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A brief overview of quality by design approach for
developing pharmaceutical liposomes as
nano-sized parenteral drug delivery systems
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Prachi Atre**® and Syed A. A. Rizvi

Liposomes are sophisticated drug delivery vehicles that have significantly broadened the range of thera-
peutic agents that can be selectively delivered along with controlled release. Liposomes are small vesicles
(size optimizable) composed of a lipid bilayer that encapsulates hydrophilic as well as hydrophobic drugs.
This advancement has led to the creation of liposomal nano-formulations for drugs with very poor water
solubility and cell membrane permeability, resulting in improved therapeutic efficacy and reduced side
effects. Liposomal formulations can also be engineered with ligands or antibodies to target specific cells or
tissues, ensuring site-specific drug delivery and minimizing off-target side effects. These targeted liposo-
mal formulations have shown promising potential in treating various diseases, such as cancer, infectious
diseases, and inflammatory disorders. With continuous advancements in liposomal technology, researchers
are exploring new ways to further optimize the liposomal formulations for enhanced drug stability, bio-
availability, and targeted delivery to specific cells or tissues. The Quality by Design (QbD) approach is a sys-
tematic and scientific method for designing and developing pharmaceutical products, ensuring quality and
consistency throughout the product lifecycle. Applied to the development of pharmaceutical liposomes,
QbD facilitates the optimization of liposome formulations for targeted drug delivery, improved stability, and
enhanced therapeutic outcomes. The creation of novel liposomal formulations with superior drug stability,
bioavailability, and targeting capabilities will undoubtedly play a crucial role in shaping the future of medi-
cine and improving patient care. This brief review provides an overview of the development of liposomes
as nanocarrier systems for parenteral drug delivery, covering aspects such as quality manufacturing attri-
butes, structure, preparation methods, characterization, clinical applications, and regulatory considerations.

based nanocarrier systems.® Lipid-based nanocarriers have
emerged as a promising approach and have garnered signifi-

Lately, nanotechnology has been widely used to address the
issues of low solubility, efficacy, and poor bioavailability in the
drug discovery and development processes.' The prefix nano is
derived from the Greek word ‘nanos’, meaning dwarf or small,
and one nanometer is equivalent to one billionth of a meter.>*
Several new drug delivery systems developed with various poly-
mers (natural, synthetic, and semi-synthetic) have demon-
strated significant limitations, including toxicity and the
absence of acceptable production techniques.”” To overcome
these problems, there has been a growing interest in lipid-
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cant attention due to their desirable features, including
improved biocompatibility, high drug loading -efficiency,
enhanced bioavailability, controlled release properties,
reduced toxicity, protection against degradation in the gastro-
intestinal tract (GIT), ease of scale-up, sterilization, validation,
and suitability for drug delivery through various routes of
administration. Lipid nanocarriers can be used to deliver both
hydrophilic and hydrophobic drugs. Formulation of lipid
nanocarriers can improve drug solubility, which is a rate-deter-
mining step for BCS (Biopharmaceutics Classification System)
Class II (low solubility, high permeability), and IV (low solubi-
lity, low permeability) drugs; similarly, lipid nanocarriers can
enhance permeability, a rate-determining step for BCS Class
I (high solubility, low permeability) drugs.

Lipid nanocarriers are classified as (1) Vesicular Systems:
liposomes, ethosomes, and transferosomes; and (2)
Nonvesicular Systems: Solid lipid nanoparticles, lipid drug
conjugates, and nano-structured lipid carriers.” Liposomes are
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colloidal carrier systems formed from polar lipids and water,
creating self-organized particulate systems. Liposomes consist
of one or more lipid bilayers that encase aqueous compart-
ments. Among colloidal particulate structural systems, lipo-
somes have been examined extensively, and their attractiveness
lies in their optimizability, biocompatibility, and
biodegradability.”® The word ‘liposome’ consists of two Greek
words: ‘lipos’, meaning fat, and ‘soma’, meaning body.?
Liposomes are microparticulate, colloidal, concentric bilayered
vesicles in which a lipid bilayer membrane, composed of
natural or synthetic phospholipids, entraps an aqueous
volume (Fig. 1). Liposomes are classified according to their
size as small, intermediate, or large and according to lamellar-
ity as unilamellar, oligolamellar, and multilamellar vesicles.
Cargos with diverse lipophilicities can be encapsulated in lipo-
somal drug delivery systems in a phospholipid bilayer,
aqueous volume, or a bilayer interface.” The diameter of lipo-
somes varies from 0.02 to 10 pm.?

