomes has not been
fully understood. Currently, not much is known about the
dynamic process of the “three elements” (ie., drug, carrier,
and material) and other auxiliary factors such as ligands, sur-
factants, and stabilizers.”” For example, the essential questions
of when, where, and how drugs are released from liposomes
in vivo remain still unanswered. A comprehensive interpret-
ation of the biological fate will be of scientific significance for
the design of liposomes and can accelerate the process of clini-
cal transformation.®®
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In an FDA guidance document (Liposome Drug Products:
Chemistry, = Manufacturing, and  Controls;  Human
Pharmacokinetics and Bioavailability; and Labeling
Documentation), it is suggested that both free and total drugs
should be described in a pharmacokinetic study. It means that
the amounts of the free drug that is released from the lipo-
some and the total liposome-encapsulated drug should be sep-
arated and determined.

Due to the limitation of the pharmaceutical analysis, it
remains a formidable challenge for separating the released
free drugs and the liposomal encapsulated drugs, as well as
the subsequent quantitative determination. The traditional
radiation and fluorescence labeling strategies cannot effec-
tively distinguish the signals of released markers and carriers,
resulting in great interference and uncertainty.®”

The liposome-encapsulated drugs can be viewed as a
specific form of “macro-prodrugs”, which remain inactive
unless they are released and turn into a form of free molecules.
Taking liposomal doxorubicin as an example, the free drug
must enter the nucleus to intercalate within DNA base pairs
for taking cytotoxic action (Fig. 8). In this sense, only the free
intranuclear drug is bioavailable. But so far, the intratumoral,
intracellular, and internuclear kinetics of liposomal drug
release is little understood and remains in a “black box”
status. The plasma concentration of liposomal drugs could
hardly accurately reflect the actual concentration in the target
(i.e., nucleus). A better understanding of the liposomal drug
delivery process will be helpful for the rational design.
However, it is even more difficult for separating the free drug
and the encapsulated drug in a tissue or the target cells, and
advanced bioanalytical methods are needed to be explored,
too, to reach this goal.

4.5 Lipid excipient challenges

Pharmaceutical-grade phospholipids are the critical excipients
of liposomes. The lipid materials significantly affect the physi-
cal and biopharmaceutical properties of liposomes. FDA
industry guidance about liposomes has a strict requirement of
lipid information provided for new drug applications. The

Fig. 8 The illustration of the in vivo kinetics of liposomal drugs.
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high-quality requirement of lipid excipients leads to a high
threshold for the R&D of liposomal drugs. The price of lipids
is also costly. For example, for cation liposome-based mRNA
delivery, the development of the industrialized production of
lipids is the critical step in the R&D. The current patents
related to a lipid-based delivery have created a high-tech
barrier against the followers.

4.6 Preparation technology challenges

A series of methods is available in liposome preparation,
including injection method, film dispersion method, ultra-
sonic dispersion method, freeze-drying method, high-speed
shear method, and extrusion method.'>*®*° Often, multiple
methods are used in the process, requiring a multi-step oper-
ation. The complicated process renders difficulty in quality
control between batches, such as particle size, size distri-
bution, surface charge, and drug release behavior. In particu-
lar, the challenge of scaling up is a primary obstacle. The pro-
duction equipment is usually customized by manufacturers,
according to the needs of the specific liposome products and
involves many mechanical engineering technologies.

5. The transition from concept to
clinical application
5.1 Microfluidics

Traditional liposomal preparation methods require multi-step
complicated operations. Aggregation of the polydispersed par-
ticles occurs easily, resulting in batch-to-batch differences in
the physical and chemical properties.

To overcome the limitations of traditional methods, micro-
fluidic technology in the field of continuous manufacturing
has attracted more and more attention. As summarized in
Fig. 9, microfluidic technology can control the fluid mixing
and realize the controllable and repeatable preparation of
liposomes.’”®" The prepared liposomes are uniform and the
difference between batches is small.">®> As a case in point

Nucleolus

Nucleus
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Fig. 9 Preparation technology of microfluidics and the advantages.

(Fig. 10), the preparation of mRNA coronavirus vaccines relies
on microfluidic technology.”

However, the pharmaceutical application of microfluidic
technology still mainly stays in laboratories.®® For the tran-
sition from the laboratory to clinical application, there are

many problems to be solved, for example, how to accurately
94,95

control the components, flow rate, and fluid dynamics.

