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Aims and Scope of the Series

Pharmaceutical science focuses on the design, synthesis, formulation, targeting,
distribution, safety, and efficacy of active compounds as potential therapeutics.
It is a large interdisciplinary discipline that aims to integrate the basic principles
of physical and organic chemistry, biochemistry, biology, and engineering to
discover, develop, and characterize active compounds and to optimize the for-
mulation and delivery of drugs in the body for offering new and improved safe
and efficacious therapies against human diseases. The research areas covered by
the pharmaceutical sciences range from medicinal chemistry and pharmaceu-
tical technology to pharmacology and toxicology, which represent the prelimi-
nary phases of drug development. Medicinal chemistry involves the design and
synthesis of pharmaceuticals as well as the isolation of active agents from natural
sources. Computer-aided strategies are increasingly involved in this drug dis-
covery process. Pharmaceutics is a multidisciplinary science that examines the
relationships between drug formulation, delivery, distribution, and clinical out-
comes. Modern clinical approaches are increasingly relying on controlled release
strategies and drug delivery and targeting systems, including nanotechnological
platforms (nanomedicine). Pharmacology is the science of drug action in biolog-
ical systems. Pharmacologists also make drugs as tools to explore aspects of cell
and tissue functions. Toxicology is the study of the adverse effects of active agents
on living organisms and the ecosystem, including the prevention and ameliora-
tion of such adverse effects. This book series includes volumes on Drug Discovery,
Delivery, and Pharmacology. Their overall aim is to present the latest research in
the whole path of drug discovery and development from different points of view
of this multidisciplinary and dynamic field.
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Preface

This book presents recent advances in liposome technology and development.
Liposomes are spherical phospholipid bilayer vessels with aqueous interiors that
increase cellular absorption of hydrophilic and hydrophobic molecules that can

range from vaccines to gene therapies to medicines and nutrients. The phospholipid
bilayer structure of the liposome is known as the lamella, with some liposomes being
multilamellar, containing several aqueous layers. In addition, some lamella contain
multiple other vessels in what is known as multivessicular liposomes. Depending on
the lamellar structure, liposomes range in size from 50 — 500 nm. While drugs and
nutrients may be able to cross membranes via facilitated transport, liposomes are able
to fuse with the plasma membrane and deliver the hydrophilic liposomal contents to
the cell, which increases the uptake and bioavailability as well as the distribution of
these liposomal contents. Further, the incorporation of aptamers or targeting ligands
in the surface of the liposome that specifically binds cell-surface markers has been
shown to enhance cell and tissue targeting and tissue-specific uptake of liposomal
contents, including nutrients and chemotherapeutic drugs. In addition to medicine,
vaccines, and gene therapies, improved nutrient uptake using liposomes has also been
an important and aggressive area of research and development.

While the methodologies and procedures to create liposomes have long been estab-
lished, technological improvements to incorporate multiple nutrients and drug
combinations are an area of great interest and activity. For example, Pfizer Inc., New
York, NY, and Moderna Inc., Cambridge, MA, developed and designed liposomes
to carry the COVID-19 vaccine. Several companies, including Baxter International
Inc., Skyepharma, Saint-Quentin-Fallavier, and others, have liposomal chemothera-
peutic drugs as antibiotics and others on the market that are being used clinically.
Further, with regard to nutrients, the LiposoMax™ technology of One Innovation
Laboratories, Miami, Fl., is leading the way in developing liposomes of appropri-

ate lamellar and vesicular structure and size to deliver combinations of nutrient
molecules and improved levels of these nutrients, including vitamin C, Vitamin D3,
multivitamins, glutathione and more. It is clear that there have been and continue to
be significant advances in liposome technology and the delivery of medicines, nutri-
ents, vaccines and therapies to cells and tissues. Once again, this book offers examples
of liposome development and insight into the future direction of this industry.

Benjamin S. Weeks, Ph.D.
Department of Biology,
Adelphi University,
Garden City, NY, USA
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Chapter1

The Art of Liposome Surface
Decoration for Targeted Drug
Delivery

Justin B. Safari, Paula Maseko, Pathy B. Lokole,

Galilée G. Byamungu, Simnikiwe Nogqala, Tanaka Ndongwe,
Jonathan M. Mukanya, Frank Ssengooba, Gauta Gold Matlou,
Xavier Siwe-Noundou, Christian I. Nkanga, Brett 1. Pletschke
and Rui W.M. Krause

Abstract

This chapter delves into the intricate art of surface modification of liposomes,
a versatile group of nanocarriers renowned for their pivotal role in various fields,
including drug delivery, diagnostics, and theranostics. Emphasising the significance
of surface modification, this chapter outlines the methods employed to design
liposomes with added functionalities, improved stability, and targeted delivery
capabilities. The chapter offers a comprehensive overview of modern surface modi-
fication strategies from traditional conjugation chemistry to innovative bioinspired
and biomimetic methods. Additionally, it meticulously examines the use of various
ligands—including peptides, antibodies, proteins, and polymers—to embellish
liposomal exteriors, thereby achieving enhanced biocompatibility, extended circula-
tion times, and targeted delivery. Furthermore, the discussion extends to the implica-
tions of these surface modifications, highlighting how they influence the biological
fate of liposomes, from cellular interactions to their behaviour in vivo. Through this
exploration, the chapter aims to provide an extensive understanding of the current
landscape and prospects of liposomal surface modification, fostering advancements
in nanomedicine.

Keywords: liposome, targeted delivery, surface modification, drug delivery, controlled
release, bioconjugation chemistry
1. Introduction

Liposomes are spherical nanostructures composed of lipid or phospholipid bilayer

membranes resembling cell membranes (Figure 1) [1-3]. Liposomes represent the
first class of nano-drug delivery systems (DDSs) to be translated into clinically
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Conventional and surface-modified liposomes.

successful marketed products. This success is attributed mainly to their high encap-
sulation capacity and diversity of payloads from small molecules to proteins while
protecting from degradation, thereby facilitating controlled release and therapeutic
effectiveness [4]. Additionally, liposomal DDSs possess the unique capability of
encapsulating and delivering both hydrophobic and hydrophilic biomedical com-
pounds (therapeutics and/or diagnostics) [5].

Moreover, the liposome lipid bilayer’s similarity to cell membranes enhances their
biocompatibility, biodegradability, flexibility, and safety [6]. Using liposomes as a
DDS has enhanced treatments for various diseases by stabilising therapeutic agents,
surmounting cellular and tissue absorption challenges, and enhancing the distribu-
tion of compounds to specific sites within the body. On the other hand, these same
vehicles are facilitating the diagnosis of many diseases [7, 8].

Despite the advantages offered by liposomes as a DDS, conventional liposomes
have shown some limitations, such as poor stability, non-specific targeting, inability
to escape the immune system, and high biodistribution through the bloodstream,
resulting in a variety of side effects [9, 10]. Surface modification approaches are
promising pathways to tackle these limitations. Several studies have been conducted
to improve liposome specificity, biocompatibility, stability, and cell penetration by
functionalising conventional liposomes with chemicals that can increase the perfor-
mance of liposomes [11].

These decorators/modifier agents can be bound to the surface of liposomes via
non-covalent interactions, such as van der Waals forces, H-bonds, electrostatic
interactions, or covalent bond formation, to mention a few [9, 12, 13]. As an example,
covalent bonding can improve iz vitro and in vivo stability of liposomes by allow-
ing rapid fusion to form lipid films and sustain fluidity and increasing the required
energy or bioreagents for bond breaking compared to non-covalent interactions
(typically, this is a 10-fold improvement over electrostatic interaction) [14, 15].

In this chapter, we explore various strategies and technologies employed in lipo-
some surface modification, highlighting their impact on improving liposomal nano-
carriers’ performance and therapeutic efficacy in biomedical applications.
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2. Surface modification techniques
2.1 Overview of conjugation chemistry methods

The functionality of liposomes, which are often used as carriers in drug delivery,
diagnostics, and other biomedical applications, can be improved by conjugation
chemistry techniques [16]. Two molecules can be joined using several methods,
crosslinking, utilising the reactive groups present on the molecules, or activating
agents that generate an intermediate reactive group on one component for coupling.
These reactive groups then interact with specific functional groups on the other
molecules, facilitating conjugation. Liposome conjugates are created by modifying
either the liposome, the molecule to be attached, or both. The use of crosslinkers or
reactive groups to facilitate coupling is common [17-19]. In the following paragraphs
is a detailed overview of the traditional conjugation chemistry methods focusing on
their application to liposomes.

2.1.1 Amine-reactive chemistry with liposomes

Amine-reactive chemistry is frequently used to conjugate compounds with pri-
mary amine groups, including proteins and amino acids. Through the use of reagents,
such as N-hydroxysuccinimide (NHS) esters, proteins [20], peptides, succinimidyl
3-[2-pyridyldithio) propionate (SPDP), succinimidyl-4-[N-maleimidophenyl]butyr-
ate (SMPB), or succinimidyl-4-[N-maleimidomethyl]cyclohexane-1-carboxylate
(SMCC) co-linkers can be attached to the liposome. This is often done to improve or
enable targeted drug delivery [18, 21].

The mechanism of amine-reactive chemistry with liposomes typically involves
the activation of amine groups (—NH,) on the liposome surface, followed by
their reaction with reactive moieties on molecules to be attached. Initially, amine
groups (—NH;) are activated using reagents, such as NHS esters or isothiocyanates
(Figure 2A). These reagents form an activated intermediate, such as succinimides
or thiourea intermediates [16, 22]. These unsaturated electrophilic species then react
with nucleophilic groups on the corresponding attaching molecules [20].

For instance, primary amines (—NH,) or hydroxyl groups (—OH) on molecules,
such as proteins, peptides, or targeting ligands, can react with the activated interme-
diates on the liposomes, resulting in the formation of stable covalent bonds [22]. This
process allows for precise and controlled functionalisation of liposomes with a wide
range of molecules for specific biomedical applications [18].

2.1.2 Carbodiimide-mediated coupling with liposomes

Carbodiimide chemistry provides yet another method for conjugating molecules
to liposomes through the activation of carboxyl groups. Using popular carbodiimide
reagents like 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and primary
amines, including proteins and peptides, liposomes can be functionalised for various
applications, including targeted drug delivery or vaccine development [18].

The carbodiimide reagent activates selected carboxyl groups on the liposome sur-
face, resulting in the formation of an active intermediate, typically an O-acylisourea
intermediate, as shown in Figure 2B [22]. The activated carboxyl group then reacts
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Schematic illustrations of chemical reaction used for liposomes suvface functionalisation. (A) Liposome activation
using NHS esters, (B) carbodiimide-mediated coupling with liposomes, (C) thiol-veactive chemistry with activated
liposomes and maleimide-activated antibodies, (D) hydrazone bond formation, and (E) click chemistry.

with a primary amine on the molecule intended for attachment resulting in the
formation of an amide bond between the liposome and the newly attached molecule.
Any unreacted O-acylisourea intermediates are usually hydrolysed under the reac-
tion conditions, leading to the formation of urea derivatives and releasing the active
carbodiimide byproduct [16].
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Overall, carbodiimide-mediated coupling with liposomes involves the activation
of carboxyl groups on the liposome surface using carbodiimide reagents such as EDC,
followed by their reaction with primary amine groups on molecules to be attached.
This process enables the formation of stable covalent amide bonds between the lipo-
some and the attached molecules [22].

2.1.3 Thiol-reactive chemistry with liposomes

Thiol-reactive chemistry offers a versatile orthogonal approach to amine activa-
tion for modifying liposomes. By introducing thiol moieties or using thiol-reactive
reagents like maleimides, liposome surfaces can be subsequently conjugated reactions
or reacted with various electrophiles. Common modifications include polyethylene
glycol (PEG) chains for enhanced stability, fluorescent dyes for imaging, or targeting
ligands for specific cell recognition and uptake (Figure 2C) [22, 23]. Electrophilic
agents, such as maleimides or pyridyl disulphides, are commonly used for thiol-
reactive chemistry, typically in a facile manner such as activation by reduction or
deprotonation [16, 23].

The reaction proceeds via a nucleophilic attack of the thiol group on the electro-
philic centre of the agent, resulting in the formation of a stable covalent bond such as
a thioether, providing a robust linkage between the thiol-containing molecules and
the liposome surface [18, 23].

Thiol-containing molecules, such as peptides, proteins, and small organic ligands,
can be conjugated to the liposome surface in this manner, enabling the conjugation of
thiol-containing moieties for various biomedical applications [12, 19, 21, 24].

2.1.4 Click chemistry with liposomes

Click chemistry offers a highly selective and efficient method for conjugating
molecules to liposomes with minimal side reactions. Liposomes can be functionalised
with azide or alkyne groups on their surface through the incorporation of lipids
bearing azide or alkyne moieties during liposome preparation or through post-func-
tionalisation methods [17]. These functional groups react with their complementary
reactive partners using click chemistry conditions, enabling precise control over the
attachment of molecules and facilitating applications, such as imaging, biosensing, or
targeted drug delivery. Copper-catalysed azide-alkyne cycloaddition (CuAAC) and
strain-promoted azide-alkyne cycloaddition (SPAAC) are the most used methods
for conjugating molecules to liposomes through click chemistry because of their high
efficiency and selectivity under mild conditions [16, 18].

In CuAAC, copper(I) ion is used as a catalyst for the reaction between the azide
and alkyne groups. Cu® is generated from Cu(II) precursor in the presence of reduc-
ing agents, such as sodium ascorbate or tris(2-carboxyethyl)phosphine (TCEP) [25].
The Cu(I) catalyst activates the terminal alkyne group by coordinating with it. The
activated alkyne then reacts with the azide group through a 1,3-dipolar cycloaddition
reaction, forming a stable triazole linkage resulting in the formation of a covalent tri-
azole bond between the liposome and the attached molecule [26]. After the reaction,
Cu’ is oxidised back to Cu(II), completing the catalytic cycle. This process allows for
the recycling of the copper catalyst and facilitates the efficient coupling of azide and
alkyne groups on liposomes [25, 26].

On the other hand, SPAAC does not require a metal catalyst but relies on the
inherent reactivity of strained cyclooctyne derivatives, which can react selectively

7
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with azide groups in the absence of copper catalysts [25]. The strained cyclooctyne
derivative undergoes a spontaneous reaction with the azide group on the liposome
surface, forming a stable triazole linkage, as with CuAAC, resulting in the formation
of a covalent triazole bond between the liposome and the attached molecule.