Liposomes are comprised of natural or synthetic phospholi-
pids such as phosphatidylethanolamine, phosphatidylcholine
(PC), phosphatidylglycerol (PG), and phosphatidylserine (PS).
Lipids can exist in either a gel or fluid state, depending on the
temperature. In their fluid state, lipids readily enable the
entrapment of the aqueous phase, which can be utilized effec-
tively. The phospholipids possess a natural flip-flop that
encourages liposome leakiness;’ cholesterol is often added to
liposome formulations to stabilize the lipid bilayer,'® and
various levels of drug loading can be achieved by including
different cholesterol concentrations.'* Additionally, vesicle size
is directly proportional to the concentration of added chole-
sterol in the formulation.'” The clinical behavior of liposomes
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Fig. 1 Bilayer liposome structure with encapsulated hydrophilic drug in
the aqueous core.
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is influenced by their charge, which can be positive, negative,
or neutral, depending on the addition of inactive ingredients
and lipids."® For example, the addition of oleic acid produces
liposomes with a negative charge, while the addition of DOTAP
(N-[1(2,3-dioleoyloxy)propyl |-N,N,N-trimethylammonium chlor-
ide) generates positively charged liposomes. Charged lipo-
somes exhibit electrostatic repulsion, which leads to slower
aggregation over their shelf life. Cationic liposomes show
electrostatic attraction with negatively charged cell mem-
branes, increasing cell-liposome interaction and easier cargo
release.'® A research study demonstrated that the polycationic
layer thickness influences liposomal membrane fusion. Fusion
is favored by the ability of charge-neutralizing macromolecules
to self-assemble into thin, planar arrays whereas polymers
engaging in brush-heap configuration result in repulsion.'®> A
liposomal ciprofloxacin formulation was optimized to remodel
the encapsulation and release properties by adding commonly
used surfactants.'® In another study, the effect of surface
hydrophilicity on charged liposomes composed of varying
phospholipids was explored to achieve local delivery and per-
itoneal retention of an anti-cancer drug.'”

This brief review will outline varied details of the vesicular
drug delivery system, ‘liposomes’. In particular, it will focus on
the Quality by Design approach for pharmaceutical liposome
development, preparation methods, structure and critical
quality attributes, liposomal drug delivery, and regulatory con-
siderations. QbD principles cultivate the quality of the drug
product by involving risk assessment strategies and sound
scientific and empirical data.'® Quality can be further built
into the product by enhancing understanding and improving
the manufacturing process, reducing the time gap between
development and industrial scale.’®?° The detailed elements
of pharmaceutical QbD are presented in the subsequent
sections.

2. QbD mediated development of
pharmaceutical formulations

Pharmaceutical Quality by Design is a systematic, scientific,
risk-based, holistic, and proactive approach to pharmaceutical
formulation development. It begins with predefined objectives
and emphasizes product and process understanding and
process control. This approach integrates advanced scientific
methods into research and development, ensuring quality is
built into product processing from the early stages.”’ QbD
approach helps identify the quality attributes from the
patient’s perspective and translates them into critical drug
product characteristics. It establishes a connection between
formulation and manufacturing variables such as Critical
Material Attributes (CMAs), Critical Process Parameters (CPPs),
and Critical Quality Attributes (CQAs) to produce high-quality
drug products consistently."® A comprehensive QbD study con-
sists of four key elements: (a) Identification of quality target
product profile (QTPP) and performance of risk-assessment
analysis; (b) product and manufacturing process design to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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meet predefined objectives; (c) identification of CQAs, CMAs,
and CPPs to establish a design space; and (d) control manufac-
turing parameters to continually produce a quality product.”*
A succinct description of these elements is detailed below.

2.1. Identification of quality target product profile and risk
assessment analysis

Quality target product profile is an anticipated summary of the
attributes of a drug product considering patient safety (stability
and degradation products) and efficacy (bioavailability) that pre-
ferably will be attained to ensure the desired product quality.'®
Hazard identification followed by risk analysis are two funda-
mental units of risk assessment as mentioned in the
International Council for Harmonization (ICH) Q9 document.?>
Both these units are critical in applying the QbD approach in
pharmaceutical product development. Hazard identification
deals with information identifying potential risk factors,
whereas risk analysis deals with the severity and occurrence of
harm. Risk assessment analysis aims to identify high-risk factors
affecting the drug product’s CQAs. Fig. 2 is an Ishikawa (fish-
bone) diagram that visually represents the various factors that
could affect the critical quality attributes of a product, helping
teams to identify and address potential issues systematically.

2.2. QbD guided liposome manufacturing processes

Quality by design focuses on optimizing input materials and
manufacturing processes to produce superior-quality liposomal
products. It also identifies and translates critical parameters and
key variables into a systematic framework that ensures the
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production of drug products with the most desired
characteristics.*** Liposomes should exhibit prominent entrap-
ment efficiencies, longer shelf life, narrow size distribution, and
better release profiles for superior drug delivery. Liposome for-
mation is based on hydrophilic and/or hydrophobic interactions
between lipid-lipid and lipid-water entities. Energy input drives
lipid positioning through bilayered vesicles, maintaining
thermodynamic equilibrium with the aqueous phase.”® The
manufacturing of liposomes is further categorized into three
methods: mechanical methods, methods based on replacing
organic solvents, and methods based on detergent removal.”®

Liposomal preparation often involves mechanical methods
such as the film method, homogenization, and extrusion. The
standard steps in the film method include hydration, hydration
with agitation, and sizing to achieve a uniform vesicular distri-
bution. Despite several modifications, this method yields a
heterogeneous liposome distribution. Vesicle size is impacted by
energy input, the nature of the aqueous phase, and lipid charge.
As mentioned earlier, difficulty in scale-up is the major constraint
of the method. Extrusion is the most prominent scalable method
for downsizing liposomes. In this process, pre-formed vesicles are
forced through a membrane under pressure to achieve size
reduction. The homogenization technique reduces liposomal size
and decreases the number of lamellae in multilamellar lipo-
somes. Additionally, size reduction is achieved by causing larger
vesicles to collide under pressure in a microfluidizer.””