I}\E\j\ /

mRNA in water

%!2 g*(ﬁf
AR

Lipids in ethanol

The output of the traditional microfluidic process is limited to
milliliters per hour, unsuitable for mass production. A recent
report revealed that a parallelized microfluidic device contain-
ing an array of 128 mixing channels can increase the pro-
duction rate to 18.4 L h™" by operating simultaneously.’® It is
expected that a deeper understanding of the hydrodynamic
theory of microfluidics and the liposome formation mecha-

?

Neutral Phospholipid

ionizable Lipid

Charged
lonizable Lipid
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Cholesterol PEG-lipid mRNA

Fig. 10 mRNA liposome preparation. (A) Rapid mixing of four lipids (ionizable lipid, DSPC, cholesterol, PEG-lipid) in ethanol and mRNA in an
aqueous buffer (pH 4). (B) The ionizable lipid becomes protonated at pH 5.5, which is intermediate between the pK, of the buffer and that of the
ionizable lipid. (C) The cationized lipid binds with mRNA, driving vesicle formation and mRNA encapsulation. (D) The elevating pH caused by dilution,
dialysis, or filtration, results in the neutralization of the ionizable lipid, rendering it more hydrophobic and thereby driving vesicles to fuse and pro-
moting further sequestration of the ionizable lipid with mRNA into the interior of the liposomes.
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nism will promote its wide application. Microfluidic techno-
logy may provide a useful tool for building an automated con-
tinuous liposomal manufacturing platform and realizing the fast
translation from academic research to industrial production.

5.2 Old drugs, new formulations

To cope with the patent challenge and market competition,
new drug development via the 505(b)(2) application pathway is
an important R&D strategy for pharmaceutical manufacturers.
A 505(b)(2) application is usually used to get approvals for new
delivery mechanisms, dosage forms, formulations, and new
indications, which may benefit from faster and lower costs
than the traditional process. Innovative liposomal formu-
lations have been actively explored and there is a high market
value for new liposomal products. For example, Doxil has
achieved good market performance, reaching a sales peak of
US $600 million in 2010.°” The development of liposome pro-
ducts by the 505(b)(2) pathway aims at overcoming the defects
of the drugs, and improving the treatment efficacy or reducing
side effects, thus offering practical benefits to patients. For
instance, the paclitaxel cationic liposome EndoTAG-1 has been
developed for neovascular targeting chemotherapy and under
phase III clinical trial, with EMA and FDA orphan drug
designations.’®®® EndoTAG-1 is characterized by a positive
charge owing to the incorporation of cationic DOTAP in the
lipid membrane. Tumor vessel endothelium and tumor cells
possess highly negative surface charge. The cationic
EndoTAG-1 thus can be preferentially adsorbed on the tumor
neovascular endothelial cells, destroy tumor neovasculariza-
tion, and effectively kill the cancer cells."® In addition,
EndoTAG-1 can also increase tumor microvessel leakage sig-
nificantly by causing intratumoral vascular damage.’®’ The
treatment also led to tumor-selective microthromboses,
accompanied by an increase of platelet adherence and sub-
sequent tumor microvessel occlusions.'®® The neovascular tar-
geting mechanisms by cationic liposomes are still largely
unknown, though it is plausibly due to charge-dependent
binding and uptake. The cationic lipid complexed camptothe-
cin (EndoTAG-2) has also been in development.'®®

5.3 Liposomal combination

In cancer therapy, drug combinations are generally used. The
success of the CPX-351 liposome casts light on a new direc-
tion. Liposomes can encapsulate the combined drugs and
deliver them to target tissues in a specific ratio to achieve the
synergistic  effect of combined chemotherapy.””'**
Combination therapy using liposomes with a fixed-dose ratio
has attracted great attention in the pharmaceutical industry.
The liposomal combination has many advantages such as
enhanced efficacy and convenient use. In specific, combi-
nation therapy represents a useful method to overcome drug
resistance, and liposomes can serve as an ideal carrier for
codelivery of various kinds of combined drugs (e.g., cytotoxin/
cytotoxin, cytotoxin/molecularly targeted drug, cytotoxin/sensi-
tizing agent).'% For instance, a mannosylated liposome system
was developed for codelivery of dihydroartemisinin and doxo-
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rubicin for treating the drug-resistant colon tumor, and this
liposomal combination could enhance the intranuclear drug
accumulation and cancer cell apoptosis, and promote auto-
phagy.’®® Liposomal technology provides a useful tool for syn-
chronous drug delivery for achieving the synergistic effect in
treatments.