Click chemistry with liposomes involves the selective and efficient conjugation
of molecules through the reaction between azide and alkyne functional groups,
either catalysed by copper in CuAAC or promoted by strain in SPAAC. This versatile
approach allows for the precise functionalisation of liposomes under mild conditions,
making it suitable for various biomedical applications.

2.1.5 Hydrazone formation with liposomes

Hydrazone formation involves the selective and reversible reaction between
hydrazide groups on the liposome surface and aldehyde or ketone groups on mol-
ecules to be attached. This dynamic covalent bond formation strategy allows for the
precise functionalisation of liposomes with a wide range of molecules. By reacting
hydrazide-functionalised liposomes with aldehyde- or ketone-containing mol-
ecules, liposomes can be formulated for applications, such as triggered drug release
in response to specific stimuli or the preparation of smart liposomal systems for
controlled drug delivery [18]. Hydrazide groups can be introduced through various
methods, such as using hydrazide-modified lipids during liposome preparation or
several post-functionalisation techniques. These hydrazide groups serve as reactive
sites for subsequent conjugation reactions [16].

Aldehyde (—CHO) or ketone (C=0) moieties can be introduced through oxidation
or other chemical modifications, and these moieties then react with hydrazide groups on
the liposome surface via a condensation reaction, forming a hydrazone bond. Moreover,
the stability of the hydrazone bonds can be further enhanced by additional modifica-
tions or changing the reaction conditions, such as pH and temperature, to ensure
efficient coupling and minimise hydrolysis [16]. Incorporating liposomes into tradi-
tional conjugation chemistry methods provides a versatile platform for the development
of functionalised liposomal systems with tailored properties and functionalities. These
conjugation strategies enable the design of advanced liposomal delivery systems with
improved stability, specificity, and therapeutic efficacy, paving the way for innovative
biomedical applications. These methods provide versatile tools for the functionalisation
of biomolecules, nanoparticles, polymers, and surfaces, enabling the development of
advanced materials. They offer precise control over the attachment of molecules, allow-
ing for the design of tailored conjugates with desired properties and functionalities.

2.2 Bioinspired and biomimetic approaches for surface decoration

Apart from traditional chemical transformations, biological systems present inter-
esting innate characteristics that continue to inspire the engineering of drug delivery
systems such as liposomes. Bioengineering, bioinspired, and biomimetic processes
have emerged as schemes to overcome the hurdles of synthetic vesicle limitations
[27, 28]. Furthermore, understanding the cell-based interactions in biological systems
enables scientists to mimic core cellular or viral aspects in synthetic systems, for
instance, by using similar particle size and shape. Furthermore, surface features can
also be exploited to mimic biological and physicochemical properties of biological
system surfaces that improve specific targeting, membrane permeability, and stealth
properties of delivery systems [29, 30].
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Several approaches using supramolecular or conventional chemistry are exploited
to decorate the surface of liposomes by mimicking biological structures. Liposomes
can be functionalised with fusogenic molecules, bio-orthogonal reactions, cell-
molecule engineering, etc.

2.2.1 Supramolecular decoration of liposomes

Supramolecular chemistry could be described as the organised chemistry of
non-covalent bonds [31]. Non-covalent bond formation at the surface of liposomes is
a way to mimic cell membranes, and this can be done using different approaches, such
as physical adsorption and electrostatic interactions. These approaches have been
used to good effect to mitigate foreign-body reactions [15, 32, 33].

The development of “supramolecular liposomes” featuring cytosine moieties at
the surface has been reported. This was achieved by the assembly of single-nucleolipid
molecules consisting of a hydrophilic deoxycytidine-3’-phosphate linked to a glycerol
dipalmitic lipid chain (diC16dC) and has been applied for silver sensing applications.
The coordination of Ag" ions by the nucleotide moiety enhanced membrane rigidity,
which increased the fluorescence of a common reporter, Thioflavin T [34].

Another study reported the formulation of a virus-mimicking pH-sensitive
delivery platform by surface functionalisation of the self-assembled liposomes
(consisting of L-a-phosphatidylcholine from egg yolk and cholesterol) with influenza
viral peptide-mimicking anionic pseudopeptide polymers. Hydrophobic interactions
were crucial in the impact of the affinity of polymers for phospholipid vesicles for
non-covalent polymer-liposomes complex. The result indicated no leakage at neutral
pH, while the complete release was observed at endosomal acidic pH. Intracellular
delivery of doxorubicin, an anticancer drug, was also investigated using membrane-
impermeable calcein. Doxorubicin (DOX) fluorescence was observed an hour after
incubation into HeLa cells, confirming this virus-mimicking system’ high efficiency
in doxorubicin delivery into cancerous cells [35].

2.2.2 Liposomes functionalisation with fusogenic molecules

Taking advantage of the similarity of the structure of liposomes with cell mem-
branes, the fusion between liposomes and cell membranes is a promising approach for
the direct delivery of payloads in eukaryotic cells [36, 37]. This complex process can
be facilitated using fusogenic stimuli, such as reconstituted proteins, fusion peptides,
electric pulses, etc. [38].

Multiple approaches can be used in fusogenic liposomal formulation, ranging
from the incorporation of special lipids to improve the fluidity of the membrane and
enable the promotion of membrane destabilisation to Sendai virus inactivation [39].

Additionally, fusogenic peptides can also be displayed on liposome surfaces
through the conjugation methods described above. A study by Kakudo et al. assumed
that the disposition of a fusogenic peptide (glutamic acid-alanine-leucine-alanine
(GALA)) on the surface of liposomes was necessary to ensure an efficient release and
diffusion of rhodamines into the cytosol using transferrin as a cell recognition agent
for cell entry and GALA as fusion-induction device. The results suggested that ~30%
of the liposomes were modified on the surface with cholesterol-GALA fused at pH 5.0,
while no fusion promotion was observed with liposomes that were unmodified on the
surface. A cytosolic release of sulforhodamine B was observed in almost all cells at
24 hours when transferrin attached to liposomes was coated with cholesterol-GALA
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incubated in the same study [40]. The challenge remains to incorporate peptides on
the surface of liposomes in a stable manner by preventing peptide insertion into the
membrane [41]. Covalent conjugation of the head group to an enzyme-susceptible
peptide could mask its fusogenic potential until specific enzyme cleavage [42].
Motion et al. placed phosphate groups into a Human Immunodeficiency Virus
(HIV) gp41 N-terminus fusion peptide to accomplish membrane insertion and
improve peptide polarity character. The presence of phosphate groups in fusion
peptides masked their hydrophobic character and inactivated their fusogenic prop-
erties. Phosphatases were used as the enzyme for cleavage, resulting in regenera-
tion of membrane-destabilisation properties and restitution of fusogenic activity.
Phosphatase-triggered fusogenic liposomes could be a promising pathway for mediat-
ing the cytosolic controlled release of therapeutics against diseases in which phospha-
tases are overexpressed such as cancer [43].

2.2.3 Bio-orthogonal veactions

Bio-orthogonal chemistry allows the processing of synthetic chemical reactions
in living biological systems without jeopardising biochemical processes or affecting
the functioning of biomolecules [44, 45]. Several bio-orthogonal reactions have been
used in the surface modification of liposomes, including alkyne-azide cycloaddition,
Diels-Alder, Michael addition, and oxime formation [46, 47].

Self-assembled materials such as liposomes can be pre-modified or post-modified.
Post-modification methods have been proposed as an alternative to pre-modification
methods to avoid chemical modification of component and side reactions with
sensitive cargos. Those techniques involve bio-orthogonal approaches and specific
functionalisation of vesicle surface after vesicle formulations [48, 49]. The chemical
reactions employed for this approach are discussed in Section 2.1 above.

For example, Feldborg et al. performed chemoselective and bio-orthogonal
reactions for conjugation of a neuroendocrine tumour targeting peptide (TATE)
both in solution and on liposomes surface. Oxime formation, CAA copper-catalysed
(CuCAA), strain-promoted CAA copper-free (SPACC), and Michael addition
reactions were all used for various conjugation reactions. Although all reactions
carried out on the surface of functionalised vesicles were slower than the reaction in
solution, SPACC reactions were faster after applying post-functionalisation with a
reaction yield value of 84% after 3 days (compared to 86% after 50 days in solution).
Otherwise, the surface conjugation reaction showed highly reproducible properties
[50]. The proposed scheme is a promising approach for formulating targeted tools for
theragnostic applications (Figure 3).

2.2.4 Surface functionalisation with cell molecules

Liposomes have been described as a simplified model of cell membranes with no
ornaments, but increasingly modified liposomes have been functionalised with mem-
brane proteins and carbohydrates for multiple purposes, including biosensing and
immune system activation [51, 52]. Those molecules have inspired liposomes coated
with antibodies and peptides for active targeting of cells bearing the corresponding
antigens or receptors [35, 53].

Liposome features have been developed as an alternative model to ani-
mal experiments by mimicking cells such as nerve and hepatic cells [54].
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Schematic illustrations of bioinspired and biomimetic approaches used for liposome surface functionalisation.

(A) Pre-modification (left) and post-modification (vight) methods for conventional and PEGylated liposome
functionalisation. (B) Non-covalent incorporation of ligand on the surface of cationic or anionic conventional

or PEGylated liposomes. (C) Summary of bio-orthogonal reactions used in liposome surface modifications.
CuAAC: alkyne-agide cycloaddition copper-catalysed, SPAAC: strain-promoted alkyne-azide cycloaddition
IEDDA: inverse electron-demand Diels-Alder. BioRender (online) and ChemSketch 2021.2.1 version C35E41 were,
respectively, used to create the structures in the two panels.

Ganglioside-functionalised liposomes have proven their efficiency in cholera toxin
detection and various physiological activity investigations of botulinum neurotoxins
[55, 56]. In the same concept, hepatic lysosomes were developed from non-covalent
attachment of horse-spleen ferritin to phospholipid suspended in agarose to mimic
liver iron overload in transfusion-dependent anaemias [57].
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Glyco-functional liposomes have been reported to be a suitable platform for car-
bohydrate receptor-mediated targeting. In this concept, glycopolymer augmented
liposomes—synthesised by the addition of a copolymer of glycopolymer-co-choles-
terol during the rehydration of the lipid this film—have proven their efficiency in
the expression of macrophage mannose receptor (CD206) and macrophage galac-
tose-type lectin (CD301) [35, 58]. In addition, liposome surface glycan engineering
is a promising pathway in endogenous immune response activation for diseased
cells targeting and elimination [59]. Rhamnose-functionalised liposomes have
been developed for immune targeting leading to tumour cell destruction. In fact,
decoration of liposomes with rhamnose resulted in the promotion of anti-rhamnose
recruitment, thereby activating immune responses for complement-mediated cell
killing [52].

3. Types of ligands for liposome decorations

In recent years, the use of various types of ligands that play an indispensable role in
the surface modification of liposomes has risen exponentially. Ligands are essential in
improving drug delivery systems and have greatly influenced the development of preci-
sion medicines, as depicted in Table 1.

Among the leading types of ligands in targeted delivery are small molecules (<
1000 Daltons) and molecules with high binding and selectivity traits in both the diag-
nosis and treatment of diseases [66-68]. In this respect, factors, such as geometry and
chemical complementarity, are carefully considered to improve the precision aspects
of the target. In drug delivery, liposomes that are functionalised through surface
modification by the use of small molecules have proven to be potentially effective
[69]. Examples of small molecules, including affibodies, carbohydrates, and folates,
have been widely reported as liposomal surface modifications [70, 71].

Using peptides as ligands has also drawn much attention due in part to the avail-
ability of facile synthetic methods, the ubiquitous utility of peptides, the chemical
versatility, as well as their high affinity for targeted receptors [72]. Consequently,
the site specificity of liposomes can be significantly increased through functionalisa-
tion with these ligands [24, 73]. In this regard, surface modification can be achieved
through covalent and/or electrostatic functionalisation as attached peptide ligands
[74]. For example, peptides such as Peptide T7, sequence HAIYPRH are frequently
used in the targeting of transferrin receptors, which are often expressed in cancer
cells [75]. Another peptide ligand called GE11, also known as YHWYGYTPQNVI,
demonstrated a strong affinity for epidermal growth factor receptor (EGFR) and
was subsequently employed for liposomal conjugation to harness its EGFR-targeting
properties. Notably, the peptide sequence GE11 has proven to be a valuable tool in
exploiting the capabilities of EGFR targeting [60]. Another study by Carvalheiro and
workers evaluated the utilisation of antagonist G, a peptide-targeting agent with the
ability to hinder the function of various neuropeptides, to enhance the specificity of
targeting and internalisation of liposomal formulations, specifically long-circulating
liposomes [76].

Similarly, antibodies are a class of target ligands that have proven to be indispens-
able in surface modification studies [67, 77]. Of interest is the use of antibodies in
chemotherapy to multidrug resistance, improve drug internalisation, reduce circu-
lation time, improve site specificity of drugs, and minimise the toxicity of drugs.
Immunoliposomes have been used to improve targeted delivery and enhance the
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Liposome composition Ligand type Role Ref.
PEGylated liposomes (PEG-LIP), HSPC/ DT7-Cys Improved targeting [60]
cholesterol/1,2-disteroyl-sn-glycero-3- (D(HRPYIAHC)) and efficacy
phosphoethanolamine-N-[carboxy(polyethylene and LT7-Cys
glycol)2000, NHS ester] (sodium salt) (L(CHAIYPRH))
Egg yolk phosphatidylcholine (EPC), cholesterol polyethylene glycol Lower affinity to [61]
(Chol) and 1,2-disteroyl-sn-glycero-3- (PEG) and polyvinyl the liver and long
phosphoethanolamine-N-[methoxy(polyethylene alcohol (PVA) residence in the
glycol)-2000] (DSPE PEG 2000) systemic circulation
Cholesterol Chitosan Increased affinity [62]
oligosaccharide for tumour cells
(CSO)

1,2-dioleoyl-3-trimethylammonium-propane, Polyethylene glycol Affects the surface [63]
1,2-distearoyl-sn-glycero-3-phosphocholine, and binding and
1,2-distearoyl-sn-glycero-3-phospho- (1'-rac- subsequent uptake
glycerol) (DSPG) of liposomes in

Caco-2 cells
1,2-disteroyl-sn-glycero-3-phosphoethanolamine- Protein A-R28 Improved selective [64]
N-[succinimidyl(polyethylene glycol)] targeting
(DSPE-PEG-NHS), N-(Succinimidyloxy-
glutaryl)-L-a-phosphatidylethanolamine,
Distearoyl (DSPE-NHS) and 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) Cholesterol
Cholesterol, 1,2-distearoyl-sn-glycero-3- Antibody FLAG tag Improved selective [65]
phosphoethanolamine-N-[methoxy(polyethylene (peptide sequence brain targeting and
glycol)-2000] (ammonium salt) DYKDDDDK) uptake

(DSPE-PEG2000), and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-
[dibenzocyclooctyl (polyethylene glycol)-2000]
(DSPE-PEG2000-DBCO)

Table 1.
Some of the reported studies on the surface modification of liposomes.

pharmacological activity of drugs, especially in cancer therapy [64]. In the modifica-
tion of liposome surfaces, the predominant approach involves utilising fragments
derived from small antibodies that contain the complementarity-determining
regions (CDRs) [78]. Ye et al. demonstrated using receptor-mediated transcytosis
(RMT) liposomal system as a promising delivery system in targeting the blood-brain
barrier [65].