Liposome preparation methods that replace organic sol-
vents with aqueous media involve substituting water-miscible
or immiscible solvents with an aqueous phase. Standard tech-
niques in this category include the pro-liposome-liposome
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Ishikawa fishbone diagram depicting factors that may significantly impact CQAs.
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method, which involves the stepwise addition of an aqueous
phase to a non-aqueous phase, and the ethanol injection
method, where a non-aqueous phase is injected into an
aqueous solution. Additionally, reverse-phase evaporation and
double-emulsion techniques also facilitate the replacement of
organic solvents with a polar phase. Liposomal preparation
methods may incorporate detergents, such as bile salts or alkyl
glycosides, to enhance lipid solubilization within micellar
systems. Unlike lipids, detergents are soluble in both aqueous
and non-aqueous phases, maintaining equilibrium between
these environments. Standard procedures for detergent
removal include dialysis through membrane filters, gel chrom-
atography, and adsorption using cyclodextrins or hydrophobic

resins.?%?’

3. Critical quality attributes of
liposomal drug delivery system

Liposomal characteristic details can aid in determining the
fate of liposomes under several clinical applications, settings,
and storage environments. Critical Quality Attributes of a lipo-
somal drug delivery system are essential parameters that must
be carefully controlled to ensure the product’s safety, efficacy,
and quality. Some of the significant attributes are as follows.

3.1. Particle size and polydispersity

Size and polydispersity (size distribution) play a crucial role in
determining the physicochemical properties of the dosage
form, offering insights into batch quality and manufacturing
consistency. Additionally, these factors influence the biological
properties and, ultimately, the clinical outcomes.>®
Furthermore, they both play a critical role in parenteral routes
of administration.”® Size determination can be performed by
size exclusion chromatography (SEC), nuclear magnetic reso-
nance (NMR), dynamic light scattering (DLS), and microscopic
technologies, including atomic force microscopy (AFM), trans-
mission electron microscopy (TEM), and cryogenic-TEM (Cryo-
TEM).>**

The DLS method is most widely used and is dependent on
the Brownian motion of the suspended colliding particles. The
incident light is scattered due to the difference in refractive
index between the suspended particles and the solvent/vehicle.
The DLS method uses the shifts in light scattering intensity
observed over a range of time intervals. A major limitation of
this method is the false determination of the particle size due
to particle aggregation.'*3°

Microscopic techniques such as Transmission Electron
Microscopy and Cryogenic Transmission Electron Microscopy
are also widely used to obtain liposomal images.*' However, a
radical limitation of this technique is associated with the dis-
turbance of the lipid chemistry since liposomes are removed
from their native environment for image analysis."* The
sample preparation process and cryo-TEM analysis of colloidal
systems are challenging and demand meticulous control
throughout the process.***
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3.2. Encapsulation efficiency

The entrapment efficiency of the liposomal drug delivery
systems depends on the drug’s solubility, molecular weight,
liposome composition, dispersion medium, and liposome
size, etc.>® Passive drug loading occurs during the preparation
process without additional steps. In contrast, active drug
loading methods offer superior entrapment efficiency due to
the gradient between lipid bilayers. In this approach, lipo-
somes are initially suspended in a buffer with a known pH,
while the uncharged drug is loaded in a second buffer with a
different pH. The resulting pH gradient drives the uncharged
drug molecules into the lipid bilayers, where they become
charged. Once charged, these molecules cannot diffuse across
the lipid bilayers and remain entrapped within them.>**3¢

3.3. Zeta potential

Zeta potential (ZP) measures the surface charge of a liposome
formulation. It is crucial in determining its interactions with
body tissues, systemic circulation, and cellular recognition.*” A
surface charge of +30 mV is essential for maintaining formu-
lation stability and preventing particle aggregation.*® ZP is
crucial for drug loading and can be optimized through
charge-charge interactions, encapsulation, covalent conju-
gation, and hydrophobic interactions.® Additionally, ZP can be
manipulated by biopolymer deposition on the liposomal
surface,® adjusting lipids’ pH and molar ratio during formu-
lation optimization, among others.*®*°

3.4. Sterility

Liposomal formulations usually contain phospholipids and
cholesterol but may also comprise additional ligands that
impart unique characteristics. All these formulation ingredi-
ents are probable sources of microbial contaminants such as
bacteria, endotoxins, viruses and pyrogens.*" Sterilization of
liposomes is challenging owing to their distinctive compo-
sition and unique manufacturing requirements. Sterile fil-
tration can be achieved via membrane filtration for liposomal
particles smaller than 200 nm, allowing the larger particles to
retain on the filter membrane. Gamma irradiation results in
peroxidation and destabilization of the phospholipid bilayer.