5.4 Liposomes for gene delivery

The success of gene therapy depends on the vectors that can
effectively transfer genetic materials to the target cells and
obtain sufficient gene expression in vivo with minimal toxicity.
As the main components of liposomes, phospholipids deter-
mine the biocompatibility and efficacy of therapeutic lipo-
somes. The quality of phospholipids affects the development
of liposome products. The development of special functional
phospholipids such as ionizable lipids has brought a break-
through in the field. A successful case is a liposome-based
system (ONPATTRO) developed by Alnylam to solve the
problem of siRNA targeted delivery.'®”*°® ONPATTRO encap-
sulates the negatively charged siRNA drugs using ionizable cat-
ionic lipids DLin-MC3-DMA and PEG2000-C-DMG, and could
significantly improve several clinical indicators of familial
amyloid polyneuropathy.’*®'" The successful application of
cationic lipid carrier technology is of great significance in both
technical innovation and clinical application, and opens a
door for the development of siRNA drugs.

Meanwhile, the development of nucleotide-based mRNA
vaccines has been extensively promoted during the COVID-19
pandemic.’® Liposome-based carrier technology is the main-
stream for mRNA delivery. A successful case is the lipid nano-
particle (LNP)-based mRNA anti-SARS-Cov-2 vaccines, in which
an ionizable cationic lipid (apparent pK, < 6.5) is the essential
component that can interact electrostatically and through
hydrogen bonds with mRNA.""> The two major mRNA vaccine
enterprises (Moderna and BioNTech) have both applied this
delivery technology. Notably, there are many mRNA vaccines
under clinical trials for various diseases including HIV
(NCT05001373, NCT05217641), Zika virus (NCT04917861), sea-
sonal influenza (NCT04956575), and ovarian cancer
(NCT04163094). With the increasing value of nucleic acid
drugs from early preclinical study to the clinic, the efficient,
safe, and stable delivery of nucleic acid drugs by liposome and
lipid carrier technology has been a hot spot.

6. Summary and perspective

Drug R&D has never been easy. It has been more than half a
century since liposomes were discovered, and great advances
have been observed in the medical application of liposomes
for treating cancers and for anti-infection and analgesia.
However, the clinical needs of liposome-based treatments are
still unmet. Liposome technology is useful, and but may not
fit for all drugs. Regarding what it can do and what it cannot
do, researchers are still actively exploring its technical bound-
aries. So far, not much is known to predict the drug/lipid inter-
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action for achieving rational design. The development of lipo-
somal formulations still largely relies on trial and error.

Although the resources and input have been mostly
directed towards tumor drug delivery mediated by liposomal
technology, it could hardly bring a revolutionary breakthrough
in the short term. It is time to rethink what will be the next for
pharmaceutical liposomal delivery. There are three essential
issues that must be taken into account. First, the collaboration
between pharmaceutical scientists and physicians is necessary
to select a right drug for liposomal formulation development
for a right disease application and to meet the clinical
demand. Clinically oriented or clinically driven R&D should be
emphasized. Second, it is important to explore the fundamen-
tal physical, chemical, and biological principles related to lipo-
some preparation and therapy. A better understanding of the
interaction between lipids and drugs, molecular dynamics in
liposomal self-assembly, and the interplay among liposomes,
body fluids, and cells will help develop efficient and safe lipo-
some-based drug delivery systems. In addition, the illustration
of the in vivo fate of liposomal drugs will provide helpful infor-
mation for designing a treatment regimen with improved
efficacy. Third, the application of special functional lipids can
modulate the performance of liposome products. The develop-
ment of novel lipids or lipid membrane additives could bring
forth transformation to the field of liposome research. As a
case in point, the LNP-based mRNA vaccines represent a break-
through, in which ionizable phospholipids serve as the key
element.

The application of advanced mechanical technology is
useful to ease liposome preparation. Time and cost for the
process can be reduced but with enhanced quality control. For
example, microfluidic technology has been increasingly used
in liposome manufacturing. Technological innovation will
further promote the R&D of liposomal medicines.
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