Protein use is an extension of this kind of surface modification of liposomes,
which has also significantly increased over the years [69]. Abdelrehim and colleagues
investigated the role of tail-anchored (TA) membrane protein (cytochrome b5) in the
surface modification of liposomes loaded with carboxyfluorescein. The study results
revealed that using TA proteins improved liposomal drug delivery. In addition, pro-
teins have been cited to play a crucial role in anchoring liposomes, improving polarity
and affinity to the binding site [79-81].

Synthetic- and biopolymers are yet another important class of modifying ligands
that have played a prominent role in stabilising liposomes and increasing drug
activity in some cases. Techniques including grafting or adsorption of both synthetic
and natural polymers are among the leading approaches used in liposomal surface
modification [63, 82]. To enhance the delivery of paclitaxel in lung cancer treatment,
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Miao et al. used chitosan oligosaccharide (CSO) for the surface modification of
liposomes. The authors prepared CSO-conjugated Pluronic P123 polymers in different
amounts and reported that these CSO modifications showed promising results for

the development of nanomedicines in the treatment of lung cancer (CSO has good
mucoadhesion) [62]. Shehata et al. studied the biodistribution profile of liposomes
that were surface-modified using PEG and polyvinyl alcohol (PVA). The outcome of
the study revealed increased systemic circulation and lower drug distribution. Also,

a significant number of studies have revealed the broad application of polymers in

the surface modification of liposomes [61]. Table 1 summarises some of the reported
applications of diverse ligands in surface-modified liposomes.

4. Functional enhancements and biological impacts
4.1 Roles in improving biocompatibility and circulation time

Liposomes must be safe to use as drug delivery systems, so often, biocompat-
ible lipids are employed to this end in formulations [83, 84]. PEG, a biodegradable
polymer, is widely used in modified liposomes to improve biocompatibility and
enhance anticancer drug permeability and retention effect in solid tumours [77].
This successful application has made liposomes increasingly used as an efficient
drug delivery system. However, some PEGylated liposomes (PEG-LIP) are recog-
nised by anti-PEG immunoglobulins (IgM) after intravenous administration, which
can cause accelerated blood clearance, although this mainly occurs with methoxy
(-OCH;)-PEG. The effect of anti-PEG IgM on different functional groups of PEG-
coated liposomes, such as carboxyl-, hydroxyl-, amino-, and methoxy-PEG, has
been studied, and it has been determined that hydroxy-PEG-coated liposomes pose
low risk of recognition by anti-PEG IgM [85]. Additionally, an investigation into
the placement of D-a-tocopheryl PEG 1000 succinate (TPGS) in the decoration of
liposome surfaces showed that TPGS-coated liposomes can improve the pharmaco-
kinetic properties of liposomal delivery of drugs for oral and ocular routes as well
as vaccines. Most pertinently, TPGS helps to enhance the circulation half-time of
conventional liposomes [11].

The enhancement of the circulation time of liposomes depends on their stabil-
ity. Hollmann et al. focused on the stabilisation of liposomes formulated by mixing
soybean lecithin, cholesterol, and stearylamine coated with natural proteins from
Lactobacilli (Lactobacillus brevis and Lactobacillus kefir). Calcein was used to study the
encapsulation capacity and stability of liposomes as functions of pH (2.5, 4, and 7)
and time (30 and 60 minutes) in coated and uncoated liposomes. Results showed that
all liposomes had high encapsulation efficiency at pH 7, with 91.2, 89.5, and 77.3% for
liposomes coated with proteins from L. brevis, L. kefir, and the control, respectively,
after 30 minutes of incubation. These results decreased after 60 minutes of incuba-
tion to 82.0, 86.5, and 51.2% for the same set of coated liposomes [86]. In their study,
Tran et al. emphasised the usefulness of pectin-coated liposomes by extracting pectin
from Tithonia diversifolia, which was mixed with phosphatidylcholine and Tween 80
to produce liposomes using the thin film hydration method. The results highlighted
the advantages of coating liposomes with pectin, as the zeta potential (ZP) was
decreased from —17.5 to —45.7 mV, allowing the stability of liposomes. These pectin-
coated liposomes showed a slight increase in the rate of the encapsulated anticancer
(tagitinine C), with an encapsulation efficiency of 85.7 and 89.8% for uncoated and
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pectin-coated liposomes, respectively. Tagitinine C, encapsulated in pectin-coated
liposomes, showed more cytotoxic effects than the uncoated one [87].

Some drugs particularly those with narrow therapeutic indexes, including anti-
cancer agents, are associated with severe adverse effects [88]. Using liposomes to
deliver such narrow therapeutic index drugs has decreased their toxicity by targeting
specific receptors. Polysaccharides are often used to decorate liposomes to allow them
to target cancer cells specifically. Being of biological origin, they evince excellent
biocompatibility and non-immunogenic properties [89]. Of the polysaccharides,
hyaluronic acid (HA) is widely used as a biomarker of cancer cells as it possesses
an interesting affinity with CD44 overexpressed in solid tumours, such as breast,
colon, lung, and ovarian tumours [90]. In a study by Ding et al., liposomes decorated
with chitosan oligosaccharides combined with photochlor were used to target CD44,
highly expressed in triple-negative breast cancer, and to irradiate tumour sites with a
660-nm light-mediated photosensitiser for photodynamic therapy and evofosfamide,
a prodrug. This decorated liposome proved to be highly biocompatible, has targeting
capability in vitro, as well as better imaging capability than non-decorated liposomes
[91]. In another study, Alavi et al. demonstrated that chitosan-coated liposomes
can be more efficient than uncoated liposomes by increasing the zeta potential of
liposomes from —1 to +21 mV, leading to size and shape control, interaction with the
environment, enhancing the specificity of sirolimus encapsulated in liposomes to
attenuate vascular restenosis, and better stability against Triton X-100, a non-ionic
surfactant and detergent able to lyse the liposome membrane [92]. HIV treatment has
been improved by using coated liposomes to enhance the specific targeting of zidovu-
dine (ZDV) on lymph nodes and spleen. To this end, Kaur et al. formulated liposomes
with stearylamine and dicetylphosphate by thin film hydration. Mannose was used
as the coating agent of those liposomes, and 6-carboxyfluorescein (6-CF), used as
a fluorescent biomarker, was encapsulated into coated and uncoated liposomes.

Their results showed that coated liposomes significantly reduced (p < 0.05) the drug
release profile of ZDV compared to the uncoated one. When studied via fluorescent
microscopy, the extracted spleen and lymph of albino rats’ nodes presented a uniform
distribution of 6-CF to the targeted cells and tissues [93].

Overall, despite their advantages as drug delivery systems, liposomes need to be
decorated with biocompatible compounds to remain non-toxic and avoid immune
system capture. Once in the bloodstream, the liposomes should aim at a specific loca-
tion and selectively deliver therapeutic and/or diagnostic products.

4.2 Achieving specific targeted capabilities through surface decorations

Liposome surface decoration plays a crucial role in tailoring liposomes for specific
functions. Re-designing and engineering the surface of liposomes could significantly
improve targeted capabilities towards specific tissues, cells, organs, etc. Previous
studies, particularly Moulahoum et al., have demonstrated that modifying the surface
of liposomes can overcome some of the limitations associated with undecorated
liposomes [74].

Many approaches have been adopted to use liposomes to target specific sites,
including passive/spontaneous liposomal targeting and active liposomal targeting
sites [69]. This section discusses some organ/tissue-specific target delivery realised by
surface modification.

Magnetic fluid-loaded liposomes (MFLs) with optimised magnetic reactivity
have been developed by trapping superparamagnetic maghemite nanocrystals in
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submicron phospholipid vesicles labelled with PEG and rhodamine. These magn-
etoliposomes are an effective tool for the selective magnetic targeting of malignant
tumours located in the brain, and non-invasive magnetic resonance imaging (MRI)
tracking through intravascular administration. This selective and precise MRI-
traceable targeting holds great promise for therapeutic applications, as healthy brain
tissue can be expected to be spared during treatment with deleterious anticancer
drugs carried by magnetically guided MFLs [94].

Surface modification of liposomes is considered to be a promising method to
improve and facilitate the intestinal absorption of carried molecules [13]. The modifi-
ers/decorators can bind to liposomal surfaces by van der Waals forces and electrostatic
interaction; they also can conjugate with liposomal phospholipids through a catalyst
to generate hydrogen and covalent bonds.

Zhang et al. used biotin-DSPE (distearoyl phosphatidylethanolamine) to modify
surface liposomes to deliver insulin, which improved insulin absorption efficiency
through intestinal biotin receptor-mediated endocytosis. The results showed that
the relative pharmacological bioavailability of biotin-modified liposomes was 8.95%
higher than that of conventional liposomes [13]. T7 peptides with a terminal cysteine
were used to decorate liposomes loaded with quercetin (QR), which enhanced the
therapeutic efficacy of QR in targeting the treatment of lung cancer [95].

In another study, surface liposomes were modified using biotin and fructose
to create dual targeting functions, targeting MCF-7 cells and 4 T1 cells to treat
breast cancer. The results showed that the content of modified liposome ingested
by MCF-7 cells was 3.11 times that of conventional liposome, and the content of
modified liposome ingested by 4 T1 cells was 3.27 times that of conventional lipo-
some. The modified liposomes showed a strong inhibitory effect and apoptosis
rate of cancer cells [13]. Shahin and co-workers formulated a targeted liposome
doxorubicin (DOX) using an engineered breast tumour targeting peptide ligand and
demonstrated that this surface modification with engineered p18-4 peptide at an
optimum density can improve the antitumour efficacy and selectivity of liposomal
DOX in breast cancer [96].

Lymphoid tissues have also been targeted using surface-modified liposomes as a
drug delivery system. This avoids the non-selective action of anticancer drugs, which
can lead to significant toxicity in many rapidly dividing normal cells, including bone
marrow cells and hair follicles. ZDV was specifically delivered to the lymphatics using
surface-modified liposomes by the incorporation of charges (positive or negative)
and a specific ligand (mannose) to improve localisation in the lymph nodes and
spleen [93].

4.3 Improving stability and functionality for specific applications

Despite the positive properties of liposomes, they are inherently classified as
moderately unstable colloidal systems. Conventional liposomes are quickly elimi-
nated, making them inefficient carriers [97]. Generally, to assess the stability of a
liposome, one should examine several specific parameters, including chemical and
physical stability, preservation of size and structure, maintenance of encapsulated
drugs, and the effects of biological fluids on liposomal properties. The Food and
Drug Administration (FDA) stipulates that liposomes must maintain stability for a
minimum of 2 years to qualify as a liposomal drug product [98]. This requirement
underscores the importance of robust stability testing to ensure the effectiveness and
reliability of liposomal formulations over extended periods.
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Choosing an appropriate liposomal formulation involves selecting the right
combination of liposome composition, functionalisation, and targeting approach.
Liposomes can exhibit diverse functionalities based on differences in head groups,
aliphatic chains, and the saturation levels of fatty acids [99]. In their typical state,
liposomes often exhibit limited stability due to their delicate phospholipid mem-
branes. Modifications or coatings are applied to the phospholipid bilayers using
various materials to improve their stability. This approach has been implemented both
in pharmaceutical and food applications of liposomes.

The selection of phospholipids, including their head group and chain length,
as well as the proportion of liposomal components, is critical in determining the
safety, stability, and efficacy of liposomes [100]. Apart from phospholipids, there
are other components, including but not limited to glycols like propylene glycol and
PEG, cholesterol (Chol), and even polymers such as chitosan, which can further
improve the stability of liposomes [101]. Being hydrophobic, Chol induces tight
packing of the phospholipids and hinders interactions within the lipid chains by
inserting itself between them, facilitating the stabilisation of the liposome mem-
brane (Figure 4A). In the absence of Chol, liposomes can interact with different
proteins (macroglobulin, transferrin, high-density lipoproteins, and albumin)
destabilising the structure of the liposomal membrane and decreasing their perfor-
mance as drug carriers [102-104].

The structure and attributes of phospholipids significantly impact the properties
of the resulting liposome. The stability of the liposome plays a crucial role in regulat-
ing the controlled release of active compounds in the bloodstream (injectables) and
intestinal mucosa (oral administration). Physical factors, such as storage temperature
and light, along with chemical factors like lipid peroxidation and pH fluctuations, are
influential in determining the stability of the liposome [105].

One of the major problems of liposomes is their rapid elimination by the organ-
ism’s defence mechanisms (such as phagocytic uptake). There are different ways to
alleviate this problem including the application of a protective coating, the addition of
cryoprotectants before lyophilisation, changing the liposomal membrane structure,
and the use of surfactants [106-109]. The stability of these liposomes can be affected
by the gastric juice’s low pH, resulting in their degradation and release of the loaded
molecules in the gastrointestinal tract [110].
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Figure 4.

(A) Stabilising liposome lipid bilayer with cholesterol, (B) stabilising liposome with a cryoprotectant (CPA)
where (i) with the right CPA, (ii) with the wrong CPA, and (iii) without a CPA.

17



Liposomes as Pharmaceutical and Nutvaceutical Delivery Systems

Another concern regarding liposomes is their long-term storage stability and
preservation. To address this issue, cryoprotectants, such as dimethyl sulphoxide
(DSMO), glycerol, sugars, disaccharides, and polyampholytes, have been employed
to modify their surface during lyophilisation. Cryoprotectants, also known as CPAs,
play a crucial role in lowering the freezing point of water, preventing the formation of
harmful ice crystals, and preserving the integrity of liposomes during low-tempera-
ture storage. The absence or ineffective utilisation of cryoprotectants during extended
freezing, particularly in clinical trials, can lead to the destabilisation of liposomes
(Figure 4B) [111].