Further, irradiation is also attributed to free radical phos-
pholipid fragmentation. Saturated steam sterilization elimin-
ates the lipid peroxidation issues; however, encapsulated con-
tents leak, hydrolysis of phospholipids, and vesicle aggrega-
tion. Due to the limitations of the methods mentioned earlier,
aseptic manufacturing is a better choice and can promote the
manufacturing of sterile parenteral liposomes. All solvents
(organic and aqueous), lipids, and other excipients are passed
through 200 nm filter membranes while the manufacturing
equipment can be autoclaved. Further, prepared liposomes are
assembled into containers via the aseptic filling method. The
filling process is performed in Class-100 environments,
designed to maintain a sterile environment during the entire
process of aseptic manufacturing.'**?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.5. Invitro drug release

In vitro release studies are performed under dialysis con-
ditions. Liposomal formulations are immersed in dialysis bags
with appropriate molecular weight cut-offs in a dissolution
medium and mixed continuously. To mimic in vivo conditions,
dialysis is performed at 37 °C, and the dissolution medium
consists of buffered saline at pH 7.4. Samples are withdrawn
and analyzed for released pharmaceutical content at pre-deter-
mined time intervals. A release profile plot estimates the drug
release from the liposomal carrier.*

4. Liposomal drug delivery systems

Liposomes are highly versatile and practical drug delivery
systems, leveraging the unique properties of liposomes to

Internal
stimulus- /%
responsive /7 <
agent

External /¢ -
stimulus- - <

Stimuli-activated

Peptide

Non-modified

Hydrophilic

Hydrophobic

Aptamer

Ligand activated

View Article Online

Review

enhance therapeutic efficacy. These systems consist of spheri-
cal vesicles with one or more lipid bilayers capable of encapsu-
lating hydrophilic and hydrophobic drugs. Liposome encapsu-
lation protects the drug from degradation, improves bio-
availability, and allows for controlled release. Liposomal
systems can be engineered to target specific tissues or cells,
reducing systemic side effects and increasing the drug concen-
tration at the desired site of action (Fig. 3). Liposomes’ unique
properties, such as their ability to carry small molecules and
macromolecules, optimize drug solubility and stability, and
control drug release kinetics, make them a promising tool for
drug delivery in various medical fields.'*****

4.1. Conventional versus long circulating liposomes

Targeted drug delivery and biodistribution throughout the
body are two fundamental problems in drug therapy.

drug

Anionic PL
&

pazijeuonaunj-idwAjod

Small
molecules

Fig. 3 Surface modification strategies of liposomes, together with their classification. The modified carriers can contain active components, such
as drugs, small molecules, proteins, and/or targeting moieties, such as antibodies, peptides, aptamers, etc., conjugated on the surface of the vehicles
through different linkers, non-covalent or covalent bonds, and electrostatic interactions. Abbreviation: PL — phospholipid. Reproduced under the
terms of the Creative Commons Attribution License. M. P. Nikolova, E. M. Kumar and M. S. Chavali, Updates on responsive drug delivery based on
liposome vehicles for cancer treatment, Pharmaceutics, 2022, 14(10), 2195. https://doi.org/10.3390/pharmaceutics14102195.
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Liposomal formulations protect encapsulated active molecules
from degradation and passively target tissues/organs that do
not have a continuous endothelium (spleen, liver, and bone
marrow). When administered intravenously, the mononuclear
phagocyte system (MPS) rapidly captures and removes lipo-
somes from blood circulation.*” This behavior efficiently deli-
vers antimicrobial and antiparasitic agents to treat localized
infections in MPS. Even so, one of the significant disadvan-
tages of the liposomal drug delivery system is liposome uptake
and their subsequent removal from blood circulation when the
site of action is beyond the MPS. The binding of serum pro-
teins/opsonins (e.g., immunoglobulins, fibronectin, C-reactive
protein, etc.) results in rapid clearance of liposomes as MPS
recognizes opsonins bound to the surface of the liposomes.
Another limitation of conventional liposomes is their inter-
action with high and low-density lipoproteins.*®

Several strategies have been developed to control the rapid
removal of liposomes in vivo.*” The first strategy studied was to
mimic erythrocyte membrane in preparation of liposomes. The
composition of liposomes was modified with sialic acid deriva-
tives and gangliosides. The next step was to improve the hydro-
philicity of liposomal surfaces with hydrophilic polymers.”
Liposomal longevity in circulation can be markedly increased
via steric stabilization.*® The core principle is that polyethylene
glycol, a hydrophilic polymer with a flexible chain, occupies
the space next to the perisomal layer. This, in turn, prevents
other macromolecules from entering this area. Thus, access to
plasma proteins in the perisomal layer is hampered, reducing
macrophage interaction.” While PEG can extend the longevity
of liposomes, some drawbacks are associated with this hydro-
philic polymer. Immune response is triggered, and the gener-
ated antibodies (IgM) bind PEG, resulting in ABC (accelerated
blood clearance) phenomenon. This can be alleviated by using
non-cleavable high molecular weight PEG derivatives.
Intracellular accumulation of PEG affects lysosomal density by
interfering with the outflow of metabolites. To overcome the
limitations associated with PEG, substitute materials such as
glycopolymers, copolymers, polyglycerols, dextrans, hyaluronic
acid etc. have been proposed.*’