Lyophilisation, or freeze-drying, has emerged as a pivotal method in enhancing
the stability of liposomal drugs, simplifying their storage and transportation, and
extending product shelf life [98, 112, 113]. While research has predominantly focused
on non-permeating CPAs such as carbohydrates and sugars in liposome lyophilisa-
tion, there is limited information regarding using permeating CPAs other than DMSO
in this process. Studies have consistently shown that increasing the concentration of
cryoprotectants improves liposomal stability, thereby reducing aggregation [114-117].
These findings underscore the importance of cryoprotectants in enhancing the stabil-
ity and preservation of liposomal formulations [118-120].

The stability of liposomes in low pH can also be enhanced through complexation
to form liposome complexes. PEG is a commonly used polymer that increases the
longevity of liposomes in vitro and in vivo [4, 121-123]. When further modified, PEG
can also enhance the thermal and pH stability of liposomes [124-127]. For example,
when PEG is complexed with stearoyl and methacryloyl sulfadimethoxine (SDM),
the transformation from hydrophilic to a hydrophobic property occurs at pH 7.0. The
stearoyl-PEG-poly (SDM) polymers dissolve above pH 7.0 and form aggregates below
pH 7.0 [128]. By ionising SDM at pH 6.5 (pH of tumour), the surface of the liposome
will become hydrophobic and start aggregating on the surface of the tumour cells.
This prevents liposomes from moving back into the bloodstream, increasing their
effect on the tumour cells. Further modifications, such as adding thiol and maleimide
groups to PEG, create a targeted delivery system through photo-triggered complex-
ation, increasing cellular uptake [129].

5. Conclusion and recommendations

Liposomes are promising drug delivery systems whose potential use and versatility
are unequalled in drug delivery. To date, liposomes have proven to be efficient drug
delivery systems, with a notable number of formulations being clinically translated.
Despite their promising role, major limitations associated with their use have been
highlighted. These concerns include but are not limited to poor stability, high bio-
distribution, and lack of site specificity. Circumventing the limitations associated
with liposome surface modification has proven to be a promising strategy that may
significantly alter the use of conventional liposomes. Currently, surface modification
strategies include traditional conjugation, which incorporates chemistry protocols
and the use of diverse ligands to improve the functionality of liposomes. Surface
modification using the conjugation chemistry technique has efficiently improved the
controlled release and targeted delivery of drugs and has set a promising foundation
for theragnostics. In addition, the use of ligands and small molecules has shown to
be potentially effective in the precise delivery of drugs and the functionalisation of
liposomes. Although commendable advances have been made regarding the surface
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modification of liposomes, more studies are still needed to explore and substantiate
the surface modification of liposomes thoroughly and to necessitate their translation
into clinical settings. More in vivo, especially bioimaging studies, are needed to depict
the safety and efficacy of the surface modification of liposomes.
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Chapter 2

Spontaneous Formation of
Vesicular Liposomes:
Thermodynamics and Bending
Energetics

Lars Magnus Bergstrom

Abstract

By means of combining bending elasticity theory with solution thermodynamics of
small systems, we demonstrate that unilamellar vesicular liposomes can be thermo-
dynamically stable with a wide range of average sizes depending on the various
bending elasticity constants. The average vesicle size increases with increasing bend-
ing rigidity (k.) and saddle-splay constant (k,.), and with decreasing spontaneous
curvature (Hy). Bilayer aggregates predominate over micelles at lower values of the
spontaneous curvature, in the regime of which H, favours large vesicles. However,
small unilamellar vesicles may be favoured by low values of k,, rather than high H,.
Mixing two amphiphilic components with different spontaneous curvatures gives rise
to an explicit contribution that always brings down k.. As a result, the amphiphilic
component with high positive spontaneous curvature prefers to be located in the
outer, positively curved, monolayer, whereas the other compound prefers to be
located in the inner, negatively curved, layer. In contrast to unilamellar vesicles,
geometrically open disks can only be thermodynamically stable close to the micelle-to-
bilayer transition in a dilute solution of non-interacting bilayer aggregates. However,
in more concentrated solutions, above the overpacking limit of vesicles, disks may be
more favourable than vesicles due to more favourable packing conditions.

Keywords: vesicles, surfactants, amphiphilic lipids, spontaneous self-assembly,
bending elasticity

1. Introduction

Colloidal solutions are thermodynamically stable systems in which amphiphilic mol-
ecules (surfactants or amphiphilic lipids) self-assemble spontaneously to micelles,
microemulsions, or bilayer aggregates. This is in contrast to colloidal dispersions, which
are non-equilibrium systems consisting of one phase dispersed in another (i.e. two
phases), like emulsions or dispersed vesicular liposomes. The stability of aggregates in
colloidal solutions depends on the local curvature of the aggregates together with the
entropy of self-assembling amphiphilic molecules. The latter effect tends to reduce the
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size of the self-assembled aggregates. As a result, the size and shape of a thermodynam-
ically stable aggregate are determined by the curvature properties of the aggregate
interface together with the entropy of self-assembly [1]. A positive spontaneous curva-
ture is required for oil-in-water droplets or ordinary surfactant micelles to form in an
aqueous solvent. Likewise, water-in-oil droplets or reversed micelles dissolved in a
continuous oil phase may form by amphiphilic molecules with negative spontaneous
curvature [2].

The simplest form of aggregate structure is a geometrically homogeneous spherical
micelle or microemulsion droplet, with a homogeneous curvature all over its interface.
Other aggregate shapes include non-spherical micelles, unilamellar vesicles, and
bilayer disks. Such aggregates may be considered as composed of geometrical parts
with different curvatures and may form under certain conditions related to the
detailed geometrical shape. The formation of non-spherical elongated micelles has
recently been theoretically treated in the so-called general micelle model by mean of
combining thermodynamics of self-assembly with bending elasticity theory [3].
Bilayer aggregates are expected to form in an aqueous solvent by amphiphilic mole-
cules with low spontaneous curvature (or in an oil phase by amphiphilic molecules
with high spontaneous curvature). When mixing a micelle-forming surfactant with a
bilayer-forming amphiphilic lipid, a reversible transition from micelles to bilayers is
usually observed at a certain surfactant/lipid composition in the aggregates [4].

Bilayer aggregates in isotropic solutions are mainly shaped as either open circular
disks or geometrically closed unilamellar vesicles. Both aggregate types are geometri-
cally heterogeneous and considered as composed of different geometrical parts. For
instance, a vesicle is defined as a (nearly spherical) geometrically closed bilayer
consisting of two geometrical parts: a positively curved outer monolayer and a nega-
tively curved inner monolayer (cf. Figure 1). A vesicular aggregate is sometimes
denoted as a liposome when at least one of the components constituting the vesicles is

Wrg
=

Figure 1.
Schematic picture of a spherical unilamellar vesicles with bilayer midplane radius R, and monolayer thickness &.
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an amphiphilic lipid. Liposomes made up of amphiphilic lipids are usually non-
equilibrium structures in a colloidal dispersion that need input of energy to be able to
form, for example by means of sonication and extrusion. However, by simply mixing
two amphiphilic components, unilamellar vesicles sometimes form spontaneously in a
thermodynamically stable colloidal solution, depending on the choice of components.
Notably, vesicles have been observed to form spontaneously in several systems where
two oppositely charged surfactants have been dissolved in water [5]. The size of
unilamellar vesicles ranges from about 20 nm in diameter up to several hundreds

of nanometer. These mixed cationic/anionic vesicles are usually found in the range
20-100 nm and referred to as small unilamellar vesicles (SUV). The size of cationic/
anionic vesicles has been found to be sensitive to the chemical structure of compo-
nents as well as surfactant concentration and ionic strength of an aqueous solvent.
These vesicles tend to increase in size with decreasing total surfactant concentration
and increasing ionic strength, and they become destabilized and transform into
bilayer disks as the aggregates become sufficiently large [6-8].

Spontaneously formed vesicles have also been observed in mixtures of phospho-
lipid and bile salt surfactants [9, 10] and, more recently, in mixtures of phospholipid
and certain amphiphilic drug surfactants [11]. In the latter case, ultrasmall vesicles
with a diameter as small as less than 20 nm were discovered to form spontaneously. In
all these systems, the vesicles were formed spontaneously from mixed micelles by
means of simply diluting more concentrated micellar solutions. In contrast to the
mixed cationic/anionic surfactant systems, the mixed drug surfactant/phospholipid
vesicles are stable at high ionic strengths (physiological saline solution) and decrease,
rather than increase, in size upon diluting the samples.

In this chapter, we theoretically investigate the spontaneous formation of
unilamellar vesicles by means of combining thermodynamics of self-assembly and
bending elasticity theory in a similar manner as has previously been done for micelles
in the general micelle model [3, 12] and for microemulsions [2]. In particular, we
compare the stability of unilamellar vesicles and bilayer disks from a thermodynamic
point of view. We are able to conclude that in sufficiently dilute solutions, where
inter-aggregate interactions are neglected, geometrically closed vesicles are the ther-
modynamically stable aggregate type of bilayers.

2. Thermodynamics of self-assembly

Thermodynamically stable equilibrium structures where N-free amphiphilic mol-
ecules (monomers) dissolved in an aqueous phase self-assemble to form a small
bilayer system By (vesicle or disk) can be treated in terms of a set of multiple
equilibrium reactions

N monomers=By 1)

The change in Gibbs energy in the self-assembly process may be written as a sum
of two contributions:

AG = NAu — TASug ()

where the change in entropy for the process in Eq. (1), when self-assembling
N free monomers at a volume fraction ¢y, into a bilayer aggregate By with volume
fraction ¢y, is given by
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ASuy = —k (ln én — Nln ¢fm) 3)

and k is Boltzmann’s constant. AS,,, must always be a negative quantity since the
process of self-assembly is unfavourable in the absence of a specific driving force for
the process in Eq. (1). The quantity Ay comprises several residual contributions to the
free energy of forming a single bilayer aggregate. The most important contribution to
Ap comes from the main driving force for the self-assembly process, the hydrophobic
effect; that is, the principle that oil and water do not mix and the hydrocarbon-water
interfacial area tends to become reduced.

Combining Egs. (2) and (3) gives the following set of equilibrium conditions, one
for each aggregation number N

AGy =En +kTIngy =0 4)

where T is the absolute temperature. For the sake of simplicity, we have intro-
duced the free energy parameter Ey, defined as [13]

Ey = NAp — NkT In ¢y, (5)

At equilibrium, AGy = 0 and amphiphilic molecules are reversibly exchanged
between bilayer aggregates and as free monomers. In accordance with Eq. (4), the
volume fraction of aggregates with aggregation number N equals

gy =e BT (6)

Summing up the different volume fractions in Eq. (6) gives the total volume
fraction ¢,; of amphiphilic molecules self-assembled in bilayer aggregates, that is

oo

b =D | e BITaN @)
N=1

Inserting the proper mathematical expression for the function Ey in Eq. (7) gives
the size distribution of aggregates. Below we will derive expressions of Ey for bilayer
vesicles and disks, respectively, using bending elasticity theory, to arrive at the proper
size distribution for vesicular liposomes and bilayer disks.

3. Bending elasticity theory

The free energy per unit area y at a single point of a self-assembled monolayer
depends on the mean and Gaussian curvatures, H = (¢; + ¢3)/2 and K = ¢1¢5, respectively,
for a given small system of self-assembled amphiphilic molecules in a particular solvent
at a given set of environmental conditions. A quantitative description has been proposed
by Helfrich [14] in the so-called Helfrich expression, that is

y(H,K) = yo + 2k(H — Ho)* + kK (8)
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where yq is a constant with respect to curvature. Eq. (8) defines the three bending
elasticity constants k. (bending rigidity), Ho is the spontaneous curvature, and k, is
the saddle-splay constant. The total free energy of a small bilayer system with
aggregation number N can be obtained by integrating Eq. (1) over the entire
interfacial area A, giving

EN = 7oA + 2k, J (H— Ho)dA + k. JKdA 9)

The Helfrich expression introduces three quantities related to different aspects

of bending a surfactant-lipid monolayer, that is k., Ho, and k.. The three quantities
are, in principle, possible to determine from experiments or from detailed model
calculations [15-18]. In these models, it is of essential importance that the hydro-
phobic tails in a surfactant/amphiphilic lipid monolayer are subjected to

geometrical packing constraints that relate the area per amphiphilic molecule

at the hydrophobic-hydrophilic interface (a) with the thickness of the

hydrophobic part of the monolayer (£) and the molecular volume of the hydrophobic
part (v). Geometrical packing constraints are taken into account by the following
relation [19]

2
—:§(1—§H+§—K> (10)
a v 3

The surfactant/amphiphilic lipid monolayers are usually treated as an incompress-
ible medium with a constant molecular volume. Notably, the geometrical relation in
Eq. (10) is exact within a second-order expansion in curvature and, as a result, the
Helfrich approach is expected to be accurate for aggregates with comparatively high
interfacial curvature.

It has previously been demonstrated that a rather abrupt transition from micelles
to bilayer aggregates is predicted to occur according to the following rather simple
expression [12, 15]

kHy 1
Hy = PRT: (11)

In accordance with Eq. (11), the location of the micelle-to-bilayer transition
entirely depends on the spontaneous curvature Hy, as defined in the Helfrich expres-
sion in Eq. (8) and, as a consequence, micelles in a surfactant/amphiphilic lipid
mixture are expected to predominate as Hy > 1/4¢£, whereas bilayer aggregates pre-
dominate as Hy < 1/4¢.

Previous model calculations have demonstrated that the product k.H is
more readily interpreted from a physical point of view than Hy itself [15-17, 20].
Below, k.H, denotes the effective spontaneous curvature, the quantity of which
depends on molecular properties such as head group charge number, tail
structure, and the hydrophilic-lipophilic balance (HLB) in a straightforward
way. Hence, we are able to conclude, in accordance with Eq. (11), that micelles
are favoured by high effective spontaneous curvatures k.H, and low-bending
rigidities k., whereas bilayer aggregates are favoured by high values of k. and low
values of k.Hy
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4. Geometrically closed unilamellar bilayer vesicles

A spherical unilamellar vesicle consists of two distinct geometrical parts, a posi-
tively curved outer monolayer and a negatively curved inner layer, both with approx-
imately same thickness £ (cf. Figure 1). Denoting the radial distance that separates the
two monolayers R,, the hydrocarbon-water contact interface is located at a radial
distance R, = R, + £ and the corresponding interface of the inner monolayer is located
atR; = R, — £. The free energy of forming a unilamellar vesicle out of free monomers in
solution is obtained as a sum of contributions from the outer and inner monolayers,
respectively [21-23]. Since the spherical interfaces of the two monolayers each have a
homogeneous curvature, the free energy of a unilamellar vesicle can be simply evalu-
ated as

Bues = Acte + Acye = 47 (RCY. + Ri1:) (12)
7. and y; are obtained from Eq. (8) by inserting the proper expressions, H = 1/R,

and K = 1/R? for the outer layer and H = —1/R; and K = 1/R? for the inner layer,
that is

1 2k
re=ro+ b~ Ho) 435 (13)
1 2k
yi:70+2k5<_E_H0) +P (14)

where yo =7, — 2k:Hj and y,, is the interfacial tension of a planar bilayer.

Introducing the dimensionless vesicle radius defined as , = R,/&, we may deduce the
following expression from Eq. (12)

EUL’S

k_T =, + 8]77/17'5 (15)
where the dimensionless parameter
4ﬂ'kb,'
ay = kT (16)

corresponds to the work of bending a planar bilayer into a geometrically closed
bilayer vesicle (bending energy) with identical interfacial area. The bilayer bending
constant is defined as

khi = Z(ch + ];c - 4kc§H0) (17)

Although vesicles are geometrically heterogeneous aggregates with two distinct
geometrical parts, that is the positively curved outer layer and the negatively
curved inner layer, the bending energy in Eq. (15) consists of one single term, equal to
a,, and does not depend on vesicle size. The reason for this is that one term in each
expression for the outer and inner layer, respectively, cancels out in the derivation of
Eq. (15).
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The second term in Eq. (15) corresponds to the work of forming a planar bilayer
with an identical interfacial area as the vesicle (stretching energy), where we have
introduced the dimensionless interfacial tension 4 defined as

_ 52710

likT

(18)

In accordance with Eq. (7), the volume fraction of molecules aggregated in bilayer
vesicles equals

1608 o, [, sy _ & e
Does =—, " Jme 877 = e §nd (19)
1

and, as a consequence, the average vesicle radius equals

Vgefg””ﬁdr,,

6787M

= 21— exf/Ba) 20)

_ 2
rpe 8rir; dVy

In the limit A — O (corresponding to 7, > 1), Eq. (19) can be rearranged so as to
relate the dimensionless interfacial tension A with the volume fraction of vesicles

_ 5367%
l B U¢U€S (21)
and Eq. (20) becomes simplified to
1
(ro) = (22)

Combining Eqs. (21) and (22) give the following rather simple relation between
average reduced vesicle radius, bending energy, and vesicle volume fraction,

respectively.
eav/z U¢U€S
(ry) = > 1/—253 (23)

This means that thermodynamically stable unilamellar vesicles with a finite size
are predicted to exist from our theory. The average radius in Eq. (23) may be ratio-
nalized as the result of a balance between the entropy of self-assembly, tending to
decrease the size of vesicles, and a size-independent positive bending energy, tending
to increase the size of vesicles. Notably, the size-independent curvature energy of
unilamellar vesicles is crucial for enabling the reversible formation of vesicles with
finite size.
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Figure 2.

Reduced vesicle midplane radius v, = R,/ plotted against the bilayer bending constant ky,; at volume fractions e,
= 0.001 (dotted line), 0.01 (solid line), and 0.1 (dashed line) of vesicle bilayers in accordance with Eqs. (19) and
(20). Dash-dotted lines ave calculated from the approximate equation (23).

In Figure 2, we have plotted the average vesicle radius 7, against the bilayer
bending constant k,; according to Eq. (20) at some given volume fractions of vesicles.
As a result of the entropy becoming more important with decreasing ¢,.;, the size of
the vesicles increases with increasing concentration, similar to the growth behaviour
of surfactant micelles [3]. The impact of bending properties on the size of equilibrium
vesicles is significant. Vesicles in the range , = 2-100 in dilute solutions are obtained
in a rather narrow span of k;; around kT, and the vesicle size increases with increasing
vesicle bending energy a, = 47ky,;/kT.

5. Comparison with geometrically open bilayer disks
The following expression for the curvature free energy of a circular disk with a
semi-toroidal rim (c¢f. Figure 3) as a function of the dimensionless radius may be
derived from Eq. (9)
Eui (ra) = aq + nfrg + 2miry (24)
The dimensionless disk radius is defined as r; = R;/£, where R, is the radius of the

central planar bilayer part of the disks and &, as before, is half the bilayer thickness (cf.
Figure 3). In Eq. (24), we have introduced the two dimensionless parameters
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Figure 3.

Schematic picture of a disk consisting of a planar circular bilayer, with radius Rd and thickness 2&, surrounded by
a semi-toroidal rim vid vadius £. The upper image shows the disk when the bilayer is parallel to the paper plane.
The lower image is seen from the edge side of the disk when the bilayer is perpendicular to the paper plane.

2z

p

a4 3k, + 2k, — 8¢k Ho) (25)

= = (ke — 42k:Ho) (26)
that reflect two terms with different size dependence in the expression for the
curvature energy of disks. Both @, and # depend on the three bending elasticity
constants defined in the Helfrich expression in Eq. (8).
According to Egs. (11) and (26), a transition from micelles to bilayers is
expected as f = 0. Negative f-values mean that micelles are more favourable than
bilayers and, hence, various bilayer structures, including disks, are expected to

form as > 0.
The total volume fraction of surfactants present as disks can be written as

3 (o]
Daige = %ﬂ’ o J(‘“’d + 1)6’7(7% 2 ey (27)
1

In accordance with Eq. (27), the formation of bilayer disks is limited as a
maximum value of the volume fraction of disks is reached in the limit 1 — 0 equalling
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53 4 - 4=
=5+ — e 28
dez:k v 5+7Tﬁ € ( )
Hence, it follows that an appreciable amount of disks is only predicted to form
close to the micelle-to-bilayer transition as the parameter § ~ 0 and Eq. (28) may be
simplified to

283/ o (ke+2kc) [kT

VURD 4igh

Furthermore, # may assume low values only as k. + 2k, is larger than about unity.
Likewise, the average dimensionless disk radius is obtained from the expression

(29)

J rq(4ry + 1)67”(ﬁr“+wfl)dvd

(ra) =5 (30)
J(4Vd + 1)e—n([im+2}m§)d7d
1

In the limit A — 0, Eq. (30) turns into

5B+ 9nf+8 Szp+8 . 2 5
Vi =T ang G4 ap Sap 4

(31)

It follows from Eq. (31) that appreciably large disk radii, that is (r;) > 1, are only

possible close to the micelle-to-bilayer transition (f = 0) as k. + 2k, 1. (r,) larger than
about unity cannot be attained for positive values of f, that is in the regime where
bilayer aggregates predominate over micelles. The term including g in Eq. (24) stems
from the curvature of the semi-toroidal rim, and positive values mean that the rim is
unfavourable as compared to the central planar part of the disks. Even in the limit 4 —
0, the disks are prevented to grow to a finite size of appreciable magnitude due to the
unfavourable rim energy.

Both the unilamellar vesicle and the bilayer disk are geometrically heterogeneous
aggregates composed of different geometrical parts. However, because of the detailed
geometry of the two bilayer structures, they are expected to behave completely dif-
ferently from a thermodynamic point of view. The two geometrical parts of a vesicle,
the positively curved outer layer and the negatively curved inner layer, together give
rise to a size-independent bending energy that enables the formation of an equilib-
rium distribution of unilamellar vesicles of finite size in so far Hy <1/4¢. On the other
hand, the geometrically heterogeneous structure of a bilayer disk, with a central
planar bilayer part and a half toroidal rim, gives rise to two curvature free energy
terms that scale differently with respect to aggregate size. The formation of bilayer
disks of reasonable size is only promoted by small § values (corresponding to
Ho~1/4¢£), but so are micelles over bilayer aggregates since a transition from bilayers
to micelles is expected as f§ turns to negative values. This means that in contrast to
unilamellar vesicles, the geometrically composed structure of bilayer disks prevents
the formation of large disks in the regime where bilayers are favoured over micelles.
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6. Influence of bending elasticity on the size of unilamellar vesicles

According to Egs (16) and (17), the bilayer bending constant k;,; and bending
energy a, increase with increasing bending rigidity k., increasing saddle-splay con-
stant k., and decreasing effective spontaneous curvature k.Hy. Moreover, according
to Eq. (23), the size of equilibrated vesicles follows similar trends with the three
bending elasticity constants. This means that a small size of unilamellar vesicles is
favoured by small values of k. and k., and high values of k.H.

The spontaneous curvature (H) represents the sign and magnitude of the prefer-
ential curvature of a single surfactant monolayer. The dependence of k.H, on the size
of unilamellar vesicles is the result of the outer vesicle monolayer always being more
voluminous than the inner layer with a larger number of surfactant/lipid molecules.
This tendency increases in magnitude with decreasing vesicle size. A small vesicle size
means larger curvature of the outer vesicle layer and smaller (i.e. more negative)
curvature of the inner layer, and since effects in the outer layer trump effects in the
inner layer, vesicles decrease in size with increasing k.Hj.

The bending rigidity (k.) is a measure of the ability of a monolayer to resist
deviations from a uniform mean curvature equal to the spontaneous curvature. k.
must always be a positive quantity in order to realize a minimum of y as a function of
mean curvature in Eq. (8). Large bending rigidities favour geometrically homoge-
neous aggregates with a uniform curvature, or in the case of geometrically heteroge-
neous aggregates, smaller deviations in curvature between the different geometrical
parts. This means that k. usually mainly influences the shape, but not the size, of an
aggregate, which is true, for instance, for geometrically homogeneous spherical
microemulsion droplets. However, in the case of a unilamellar vesicle, with a posi-
tively curved outer layer and a negatively curved inner layer, the difference in curva-
ture between the two geometrical parts decreases in magnitude with increasing vesicle
size. This means that, in contrast to micelles and microemulsion droplets, the bending
rigidity has an explicit influence on the size of unilamellar vesicles. Hence, small
vesicles are favoured by low values of k..

The third bending elasticity constant, the saddle-splay constant (k.), is related to
the Gaussian curvature K. As implied by its name, high positive values of k, influence
the curvature of an interface to favour a saddle-like structure, with negative Gaussian
curvature, that is curvatures with opposite signs in perpendicular directions.
According to the Gauss-Bonnet theorem, the last integral in Eq. (9) is always equal

JKdA — 4z(1—g) (32)

where the genus g represents the number of handles or holes present in a surfactant
monolayer. From a geometrical point of view, a vesicle consists of two closed inter-
faces (i.e. the inner and outer monolayers, respectively) giving ¢ = —1. As a result,

Eq. (32) equals 87k, the quantity of which does not depend on the size of the vesicle.

Hence, from a mathematical perspective, k. has a similar impact as k.H and k,,
contributing a size-independent term to k;; and a,. Consequently, small vesicles are

favoured by small (possibly negative) values of k.. We may also note that vesicles
belong to a different topology (¢ = —1) than micelles (g = 0). This means that micelles,

with a higher genus number, are favoured with respect to vesicles as k. assumes
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positive values, whereas the opposite holds (vesicles favoured with respect to

micelles) when k, is negative. This effect is taken into account in the simple relation in
Eq. (11).

7. Effects of molecular structure on the bending elasticity constants

Whether unilamellar vesicles may form spontaneously or not, or the size of equi-
librium vesicles, largely depends on the chemical structure of the amphiphilic com-
ponents making up a bilayer. It also depends on environmental quantities such as ionic
strength, pH, and temperature. Hence, the size of spontaneous unilamellar vesicles
may be rationalized by means of investigating the molecular interpretation of the
various bending elasticity constants.

The main influence from the head group of amphiphilic molecules comes from the
molecular charge number, which gives rise to a surface charge in the head group
layers in a bilayer. The effect of surface charge density occurring from ionic surfac-
tants and lipids on various bending elasticity constants may be calculated from the
Gouy-Chapman theory [24]. Electrostatic effects tend to raise both spontaneous cur-
vature and bending rigidity while contributing a negative value to the saddle-splay
constant. Bilayer aggregates are expected to predominate over micelles at lower values
of the spontaneous curvature according to Eq. (11). This means that the presence of
smaller vesicles is usually promoted by small values of k., rather than large Ho, and
lower surface charge densities.

The head group of a nonionic surfactant appears to have a similar effect of pro-
moting high and positive values of the effective spontaneous curvature k.H, [18]. The
effect on bending rigidity appears to be more complicated and it has been theoretically
demonstrated that a maximum k, appears at a certain hydrophilic-lipophilic balance
(HLB) of a nonionic surfactant [18].

It has been demonstrated that additional contributions to all bending elasticity
constants, due to the finite thickness of the hydrophobic part, appear for a monolayer
composed of surfactant or amphiphilic lipid with flexible hydrocarbon tails [16]. Most
interestingly, this contribution is completely absent for molecules with a rigid tail. The
hydrophobic finite thickness effects tend to substantially lower the effective sponta-
neous curvature k.Hy as well as increase the bending rigidity k.. Lowering k.H, tends
to favour bilayer aggregates over micelles and a flexible hydrocarbon tail of at least
one component seems to be necessary for a bilayer to form at all. However, the finite
thickness effects also tend to raise k,; and the vesicle bending energy, thus promoting
larger vesicles rather than smaller vesicles. The flexibility of the hydrophobic part may
be reduced by adding one or more double bonds to an aliphatic chain. Most interest-
ingly, conspicuously small (ultrasmall) unilamellar vesicles have been observed to
form spontaneously when a drug surfactant is mixed with a phosphatidyl choline
phospholipid with unsaturated hydrophobic tail, but not with a phospholipid with a
saturated tail [11].

8. Effect of mixing amphiphilic molecules

The spontaneous formation of unilamellar vesicles has virtually exclusively been
observed in surfactant/surfactant or surfactant/lipid mixtures. Most interestingly,
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when investigating the three bending elasticity constants k.Hy, k., and k., it turns out
that the bending rigidity behaves fundamentally differently than the other two con-
stants in the sense that k. has an explicit contribution from the effect of mixing two
amphiphilic molecules that always brings it down [17, 20, 25, 26]. The effect is
enhanced as the asymmetry between two components is increased and k. assumes a
minimum magnitude as the composition in the aggregates is optimized. By means of
reducing k. while leaving k.H, approximately unchanged, it is possible to promote the
formation of small unilamellar vesicles without promoting micelle formation.