Long circulating liposomes offer a significantly advan-
tageous delivery system for anti-cancer agents as current
chemotherapy focuses on destroying rapidly dividing cells.
The pitfall of this therapy is that the body’s other rapidly pro-
liferating cells, such as intestinal epithelium and hair follicles
are also destroyed." Long-circulating liposomes often accumu-
late in tumor tissues due to the enhanced permeability and
retention (EPR) effect. However, effective distribution within
the tumor remains a significant challenge. Tumor tissue typi-
cally features high interstitial fluid pressure, irregular blood
vessels, and uneven blood flow. Vasoactive agents such as bra-
dykinin, thrombin, substance P, endotoxin, and VEGF (anti-
vascular endothelial growth factor) can be administered to
improve vascular permeability. These vasoactive agents gene-
rate cellular events, increasing vascular permeability.>°

The chemotherapeutic activity of paclitaxel was demon-
strated using a pre-clinical approach by Shi et al. VEGF is par-
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ticularly cumulated in the tumor tissue, thus resulting in an
overexpression of VEGF. Stable PEGylated paclitaxel liposomes
conjugated with the VEGF mAb (monoclonal antibody) were
produced. The anticancer activity was further analyzed in
BALB/C nude mice bearing SGC-7901 xenografts. VEGF-tar-
geted mAb-liposomes were visually observed in the tumor’s
interior, suggesting the chemotherapeutic agent’s targeted
delivery.>* The potential of another chemotherapeutic agent,
doxorubicin, was explored to enhance safety and efficacy.
Targeted (functionalized) liposomes offer an enhanced system
for the delivery of doxorubicin. C225-immunoliposomal(IL)-
DOX is a PEGylated liposome that encapsulates doxorubicin
and is conjugated with the antigen-binding fragment (Fab’) of
the monoclonal antibody Cetuximab. C225-immunoliposomal
(IL)-DOX showed tumor growth inhibition in different mouse
models and healthy adult rats.>?

Drug loading of Imatinib in magnetic liposome nano-
composites showed its anti-cancer capability. In vitro evalu-
ation illustrated the active release from magnetoliposome
nanocomposites in the presence of AMF (alternative magnetic
field) by altering the bilayer permeability. In vivo assessment
exhibited the accumulation of liposomes at the targeted sites
in a rapid and efficient manner. This multidisciplinary tech-
nique may be an effective cancer therapy.>®

A ligand-mediated approach should be thoroughly explored
to address liposome’s rapid clearance and degradation after
administration to improve intracellular drug delivery.
Antibodies are widely used ligands for target-specific cargo
delivery in chemotherapy. Initial attempts to utilize antibodies
as ligands can be traced back to the late 1970s to early 1980s.
Antibody-modified liposomes have been used to perform lipo-
somal targeting both in vitro and in vivo.>*

5-Flurouracil (5-FU) is cytotoxic and is immensely used in
treating cancers such as the brain, colon, breast, head, liver,
neck, and ovary. 5-FU has certain limitations, such as wide dis-
tribution, cardiac toxicity, damage to the central nervous
system, short half-life, dermatitis, etc., that result in limited
use of 5-FU. Folic acid was conjugated with liposomes to over-
come these shortcomings and achieve targeted delivery.
Folate-targeted liposomal formulations showed improved
efficacy than free drugs, with no tissue abnormalities studied
in vivo.”® Breast cancer is very common among women, with a
mortality rate of 17.7%. Tumor cells are highly heterogeneous,
thus making cancer treatment a challenge. Folic acid modified
curcumin liposomes were evaluated in 2D and 3D cell culture
models. The liposomes exhibited a zeta potential of —13 mYV,
encapsulation efficiency of 73%, and a particle size of
~138 nm. These nanosystems illustrated cytotoxic effects
owing to tissue permeability and selective recognition by folate
receptors.>®

4.2. Lyophilized liposomes

Liposome formulations can be administered through multiple
routes, including oral, transdermal, ophthalmic, nasal, and
pulmonary, but the intramuscular and intravenous routes are
the most thoroughly investigated.”” Despite their benefits,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these complex systems often face physico-chemical instabil-
ities that can shorten shelf life. Key factors impacting the
stability include liposome aggregation, phospholipid oxi-
dation, poor re-dispersibility, and drug leakage. Lyophilization
(freeze-drying) is commonly used to mitigate these stability
risks. Liposomal integrity is a significant challenge in the lyo-
philization process. During freezing, ice crystals forming
within the core or external aqueous phase can rupture the
lipid bilayer structure.*®

Reconstituting liposomes with protein, peptide, or gene
cargo is particularly challenging. The lyophilization process
for liposome formulations follows a procedure similar to that
for small molecules, including freezing, primary drying, and
secondary drying, to achieve the desired moisture content in
the final dried liposomes. Preserving the bioactivity of encap-
sulated biological entities during lyophilization is a key chal-
lenge, often addressed by incorporating lyoprotectants into the
formulations.”® These lyoprotectants help maintain the struc-
ture of biological entities through direct binding mechanisms
during dehydration.®® Scale-up of the lyophilization process
and the choice of excipients are critical factors. Regulatory
agencies must develop comprehensive guidance to ensure the
safety and efficacy of liposomal products.