Figure 4 shows model calculations of the mixing contribution to the bending
rigidity k. for mixtures of an ionic and nonionic surfactant with identical flexible
hydrophobic tails [17]. It is seen that pure mixing effects might significantly bring
down k., and there exists an optimized composition in the bilayer aggregates where &,
is expected to reach a minimum value. It has been demonstrated that an ionic single-
tailed/nonionic double-tailed surfactant mixture is more asymmetric than an ionic
single-tailed/nonionic single-tailed surfactant mixture, giving rise to an even more
negative mixing contribution to &, [17].

The reason for the reduction of bending rigidity, and as a consequence, the bilayer
bending constant as well as the average size of vesicles, is that the composition in a
monolayer consisting of two surfactants with different spontaneous curvatures
becomes a strong function of curvature. As a result, different equilibrium composi-
tions in the outer and inner monolayers of a vesicle, where the amphiphilic compo-
nent with a high spontaneous curvature prefers the outer layer and the component
with lower H, prefers the inner layer, give rise to lower bending rigidity and smaller
vesicles (c¢f. Figure 5).
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Figure 4.

Explicit mixing contribution to the bending rigidity k. for a mixture of an ionic and a nonionic surfactant with
identical tails [17].
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Figure 5.

Schematic images of a monolayer and a bilayer composed of two amphiphilic components. The component with the
red head group prefers to be located in parts with a positive curvature and the component with the blue head group
to be located in parts with negative curvature [17].

Spontaneous formation of small unilamellar vesicles has been observed in several
aqueous systems of two oppositely charged surfactants, where one of the surfactants is
present in excess. In this case, the asymmetry between the surfactants comes from the
different head group charge numbers, giving rise to a difference in charge density
between the two monolayers. The surfactant in excess prefers the outer layer, imply-
ing a higher charge density in the outer positively curved layer and a lower charge
density in the inner layer that is preferred by the surfactant in deficit. The difference
in charge number between two surfactants with z = +1 and —1 is two, which enhances
the reduction in k. and k,,; as compared with a mixture of a monovalent ionic surfac-
tant and a nonionic surfactant [17]. Moreover, mixing an ionic single-tailed surfactant
with a double-tailed oppositely charged surfactant, in excess of the single-tailed sur-
factant, enhances the asymmetry between the surfactants and, as a consequence, the
reduction of k. is enhanced. As a matter of fact, ultrasmall unilamellar vesicles have
been observed in mixtures of the jonic single-tailed surfactant sodium dodecyl sul-
phate (SDS) with the double-tailed cationic surfactant didodecyldimethyl ammonium
bromide (DDAB) dissolved in water in excess of SDS [27].

Ultrasmall vesicles, with a diameter less than 20 nm, have also recently been
observed to form spontaneously in mixtures of an ionic surfactant with short and rigid
tail and a zwitterionic phospholipid at high ionic strength [11]. In this case, there is a
large asymmetry in spontaneous curvature with the small surfactant preferring to be
located in the outer layer and the phospholipid preferring the inner layer of the
vesicle. In a dilution series, the vesicles are found to reach a minimum size at some
optimal surfactant/lipid composition.

Similar to a vesicle, a bilayer disk is a geometrically heterogeneous structure
composed of a central planar bilayer surrounded by a more curved semi-toroidal rim
at the edge of the disk. In a binary mixture of amphiphilic components, the compo-
nent with higher spontaneous curvature prefers to be located in the rim, whereas the
other component prefers to be located in the planar central part. As for vesicles, the
segregation of components has an explicit impact on bending rigidity k. but not on the
other bending elasticity constants. Lowering k. by means of mixing amphiphilic com-
ponents will reduce the bending parameter o, in Eq. (25), but this effect cannot
promote the formation of large disks, since the formation of the latter is restricted to
the vicinity of the micelle-to-bilayer transition as § = 0.
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9. Concentrated vesicle solutions and overpacking

The theoretical arguments presented so far are strictly valid for a dilute solution of
vesicles where inter-aggregate interactions have been neglected. Since vesicles, for
geometrical reasons, are comparatively voluminous structures, including a substantial
amount of aqueous phase in the interior of the closed vesicle bilayer, they may become
overpacked above a certain concentration of total amphiphilic component. This limit
is significantly reduced as the size of the vesicles increases. Assuming a simple cubic
packing of the vesicles, the overpacking limit, in terms of the solute volume fraction
where spherical vesicles are closely packed, can be calculated from the following
simple relation

_ 8aRX x
¢pack - (2Ry)3 - Z (33)

where 7, = R,/&. Hence, Eq. (33) reveals the overpacking limit to be inversely
proportional to the vesicle radius. This means that comparatively large vesicles might
be overpacked at very low surfactant/lipid concentrations. Moreover, inter-aggregate
interactions may play a significant role even at substantially lower concentrations than
®pack- A consequence of these interactions is that geometrically closed vesicles open up
to form bilayer disks that may pack more densely by means of excluding the water
trapped in the vesicle cores. According to Eq. (33), the overpacking limit for substan-
tially large vesicles, that is 7, larger than 100, is lower than a few volumes per cents.
This is consistent with the experimental observations that a significant amount of
disks are usually present in solutions of comparatively large vesicles and the amount
of disks seems to increase with increasing vesicle size [7, 27, 28].

10. Conclusions

Liposomes shaped as unilamellar vesicles may form spontaneously in certain
surfactant-phospholipid mixtures and it is possible to manufacture a novel type of
thermodynamically stable colloidal solution with similar properties as micellar and
microemulsion solutions [11]. This kind of solution consists of rather small vesicles,
the size of which is stable over time in a fixed environment and the solution may
become reversibly reproduced when returning to its original environmental condi-
tions. We have demonstrated the theoretical principles of colloidal liposome solutions
by combining bending elasticity theory and solution thermodynamics. In particular,
we have shown that geometrically closed bilayer vesicles may be equilibrium struc-
tures with a wide range of finite average sizes. The work of bending a planar bilayer
into a geometrically closed vesicle is constant with vesicle size. As a result, equilibrium
vesicles with finite size may form as a result of a balance between positive bending
energy, favouring larger vesicles, and entropy of self-assembly favouring smaller
vesicles. Hence, the average size of equilibrated vesicles increases with increasing
bending energy (or bilayer bending constant) as well as increasing vesicle bilayer
concentration. Moreover, bilayer aggregates such as vesicles and disks are expected to
predominate over micelles in so far the spontaneous curvature falls below Hq = 1/4¢,
where £ denotes the monolayer thickness. Small unilamellar vesicles are favoured by

small values of the bilayer bending constant ky; = 2(2k, + k; — 4k.EHo). kj; may be
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reduced by means of increasing the spontaneous curvature. However, increasing Hy
favours micelles over bilayer aggregates. A more efficient way to reduce &, to magni-
tudes compatible with small unilamellar vesicles, while still being in the region

where bilayers predominate over micelles, is to reduce the bending rigidity k.. Most
interestingly, k. may be reduced by means of mixing two amphiphilic components
with different spontaneous curvatures, where one of the components prefers the
outer, oppositely curved, monolayer, whereas the other prefers the inner, negatively
curved, layer.

In contrast to vesicles, bilayer lipodisks may only be stable under exceptional
circumstances, such as near a micelle-bilayer coexistence region or at amphiphile
concentrations close to or above the overpacking limit of vesicles. The positively
curved rim of disks cannot be stable in a regime where bilayers are favoured over
micelles by low spontaneous curvature of its components. Reducing bending rigidity
by means of mixing asymmetric components has no impact on the thermodynamic
stability of non-interacting disks. However, disks may become more stable at higher
concentrations, above the overpacking limit of unilamellar vesicles, because disks are
able to pack more densely than vesicles. Since the overpacking limit concentration
depends on vesicle size (it is proportional to one over vesicle radius), disks are
expected to be favoured by large values of the bilayer bending constant k,,, large
bilayer aggregate sizes, and high concentrations of amphiphilic components.
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Abstract

Liposomes are spherical vesicles possessing a membrane composed of a phospholipid
bi-layer and used to deliver drugs or genetic material into a cell. Research on liposome
technology has progressed over the past two decades in view of developing long-circulat-
ing liposomes through modulating lipid composition, size, and charge of the vesicle. The
advantages of liposomes include easy preparation and packaging of the exogenous DNA.
Liposomal vectors are non-viral and thus relatively nontoxic as compared to viral vectors;
moreover, they can pass the blood-brain barrier. However, in this method, genes are not
integrated into genome and low expression. There is no denying that nanotechnology has
revolutionized the human life, enabling enlargement of materials variety and application.
Due to the increased need for food, human beings revisited and optimized processes to
open new corridors to enhance the quality of life. Nanoliposomes are available in different
types and can be produced applying different methods such as encapsulation. The food
active ingredients can be stabilized against chemical and environmental changes, pre-
venting their decomposition and thereby increasing their storage time and accessibility.

Keywords: liposomes, nanoliposomes, nanotechnology, absorption, food

1. Introduction

Liposomes were discovered in the mid-1960s by Alec Bangham and were originally
known as Banghosomes and were originally investigated as membrane models. In fact,
the discovery of Liposomes was based on the fact that by mixing lipids and drugs,
small vesicles containing drugs are obtained, which, due to the ease of transport and
the absence of obstacles in the way of transportation of the aforementioned vesicles,
the use of vesicles as a way to transport drugs. The treatment of some diseases has
been investigated, and in fact, in this way, they have been able to transfer some toxic
drugs that are anti-tumor or drugs that are not easily absorbed in the body to the
target tissue [1, 2]. Liposomes are spherical vesicles whose membrane components are
phospholipids and have a diameter of 20 nm-10 pm. Phospholipid molecules, which
belong to the group of fats, consist of two hydrophilic and hydrophobic parts, their tail
part is a long non-polar and hydrophobic structure and consists of two hydrocarbon
chains, a saturated chain and an unsaturated chain, the head part is the polar, and
hydrophilic structure consists of glycerol group, phosphate group, and choline group.
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Thus, phospholipids have polar and non-polar ends, and various phospholipid mol-
ecules such as phosphatidyl acid, phosphatidylinositol, phosphatidylserine, phospha-
tidylcholine (lecithin), phosphatidyl glycerol, and cardiolipin can be used to make
liposome. Liposomes can be single-layered or multi-layered. The selection of two-layer
composition can determine the fluidity and type of liposome load [3, 4]. For example,
saturated phospholipids with long acyl chains such as dipalmitoyl phosphatidylcholine
cause more stiffness in the bilayer and create an impermeable structure. While unsatu-
rated types of phosphatidylcholines from natural sources such as eggs or soybeans give
liposome less stability and greater permeability. The size of the number of layers, the
hardness of the two layers or their fluidity, the load and the changes on the surface of
the liposome, and all these parameters determine the fate of the liposomes in the glass
environment. One of the applications of this biological system is gene therapy, and in
order to carry out gene therapy, we definitely need vectors or carrier systems for trans-
ferring the desired gene [5, 6]. In this method, the vectors used are divided into two
types of viral and non-viral vectors, liposomes. For gene therapy, they act as non-viral
vectors, which have a much lower risk than viral vectors, which is one of the issues that
have attracted the attention of many researchers, and among them, cationic liposomes
are used more often. Cationic liposomes are mixed with negatively charged DNA and
form compounds called lipoplexes, and the interaction of liposomes with DNA and
subsequently the formation of lipoplexes depends on a series of physical conditions.
Due to their amphipathic properties, liposomes provide the possibility of drug delivery
for hydrophilic and lipophilic drugs, so that with the use of this biological system,
many obstacles on the way of drug delivery to different tissues will be removed, and a
new chapter for development and new areas of progress will be removed [7]. It will be
opened in medicine, including nanomedicine. Many characteristics of liposomes, such
as low inherent toxicity, biodegradability, and lack of immunogenicity, have caused
liposomes to be of interest to many researchers, especially scientists in the fields of
biotechnology and nanomedicine, as a gene and drug delivery system. Nanomedicine
is actually the use of nanotechnology in the treatment of diagnosis and control of bio-
logical systems, which includes identifying the relevant target and choosing appropri-
ate carriers to achieve appropriate responses and minimize the side effects of drugs.

2. Preparation steps of liposomes

The discovery of liposomes was based on the fact that by mixing lipids and drugs
and quickly shaking the mixture obtained by ultrasonic shaking devices, very small
spheres were obtained from very small drops of fat, in which layers the water-soluble
drug was placed between the layers of fat. The goal was that by injecting liposomes
into the circulatory system, they would be selected and absorbed by tumor cells, and
after breaking them at the site of the tumor cells, they would sprinkle the drugs on
the cancer cells without harming the healthy cells of the body, to transfer [8, 9]. The
characteristics of liposome synthesis can be changed depending on their composi-
tion, cationic, anionic, and neutral. Nevertheless, regardless of the composition of
liposomes, the same preparation method can be used for all vesicles. In the preparation
of liposomes, lipids obtained from natural sources such as eggs or soybeans are first
dissolved in an organic solvent and mixed well to obtain a homogeneous mixture. In this
step, a clear solution should be obtained. After this step, the organic solvent is removed
from the container, and we have the lipid membranes. To ensure the complete removal
of the solvent, the lipid solution is frozen by placing it on dry ice molds or rotating it

52



Latest Advances in Application of Liposomes and Nanoliposomes
DOI: http://dx.doi.org/10.5772/intechopen.1005822

in an acetone ice bath. Then the frozen lipid template is placed on a vacuum pump and
lyophilized until it is completely dry. In the next step, we have the hydration of the lipid
membranes, which is done by adding aqueous medium to the dried lipid membrane and
then stirring it. Usually, the product of hydration consists of large multi-layered vesicles
(LMV) that have a structure similar to an onion, and each layer is separated by a layer of
water [10, 11]. In the next step, the lipid solution containing LMV is subjected to sonica-
tion and smaller, and homogeneous particles are produced. At this stage, small single-
layer vesicles (SUV) with a diameter of about 15-50 are usually produced. Of course, in
the meantime, other lipids are also formed, such as large monolayer lipids (LUV), then
the suspension is checked by gel filtration, and the appropriate liposomes are isolated.

3. Components of liposomes

The building blocks of lipids are: phospholipids, cholesterol, steric stabilizers, and
load generator.

3.1 Phospholipids

Phospholipids are the most important constituents of biological membranes and
also form the main structural component of liposomes. Phospholipids or phospha-
tides are glycerides that have phosphoric acid and an alcohol in their structure. In
phospholipids, the part of alcohol and phosphoric acid is polar, while the part con-
tains non-polar fatty acids, in this sense, they are called amphipathic compounds, and
because of this amphipathic characteristic, they create a double-layer membrane [12].

3.2 Cholesterol

The most widely used type of sterol in the production of lipid vesicles is cholesterol.
The structure of cholesterol consists of four hydrocarbon rings called steroid rings,
a hydroxyl group, and a hydrocarbon chain. Cholesterol increases the stability of
liposomes in such a way that the polar hydroxyl group of cholesterol is placed near the
carbonyl group of phosphatidylcholines through the formation of a hydrogen bond, and
the hydrophobic hydrocarbon rings of cholesterol align themselves with the fatty acid
chains of phosphatidylcholine. As a result, the bond between cholesterol and phosphati-
dylcholine increases the electrostatic repulsion between phospholipid layers and finally
by limiting the movement of acyl phospholipid chains increases liposome stability [13].

3.3 Steric stabilizers and load generator

Sterilamine and diacetyl phosphate are the most common substances for creating
positive and negative charges on the surface of liposomes. The use of these substances
increases the stability and absorption of liposomes [14].

4. Classification of liposomes

The size of liposomes can be as small as 0.025 to as large as 2.5 pm. For this reason,
these particles are included in the scope of nanotechnology. Also, liposomes can be
single-walled or multi-walled (from two phospholipid layers). The size of liposomes
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is the factor that determines the half-life of these structures in the circulatory system
of the body. In general, liposomes are classified based on their size and phospholipid
layers (Figure 1) [15, 16]:

* Multilamellar vesicles or (MLV): Multi-walled liposomes with a size of more than
400 nm.

* Large unilamellar vesicles or (LUV): Single-walled liposomes with a size of about
100-400 nm.

* Small unilamellar vesicles (SUV): Single-walled liposomes with a size of about
25-100 nm.

Liposomes are vesicles characterized by a lipid bilayer that encompasses a watery
center. They are primarily composed of phospholipids recognizable by a polar hydro-
philic head and two a polar hydrophobic chain. When scattered in fluid arrangements,
their polar heads associated with the watery environment, due to the hydrogen bonds
and polar intuitive, whereas their aliphatic chains connected with each other due to
the van der Waals strengths, driving to a lipid bilayers arrangement of which they
constitute the lipophilic inward compartment. Amid their detailing prepare, water-
soluble drugs can be broken down within the fluid compartment, whereas hydro-
phobic materials can be entangled into the lipid bilayer. Joined by being composed of
biocompatible materials, liposomes appear diverse structures, measurements, lipid
composition, and surface charge. They can be composed by a few concentric bilayers
isolated by fluid compartments, with an outside lipid bilayer containing other ever lit-
tler bilayers isolated by water cavities, like an onion structure. In this case, liposomes
are called multilamellar vesicles (MLVs) and appear a measure run of 500 nm-5 pm,
or by as it were one phospholipid bilayer encompassing a fluid compartment. In this
case, liposomes can be separated in little, expansive, and mammoth vesicles depend-
ing upon their measurement: They are called little unilamellar vesicles (SUVs) on the
off chance that they have a 20-200 nm run measure, huge unilamellar vesicles (LUVs)
with a 200-1 pm extend measure, and mammoth unilamellar vesicles (GUVs) with

CLASSIFICATION OF LIPOSOMES
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Figure 1.
Classification of liposomes based on size [1].
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an estimate bigger than 1 pm. At last, comparable in measurement to MLVs there

are multi-compartmental structures constituted by vesicles encompassed by other
vesicles called multivesicular vesicles (MVVs).

5. Types of liposomes

Liposomes are classified into three different categories based on their nature and

composition (Figure 2) [17, 18]:

* Stealth liposomes: Due to their surface receptors, these liposomes can avoid

being phagocytosed by the cells of the immune system and remain in the body
for alonger period of time. These liposomes are used for drugs that require long-
term release in the body. The surface receptor used for these liposomes is usually
polyethylene glycol (PEG).

Conventional liposomes: They are among the most widely used liposomes. This
group has a negative charge due to the number of phospholipids and cholesterol

they have and are used to deliver drugs to different tissues.

* Targeted liposomes: Targeted liposomes can specifically deliver drugs to a

specific tissue or cell. Antibodies are placed on the surface of these liposomes so

that they can identify the cell in question.

* Cationic liposomes: This group of liposomes have a positive charge due to having

some cations on their surface and are mostly used in gene therapy.
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SIRNA) &
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Hydrophilic drug NS 7 ) f ) /} .
Phospholipid & v
(e.g., anionic, ? ¥

cationic or
neutral) q
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N
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/’{ 4 i *——Peptlde
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D. Multifunctional liposome C. Ligand targeted liposome
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Figure 2.
Types of liposomes based on nature and function [2].
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The foremost known lipids utilized within the liposomal definitions are phospha-
tidylcholine (zwitterionic), phosphatidylglycerol (adversely charged), phosphatidic
corrosive, phosphatidylethanolamine (zwitterionic), and phosphatidylserine (con-
trarily charged). Emphatically charged lipids (e.g., N-[1-(2,3-dioleyloxy) propyl]-N,
N,N-triethylammonium (DOTMA), and 1,2-dioleoyl-3-trimethylammoniopropane
(DOTAP)) are primarily utilized for quality conveyance, as they associated with the
adversely charged deoxyribonucleic corrosive (DNA) and contrarily charged APIs.
Cholesterol is another vital component of liposomes. It includes a modulatory effect on
the properties of the lipid bilayer of the liposomes. It can control the heftiness within
the liposome structure and increment the pressing between the phospholipid particles,
coming about in more requested adaptation within the aliphatic tail region, reduced
small-scale extremity, decreased bilayer adaptability to the encompassing atoms
(particularly water-soluble particles), and increments within the miniaturized scale
thickness of the bilayer. Cholesterol is additionally significant for basic steadiness of
liposomal films against intestinal natural stretch. Cholesterol was found to impact lipo-
somes estimate (expanding cholesterol concentration increments liposomes estimate in
expansion to shape move), give porousness and ease, and thus tweak the discharge of
hydrophilic compounds from liposomes. It is additionally conceivable to utilize surface
functionalization of liposomes by an assortment of operators to overcome the restric-
tions of these nanocarriers in terms of natural and physiological boundaries. For case,
liposomes can be functionalized with polyethylene glycols (PEGs), aptamers, antibod-
ies, proteins, peptides, ligands, carbohydrates, or little atoms (Figure 2).

6. Applications of liposomes

Liposomes have useful properties that have doubled their importance for appli-
cation in many fields of cell science, medicine, and health. In this article, we will
examine some of the applications of liposomes in different fields.

6.1 Gene therapy using liposomal vectors

RNA obstructions (RNAi) could be a implies of directing quality expression by
siRNAs and microRNAs (miRNAs). siRNAs tie to the RNA-induced quieting complex
(RISC), and once they enter the cytoplasm, they initiate quality hushing by coordinat-
ing the particular cleavage of arrangements of completely complementary matched
mRNAs. Comparatively, miRNAs intervene the restraint of interpretation and the end of
translation of not completely complementary mRNAs. miRNAs may to intercede mRNA
debasement in cytoplasmic compartments, known as preparing bodies (P-bodies), in
this way anticipating protein amalgamation. Primate synthesized siRNAs are incapable
to cross organic layers by detached dissemination due to their tall atomic weight and
polyanionic nature; in this manner, they require sedate conveyance procedures. Lipid
nanoparticles containing siRNAs can hush qualities, and in this way, are exact helpful
devices. Wanatabe’s group endeavored to hush the quality expression of hepatitis C infec-
tion (HCV) in vivo utilizing novel cationic liposome-encapsulated siRNA particles. They
utilized enzyme-linked immunosorbent measures (ELISA) to degree the expression of the
HCV center protein in mouse liver and found that siRNA/lactosylated cationic liposome 5
(CL-LAS5) complexes (siRNA/CL-LAS) particularly repressed HCV protein expression in
a dose-dependent way. Interests, siRNA/CL-LA5 did not induce a exceedingly biocompat-
ible intergalactic (IFN) reaction within the liver, as customary siRNAs did.
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There are various vectors for gene therapy, including viral vectors such as retro-
virus and adenovirus, as well as non-viral vectors such as liposomes (Figure 3). In
gene therapy with liposomes, the first step is the construction of the liposome DNA
complex. Cationic liposomes are routinely employed as one of the major nonviral
transfecting agents for intracellular delivery of hydrophilic molecules such as nucleic
acids, peptides, and proteins. Here, the purified DNA fragment is mixed with
liposomes at room temperature in a serum-free environment. Then the liposome is
injected intravenously to the patient. that gene therapy using liposomes is performed
in the order of the following steps [19, 20]:

* Cationic liposomes are routinely employed as one of the major nonviral trans-
fecting agents for intracellular delivery of hydrophilic molecules such as nucleic
acids, peptides, and proteins. Cationic liposomes when complexed with DNA
form a strong positively charged cationic liposome-DNA complex or lipoplex.

* Then liposomes are injected intravenously to the patient.
* Liposomes circulate in the blood to reach the target cell.

* The reaction of liposome with the target cell, which is usually the reaction of
liposomes with the cell in two ways: endocytosis and fusion, which of course
depends on their composition and method of preparation. Most cationic lipo-
somes enter the cell through endocytosis [21].

* Release of DNA from the endosome, for this purpose amphipathic peptides are
used in liposomes, a peptide with hydrophilic and hydrophobic domains at both
ends of the alpha-helical structure, which is stable at pH = 7.4 but under acidic
pH conditions, it is destroyed in the primary endosome, and the membrane
becomes unstable, and the endosome ruptures [22].

DNA enters the nucleus through the nuclear pore complex. Small molecules up
to 50 kDa or (310 bp) can enter the nucleus by passive diffusion, but larger mol-
ecules need to interact with importin « to enter the NLS signal and enter the cell by
energy-dependent processes [23, 24].

6.2 The use of liposomes in immunotherapy

The era of clinically successful antitumor reactions regularly requires the effec-
tive execution of a few resistant forms (Figure 1). Firstly, various cancer antigens,
either tumor-specific or tumor-associated antigens (TAAs), are discharged amid the
method of tumor development. These cancer antigens are phagocytosed, prepared,
and displayed by antigen-presenting cells (APCs) such as dendritic cells (DCs). At that
point, the cancer antigens can be displayed into the major histocompatibility complex
(MHC) course II particles or cross-presented into the MHC lesson I particles on DCs
that relocate to depleting lymph hubs to start T cell actuation. Amid this prepare, DCs
develop and costimulatory atoms (such as CD40, CD80, and CD86) are upregulated
when particular prompts are display, such as damage-associated atomic design particles
or pathogen-associated molecular pattern atoms display within the TME or given by
implies of treatment. Upon maturation, DCs redesign their films to make dendrites
to extend the layer surface range and improve T cell intuitive. In like manner, higher
numbers of DCs show within the TME are useful and can make strides T cell enactmen.
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Commercial companies have designed many vectors for this purpose, including
Bioteach, which has designed a vector called Oligo vax (Figure 4), which is a liposomal
vector containing antigens related to a disease on their surface along with a DNA mole-
cule that stimulates the immune system. Antigens are taken from certain viruses, bacte-
ria, or tumors. These antigens stimulate the production of immune system cells, and any
cell that contains these antigens is destroyed. Also, short pieces of DNA are placed inside
these liposomes, which are called oligos. Immune stimulatory sequences or ISS are among
these sequences that are rich in guanine cytosine (GC) and stimulate the production of
immune cells to a greater extent. In humans and other vertebrates, these sequences are
rare, but they are abundant in bacteria that stimulate the immune system. Such liposomes
are designed to stimulate immune cells against the tumor as much as possible [26].

6.3 The use of liposomes as drug carriers

One of the most important uses of liposomes is the release of drugs, especially in
cases where there is a blood barrier such as the brain and spinal cord, this method of
drug transfer and release is very efficient. Liposomes are used as drug carriers and
for having amphipathic properties to deliver vaccines, enzymes, or drugs to the body.
When liposomes are used as drug carriers, they protect healthy cells against the toxicity
of drugs and prevent the concentration of drugs in vulnerable tissues such as the liver
and kidney [27]. Using this method minimizes or completely eliminates the side effects
of drugs. Today, liposomes are also used in cosmetics. Sometimes liposomes are used in
topical skin treatments. This method is very efficient, because the liposome increases
the penetration and absorption of the drug into the inner layers of the skin. Therefore,
liposome is considered to be a very effective and efficient method of drug delivery for
skin diseases, especially epidermal diseases. According to the nature of the drug, the
drug can be embedded in the hydrophilic or hydrophobic layers of the liposome [28].

7. Methods of producing nanoliposomes
7.1 Thin layer hydration

The first production method was presented by a person named Bengham in 1965.
It is a fast method to produce liposomes with high efficiency. Bengham’s method, as a
thin layer hydration method, is one of the most common methods of liposome forma-
tion. In this method, lecithin and the substances that are to be encapsulated are first
dissolved in an organic solvent, then, the solvents are evaporated by an evaporator
device, the dried lipid layer is hydrated in an aqueous environment such as a buffer,
and the created suspension is stirred for a while until the hydration process is well
done. Then, homogenization, sonication, and other size reduction methods are used
to reduce the size and produce nanoliposomes [29, 30].

7.2 Detergent separation

This method is considered a suitable method for producing very homogeneous
liposomes. The basis of this method is the formation of lipid-detergent micelles, and
after that, liposomes are formed by separating the detergent. Lipid-detergent micelles
are formed by hydrating the lipid with a detergent solution and then separating
the detergent and organic solvent from the lipid and adding the aqueous solution.
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The detergent comes in contact with the lipid and keeps the hydrophobic part from
contacting the aqueous phase, and then, micelles are formed instead of vesicles.
The detergent is separated from the micellar solution using methods such as dilu-
tion, dialysis, column chromatography, and absorption, and then liposomal vesicles
are formed. One of the disadvantages of this method is that it is time-consuming,
and during the separation of the detergent, there is a possibility of removing small
hydrophilic compounds [31].