A lyophilized liposomal formulation accommodating pepti-
domimetic-doxorubicin conjugate to achieve targeted delivery
to HER2-positive cancer cells was described. The pH-sensitive
lyophilized formulation showed better efficacy than it’s free
form. Such liposomal delivery systems exhibited long-term
stability at 4 °C.%*

4.3. Hybrid liposomes

Hybrid liposomes (HL) combine liposomal formulations with
another delivery system through complexation or encapsula-
tion to enhance the benefits of liposomes.®> This approach
helps avoid the individual drawbacks of each component. A
straightforward example of HL is the encapsulation of mag-
netic nanoparticles within liposomal formulations.'* Hybrid
liposomes have been developed using silver and gold nano-
particles. Additionally, the long-circulating properties of
PEGylated liposomes for anti-cancer applications have been
investigated. Three methods for HL preparation have been dis-
cussed: (a) modified emulsification method/reverse phase
evaporation; (b) one-step nanoprecipitation using microfluidic
technology and (c) classical thin-film followed by sonication/
extrusion.®® An integrated self-assembly of lipids and amphi-
philic co-polymers is discussed in detail, along with the state-
of-the-art design structure and future applications.**
Hydrophobic drugs were loaded into liposomes by encapsulat-
ing those active moieties in cyclodextrins (pre-loading), fol-
lowed by active loading into liposomes.®®

Recent trend is combining liposomes (including bio-
mimetics) and exosomes to harness the advantages of both
systems for more efficient drug delivery. One promising
approach is through membrane fusion, where the lipid mem-
branes of liposomes and exosomes are fused together to create
hybrid vesicles containing both liposomal and exosomal com-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ponents. Several techniques have been developed to facilitate
the fusion of liposomes and exosomes, including chemical
methods such as the introduction of fusogenic lipids or viral
fusogens, as well as physical methods such as sonication or
electroporation.®¢¢®

A combination therapy of linalool and doxorubicin encap-
sulated liposomes was demonstrated as a potential effective
treatment against epithelial ovarian cancer. The particle size
of the prepared LN-NE-DOX (linalool nanoemulsion and doxo-
rubicin)-liposomes was determined by light scattering. In vitro
toxicity was assessed in HeyA8 cells by MTT Assay. Further,
in vivo therapeutic efficacy and biochemical toxicity were evalu-
ated in female BALB/C mice. This study demonstrated the
efficacy of a combination therapy in a mouse model.*®

Infectious diseases can be treated with DNA vaccines.
However, weak immunogenicity and short half-life limit the
usage of DNA vaccines in preclinical and clinical studies. Zhao
et al., reported the delivery of multi-epitope self-replication
DNA vaccine (pSFV-MEG) utilizing a liposome-polymer hybrid
nanoparticle system. The system comprised of a biodegradable
core and a hydrophilic shell made of up mPEG-PLGA and
lecithin/PEG-DSPE-Mal 2000 respectively. The in vitro release
profile of the prepared hybrid liposomes was monitored.
Subsequently, these hybrid systems were injected in BALB/C
mice intramuscularly to study the effect in vivo. In conclusion,
a DNA vaccine and nano-delivery systems was developed for
the treatment of infectious diseases.®®

4.4. Liposomal vaccine delivery

Liposomal capacity for vaccine delivery has been highlighted,
especially during the COVID-19 pandemic.”’”> Liposomal
vaccine formulations consisting of encapsulated or surface-
presented antigens, are engulfed by macrophages, thus trigger-
ing an immune response.”® Consequently, the antigen pep-
tides present on the surface of the macrophages bind to
T-cells. The helper T-cells generate cytokines, are associated
with B-cells, and prompt the production of antibodies.
Liposomal formulations serve as a good depot for steady and
unbroken providers of antigens. A specific immune response
can be provoked by suitable alterations in liposomal compo-
sition, charge, size and encapsulated or surface antigen.'* A
research study demonstrates the critical role of formulation
composition and the charge in preparing liposomes with adju-
vant properties.”*

Besides, virosomes (liposomes embedded with viral envel-
ope proteins within their phospholipid bilayer),”>”® and
archaesomes (liposomes derived from the polar lipids of
archaea, characterized by their distinctive ether-linked
lipids)’”””® have gained importance as carrier systems for
vaccine delivery. Based on the chemical properties, hydrophilic
antigens, such as nucleic acids, peptides, proteins, etc., are
entrapped in the inner aqueous core of liposomal space. In
contrast, hydrophobic antigens or adjuvants are interspersed
into the lipid bilayer. A coformulation consisting of hydro-
philic and hydrophobic antigens and surface adjuvants can be
tailored per the need of individual therapy. Further, nucleic
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Fig. 4 Immune response by mRNA vaccines. Lipid nanoparticles (LNPs) are prepared by encapsulating mRNA, which encodes the viral protein of

interest. Upon injection of vaccines, muscular cells take up the LNPs following the release of mMRNA into the cytosol and translation of target protein
with the help of host machinery. In parallel, the danger-associated signals produced by the LNPs recruit the innate immune cells, including neutro-
phils, monocytes, macrophages, dendritic cells, and others. The antigen-presenting cells (APC) process and present the antigen to the T cells,
further polarizing into effector T cells and helping in B cell-mediated responses. The cytotoxic T cells produced upon activation kill the infected
cells, and antibodies (produced by B cells or plasma cells) neutralize the virus. K. Swetha, N. G. Kotla, L. Tunki, A. Jayaraj, S. K. Bhargava, H. Hu,
S. R. Bonam and R. Kurapati, Recent advances in the lipid nanoparticle-mediated delivery of mRNA vaccines, Vaccines, 2023, 11(3), 658. https://doi.

org/10.3390/vaccines11030658.

acid vaccines (DNA or RNA) are a suitable alternative to attenu-
ated viral vaccines.”

The first liposome vaccine based on virosome technology,
Epaxal®, was developed by Swiss Berna Crucell Biotech and
launched in 1993 for hepatitis A. Inflexal® V, a virosome-
assisted influenza vaccine, was developed by Swiss Berna
Crucell Biotech and launched in 1997.%° Both these products
were launched in Europe. Liposome-like nanoparticles (LLPs)
exhibiting structural similarity to liposomes have recently illus-
trated their capability of vaccine delivery, which was advan-
tageous in containing the spread of the global COVID-19 pan-
demic (Fig. 4). Two such mRNA vaccines utilizing lipid techno-
logy were developed jointly by Moderna, Pfizer, and German
BioNTech (Comirnaty®).%"

5. Application of QbD approach in
the design of liposomal formulations

This section will present a few examples that best showcase
the utilization of Quality by Design principles in developing

682 | RSC Pharm., 2024, 1, 675-688

and optimizing robust parenteral liposomal formulations.
Readers are encouraged to refer to various recently published
articles cited throughout this manuscript for further in-depth
and exhaustive discussion on the specific areas of
interest.>>%>%3

Novel pharmaceutical preparatory approaches can be time-
consuming, but applying Quality by Design principles from
the early stages of formulation and process optimization can
help bridge the time gap between development and preclinical
studies. The optimization of a prototype formulation involves
a comprehensive analysis of product quality attributes. Often,
the identification of risk factors resulting in the failure of the
product is recognized after a substantial investment of time.
This results in increased testing and does not guarantee
product quality. Therefore, risk assessment is valuable and
can be performed using screening designs. The optimized
design space and formulation can be obtained using the
Design of Experiments (DOE). These experimental designs
provide a larger advantage by considerably reducing the
number of trials while simultaneously analyzing the effect of
multiple factors. Initial in vitro, in vivo and ex vivo studies can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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provide a better understanding of the formulation behavior
thereby providing an augmented success rate for preclinical
and clinical trials.

Azacitidine-loaded nano liposomal formulations were devel-
oped using a Box-Behnken design, and in vitro evaluation was
conducted with MCF-7 cells. Azacitidine, a DNA methyl-
transferase inhibitor, is commonly used in the treatment of
breast cancer and myelodysplastic syndrome. The optimized
formulation was evaluated for surface charge, particle size,
polydispersity index, entrapment efficiency, drug loading,
in vitro drug release, and through TEM, X-ray diffraction
(XRD), and hemolytic toxicity assessments. The optimized
batch exhibited desirable properties, and the study highlighted
the anticancer potential of azacitidine-loaded liposomes. The
formulation demonstrated suitability for preclinical and clini-
cal studies as an effective anti-cancer drug delivery system.>*
Additionally, this illustrates how applying QbD concepts can
reduce development time and produce a liposomal formu-
lation with optimal therapeutic properties ready for preclinical
evaluation.

Lu et al. applied QbD concepts to analyze the effects of for-
mulation and process variables on the quality attributes of
multivesicular liposomes containing bupivacaine. Several
Ishikawa diagrams were constructed to identify potential risk
factors. The defined CQAs were particle size, morphology, and
encapsulation efficiency. This study further details the effects
of processing parameters and material attributes during lipo-
some preparation.®’

A QbD case study was performed on the liposomes contain-
ing a hydrophilic antiviral drug, Tenofovir. Ishikawa fishbone
diagrams were designed to identify the risk and assess the
impact on two key quality attributes, drug encapsulation
efficiency and particle size. Risk identification and risk analysis
were conducted simultaneously for identification of high-risk
variables. Liposomes were prepared using thin film hydration
method. The authors concluded that liposome preparation
process has a large impact on drug encapsulation efficiency
with significant variability. However, an appropriate process
design can provide a homogenous system with uniform particle
size distribution as well as drug encapsulation efficiency.*!

Table 1 FDA-approved parenteral injectable liposomal products

View Article Online
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In another study researchers developed liposomes loaded
with (—)-epigallocatechin gallate (EGCG) using the Quality by
Design approach. Risk assessment tools identified three key
formulation factors (phospholipid concentration, phospholi-
pid to cholesterol molar ratio, and EGCG concentration) likely
to influence the critical quality attributes of EGCG-containing
liposomes. These factors were studied using a D-optimal
experimental design. Authors noted all three formulation
factors significantly influenced liposome CQAs.”®

6. Scientific and regulatory
considerations

The lack of a clear definition for nanotechnology continues to
be a major concern. Nanotechnology can be regarded as an
umbrella term covering processes, products, and character-
istics at micro/nanoscale. A definition cited by the US National
Nanotechnology Initiative proposed in 1990 states that the size
ranges from ‘about 1 to 100 nm’. This definition excludes the
size ranges in micrometers and less than 1 nm, a scale widely
used by nanoscientists. Guidelines from regulatory agencies
about liposomal technology are ambivalent and dependent on
the first-in-class product field.’”°® Liposomes comprise several
formulation components, and the applicant needs to perform
physicochemical stability and toxicological studies of the indi-
vidual components. Further, these studies should also be con-
ducted in combination with other elements.'***%°

US FDA has published a guidance, ‘Liposome Drug
Products: Chemistry, Manufacturing, and Controls; Human
Pharmacokinetics and  Bioavailability; and  Labeling
Documentation’ (April 2018). This document covers the follow-
ing sections: (A) chemistry, manufacturing, and controls
(CMC); (B) Bioavailability and clinical PK studies or, in the
case of an ANDA, bioequivalence; and (C) labeling in NDAs
(New Drug Applications) and ANDAs (Abbreviated New Drug
Applications). The introduction of the first successful liposo-
mal formulation to the US market was Doxil® indicated for the
treatment of AIDS-related Kaposi’s sarcoma and ovarian
cancer. It was the first liposome product to receive regulatory

Proprietary US approval
name Sponsor Active ingredient Indication year
Doxil® Baxter Healthcare CORP Doxorubicin Ovarian cancer, Kaposi’s sarcoma 1995
Ambiosome® Astellas Pharma US Inc. Amphotericin B Anti-fungal 1997
Marqibo® Acrotech Biopharma LLC Vincristine sulfate Anti-cancer 2012
Abelcet® Leadiant Biosciences Inc. Amphotericin B Anti-fungal 1995
DepoDur® Pacira Pharmaceuticals Inc. Morphine sulfate Pain management 2004
Exparel® Pacira Pharmaceuticals Inc. Bupivacaine Local anesthetic 2011
Onivyde® Ipsen Biopharmaceuticals  Irinotecan hydrochloride Anti-cancer 2015
Inc.
Arikayce Kit® Insmed Inc. Amikacin sulfate Anti-cancer 2018
Vyxeos® Celator Pharmaceuticals Cytarabine and Anti-cancer 2017
Inc. daunorubicin
Onpattro® Alnylam Pharmaceuticals Patisiran sodium Polyneuropathy of hereditary transthyretin- 2018

Inc.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approval in the nano-size range. Later, DuanoXome® and
Ambiosome®, containing active ingredients daunorubicin and
amphotericin B, received approvals in 1996 and 1997 for the
treatment of HIV-associated Kaposi’s sarcoma and fungal
infections, respectively.'® The first US Amphotericin B generic
liposomal products were approved in 2021 (Sun Pharma
Industries LTD) and 2022 (Eugia Pharma Specialities LTD).
FDA has also published product-specific guidance for liposo-
mal products, such as Draft Guidance on Amphotericin B
(Recommended Apr 2014; Revised Jan 2016, Aug 2020) and
Draft Guidance for Doxorubicin Hydrochloride
(Recommended Feb 2010; Revised Nov 2013, Dec 2014, Apr
2017, Sep 2018, May 2022).

These product-specific guidances represent the agency’s
thinking to demonstrate bioequivalence. For example, the
draft guidance for the active ingredient doxorubicin hydro-
chloride administered via liposomal injection recommends
one in vitro liposome size distribution study and one in vivo
study to demonstrate bioequivalence. Details about the in vitro
and in vivo studies are stated in the product-specific guidance.

Table 1 below describes some FDA-approved parenteral
injectable liposomal products.

The FDA’s ongoing efforts are crucial to align technological
advancements and drug product complexity with established
guidelines. Specific guidance and a Quality by Design strategy
are essential for developing lyophilized liposomes and biologi-
cal liposomal formulations.

7. Conclusions and future
perspectives

In conclusion, the Quality by Design approach is a game-chan-
ging strategy for developing pharmaceutical liposomes as
nano-sized parenteral drug delivery systems. By applying QbD
principles from the initial stages of formulation and process
development, researchers can achieve a more systematic and
predictive method for producing robust, high-quality liposo-
mal products. The sub-micron and nano drug delivery systems
discussed in this article demonstrate significant potential for
delivering a wide range of hydrophilic, lipophilic, and amphi-
philic drugs, including both small and large molecules. These
systems are well-established and increasingly utilized, with the
parenteral route being the preferred choice in clinical settings.
While QbD approaches are well-suited for liposomal develop-
ment, continued efforts by regulatory authorities are essential
to ensure liposomal products’ stability, safety, and efficacy.
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