7.3 Ether and ethanol injection

In the ether and ethanol injection method, the lipid composition is first dissolved
in an organic phase, and then, liposomes are formed by injecting the lipid solution
into the aqueous medium. The ethanol injection method was first described by Batters
by and Korn in 1973. In this method, a lipid solution dissolved in ethanol is injected
into the aqueous environment using a thin needle, and this injection is done quickly.
Since ethanol is injected directly into the water environment; Solvent retention has
become a concern in this method, unless methods can be found to remove it after
liposome formation. The ether injection method is completely different from the
ethanol injection method due to its immiscibility in aqueous environment. In this
method, the solvent can be removed from the liposomal product by using heat. In the
ether injection method, unlike ethanol, the injection is done slowly [32].

7.4 Reverse-phase evaporation

The basis of this method is the formation of water droplets surrounded by lipid,
which is dispersed inside the organic solvent. In this method, lipid compounds
are first dissolved in an organic solvent, then the aqueous phase containing active
substances is added to the organic phase, and after sonicating the solution, reverse
micelles are formed. Finally, by removing the organic solvent using a solvent evapora-
tion device, a viscous gel is formed. When a sufficient volume of solvent is removed,
the gel breaks down, and an aqueous suspension of vesicles is formed [32].

8. The method of reducing the size of liposomes

Multilamellar vesicles can change after production, and this change can be in its
size and degree of homogeneity. The most common methods used for size reduction
include sonication, high pressure homogenization, microfluidizer, and colloidal mills.

8.1 Sonication

Sonication is a simple technique to reduce the size of liposomes, which ultimately
leads to the production of nanoliposomes, especially SUV type liposomes. Two types
of probes, namely sonicator and Bathroom sonicator, are used in the production of
liposomes [33].

8.1.1 Probes sonicator

The hydrated vesicles are directly exposed to the sonicator probe, which has
a sharp titanium tip, for several minutes so that the probe floats in the liposomal
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suspension. On the other hand, the probe is connected to a generator and by turning
it on, and ultrasonic waves are emitted from the probe. Spreading these ultrasound
waves with frequencies of several hundreds of kilohertz into the liposomal suspen-
sion causes the spontaneous production and disintegration of bubbles. The shock
caused by the disintegration of the bubbles causes an increase in temperature and the
creation of turbulent flows near the destroyed bubbles, and in this way, high shear
forces are applied to the hydrated liposomes and lead to a decrease in their size. Since
a lot of energy enters the solution through the probe, the solution heats up over time
and leads to the collapse and instability of the liposomes; Therefore, to prevent this, it
is necessary to use a suitable cooling system, which can be prevented from increasing
the temperature by placing the solution in an ice Bathroom [33].

8.1.2 Bathroom sonicator

In the Bathroom sonicator, the solution is placed inside the tubes in the sonicator.
The distribution of energy into the system is uniform, and since the energy transfer is
indirect and does not come into contact with the solution, as a result, the system is less
polluted and the liposomes are less destroyed. In this method, vesicles with uniform
particle size distribution are produced. Due to being equipped with heating and cooling
systems, temperature control is better, but it requires long times to reach the minimum
particle size, and its effect is much less compared to the probe sonicator [30].

8.2 High pressure homogenization

In this method, the prepared liposomal dispersion is pumped into the chamber
that has a head with a pressure of 10-100 MPa, which causes a strong pressure
difference between the inner and outer parts of the head. When the solution passes
through itself, the pressure drops so that the liquid boils and air bubbles form. When
the solution stops boiling, the created bubbles burst after some time, and the shock
caused by the bursting of the bubbles destroys and breaks the vesicles, resulting in
the production of smaller vesicles. This phenomenon of homogenization is known as
cavity theory or cavitation [31].

8.3 Micro fluidization

One of the methods of producing nanoliposomes without using toxic solvents is
using a microfluidizer. In a microfluidizer, the liposomal premix is first introduced
into a source and then pumped into the interacting chamber using air pressure. This
chamber consists of two very narrow flow channels, thus creating two paths for the
flow of liposomal suspension with large droplets. Finally, the liquid of these two paths
collides at high speed, and in this way a very strong shear force is created, which causes
the production of liposome with very small droplets. After the process, due to the use of
high pressure and the rise in temperature of the product, a cooling system is used [31].

8.4 Colloid mills

Colloid mills are widely used in the food industry to homogenize liquids with
medium and high viscosity. Also, this mill is used to reduce the particle size of
liposomes. The colloidal mill has two disks: a rotor (rotating disk) and a stator (fixed
disk). The rotating disc contains grooved surfaces to create turbulent flow. The
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solution is pumped into the device, and due to the speed difference between the rotor
and stator surfaces, high shear forces are created, and this high shear force breaks the
particles and creates smaller sized particles [31].

9. The use of nanoliposomes in the food industry
9.1 Application of liposome in dairy industry

One of the wide applications of liposomes in food products has been in the produc-
tion of cheese. In the process of cheese production, adding protein before the formation
of cheese curds reduces the time and cost of cheese ripening, but enzymes are often
inactive under the conditions of the food environment. Adding unencapsulated free
enzymes to milk causes premature proteolysis and thus causes the formation of a clot
with an undesirable consistency. In this way, a large amount of enzymes is lost along
with proteins, and due to the excessive use of enzymes in the beginning, the cost of
producing the product also increases. By surrounding enzymes and creating a protective
barrier around them, liposomes protect enzymes from adverse environmental factors.
Also, enzymes can be added to the food before their activity is needed, without having
the negative effect of adding free enzymes earlier. It has been reported that the addition
of proteases in MLV liposomes to cheese prevented the rapid proteolysis of beta-casein,
and as a result, the cheese texture was stable after fermentation and protected the clot
structure from enzymatic attack, which is the same result for small lamellar ionic ves-
icles. It was obtained by the method of freezing and removing from freezing, which in
this way caused the preservation of proteinases against adverse environmental factors.
Other uses of liposome in the dairy industry include the production of low-lactose dairy
products, and in this way, they can help people with lactose intolerance. For this pur-
pose, the beta-galactoside enzyme is trapped inside the phosphatidylcholine-cholesterol
vesicle, and in this way, this enzyme remains active even after a month of storage in the
refrigerator and at pH = 3. Another use of liposomes, in the dairy industry, is to encap-
sulate preservatives. A clear example of this use; it is the preservation of cheeses whose
curds are washed, such as: Gouda, Emmental, and Edam cheeses [32]. The environment
of these types of cheeses is prone to the growth of various pathogenic microorganisms
and spoilage. This type of spoilage can be controlled by adding nitrate to milk, but due
to the ill effects of nitrate on health, there are many concerns regarding its use in food.
Antimicrobial proteins such as lysozyme and enzymes derived from eggs are known as
the best substitutes for nitrates in food preservation, but lysozyme is attached to milk
casein, and thus its ability to inhibit spores is reduced. The liposome that surrounds the
lysozyme prevents the formation of this connection and can also target the areas where
this bacterium is present and destroy them by releasing the lysozyme inside it [33].

9.2 The use of liposomes in the release of antimicrobial substances

In recent years, many efforts have been made to access food additives and replace
synthetic additives with organic and natural materials, but many of these natural
materials are not as effective as synthetic materials or their high cost, has limited
their use in food products. The use of encapsulation technology can overcome this
weakness. So far, limited studies have been conducted in the field of antimicrobial
substances encapsulated by liposomes as food additives. One of the first studies
conducted in this field is the encapsulation of lysozyme or nisin as a protective factor
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for cheeses against microbial spoilage. Adding antibiotics directly to the cheese curd
kills the starters, whose activity is of particular importance in the early stages of
cheese production. When antimicrobial substances are encapsulated in liposomes,
their release is controlled and delayed. In this way, the starters are protected from their
destructive effects and can work well in the early stages of cheese production, but
after being released, they can prevent the activity of undesirable bacteria. In 2009, the
antimicrobial activity of thymol and carvacrol encapsulated in liposome was tested
against four types of gram-positive bacteria and four types of gram-negative bacteria
and food pathogens such as Listeria monocytogenes. All the tests indicated an increase
in antimicrobial activity after applying the encapsulation technique [34, 35].

9.3 The use of liposomes in encapsulating antioxidants

Antioxidants work through different mechanisms and mainly inhibit free radi-
cals. Antioxidants directly inhibit free radicals, reduce peroxide concentration, and
repair oxidized membranes. They deactivate iron and reduce the products of active
oxygen producing species. Short chain fatty acids neutralize reactive oxygen species.
Antioxidants added to food are considered as nutritional compounds that have the
ability to delay or prevent the development of rancidity and other flavor spoilages
caused by oxidation. At the molecular and cellular level, antioxidants are able to
deactivate free radicals. Nowadays, due to controversial issues, the use of natural
antioxidants is preferred instead of synthetic ones in the food industry [25, 36].

10. Conclusion

* Due to the ease of transfer and the absence of obstacles in the way of transfer of
liposomes, the use of liposomes has been investigated as a way to transfer drugs and
treat some diseases, and in fact, in this way, some toxic drugs that are anti-tumor or
to transfer drugs that are not easily absorbed in the body to the target tissue. So that
with the application of this biological system, many obstacles on the way of drug
delivery to different tissues will be removed, and a new chapter will be opened for
the development and progress of new fields in medicine, including nanomedicine.
In fact, the purpose of using this biological system is that by injecting liposomes
into the circulatory system, they are selected and absorbed by tumor cells, and
after they are broken at the site of tumor cells, they are sprayed on cancer cells and
drugs are administered without. They cause damage to the healthy cells of the body.
It should be noted that, in the use of liposomes for gene transfer, the preparation
and packaging of foreign DNA is easily done, and with this method, large pieces of
DNA can be transferred. Compared to viral vectors, these vectors are non-toxic and
do not stimulate the immune system. They can also be prepared in large quantities
and easily manipulated. In order to use liposomes as drug carriers, liposomes can
easily cross blood barriers and release drugs in the brain. Despite the multiplicity
of advantages and applications of liposomes, this biological system, like other
biological systems, has some disadvantages, including the low transfer efficiency
and the limited durability and stability of liposomes, and also in this method, the
gene cannot be embedded in the genome and gene expression. The target is low. So
that in order to use liposomes in clinical applications, many structural, functional,
physical, and chemical aspects of liposomes should be considered, so that the
application of this biological system requires more investigations.
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* Due to their biocompatibility, liposomes and nanoliposomes have many applica-
tions in the release and delivery of drugs and cosmetics, and their introduction
into the food industry has brought about a significant change in it. Liposomes
have many uses in the food industry, including the preservation of sensitive
food components, and in this way, the effectiveness of food additives can be
increased. With surrounding compounds and creating a coating around them,
liposomes protect food components against environmental and chemical changes
and increase their stability against extreme changes in temperature and pH. The
study of recent research indicates that liposome has made significant progress
in the dairy industry, including cheese. Among other progressing researches of
liposomes in the food industry is the encapsulation of antimicrobial compounds
to protect food materials from spoilage, and in this way, the quality and health of
food components can be increased in a wide range of food compounds.
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Abstract

Liposomes are microscopic lipid-based vesicles that have emerged as a promising
vehicle for transporting therapeutic agents with precision and efficiency. From enhanced
drug bioavailability to targeted delivery, combining nanomaterials and liposomes offers
a transformative approach to therapeutic interventions. Encapsulating nanomaterials
with drugs in liposomes holds immense significance as it enhances precision, efficiency,
and targeted delivery, revolutionizing therapeutic interventions in medicine. This
chapter delves into the unique properties of nanomaterials encapsulated within lipo-
somes, examining their potential to revolutionize medicine. In addition, it highlights
key advancements, challenges, and prospects in this dynamic and rapidly evolving field,
providing readers with a comprehensive understanding of the revolutionary impact on
the future of medicinal drugs.

Keywords: nanomaterials, drugs, plant extracts, biocompatibility, therapeutic agents,
co-encapsulating

1. Introduction

The efficient delivery of medications is a constant challenge in the healthcare
field, and liposomes (LPs) emerge as a promising solution to overcome many of the
limitations associated with conventional drug administration. These bilayered lipid
vesicles have stood out due to their remarkable advantages in terms of bioavailability,
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controlled drug release, and specific targeting. The ability to encapsulate both
hydrophilic and lipophilic drugs confers unique versatility to liposomes, expanding
the spectrum of therapeutic substances that can be effectively administered [1-3].

The lipid structure of liposomes also provides a valuable protective layer,
beneficial for drugs sensitive to enzymatic degradation or other external agents
[4]. Controlled release and the ability to target drug delivery to specific tissues
contribute to reducing side effects and achieving more efficient administration.

The capacity to combine different therapies within a single liposomal system offers

a multifaceted approach to treating various medical conditions [5-7]. Combining
other therapies within a single liposomal system provides a multifaceted and highly
versatile approach to treating various medical conditions. This strategy enables the
coordinated delivery of multiple drugs, gene therapies, or contrast agents, allowing
for a more comprehensive and effective approach to managing complex diseases.
This therapeutic synergy can significantly improve clinical outcomes, providing new
opportunities for personalized treatments tailored to patients’ needs.

Liposomes also have demonstrated usefulness in imaging diagnostic applications,
acting as contrast agents that enhance the visualization of specific body areas. Their
low toxicity and ability to improve the stability of unstable drugs further extend
their clinical potential, offering a safe and effective approach to enhance diagnostic
accuracy and therapeutic monitoring in various medical conditions [8-10].

Collectively, these characteristics make liposomes a remarkable tool in drug
delivery, promoting significant advancements in therapeutic efficacy and the mini-
mization of adverse effects (Figure 1). Thus, liposomes can contribute to the ongoing
progress of modern medicine. This chapter aims to demonstrate the importance and
advancement of liposome utilization in biomedicine. We compiled works published in
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Figure 1.

Sc%ematic representation of different types of liposomes for drug delivery and other bioactives. In the image, we
observe various classifications of liposomes, highlighted by the presence of polyethylene glycol (PEG), electrostatic
charges, antibodies, enzymes, peptides, carbohydrates, imaging agents, and other specific ligands. Due to their
numerous functionalities, their advantages, safety, and toxicity arve highlighted in the figure, emphasizing their
promising use in nanomedicine.
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the last five years from three databases (Web of Science, PubMed, and Virtual Health
Library) to achieve this. We described their main contributions and perspectives for
scientific advancement. Our search was conducted using the following descriptors:
“Liposome,” “Pharmaceutical Preparations,” and “Nanoparticles.” Accordingly, we
illustrate the progress and advantages of incorporating nanomaterials, drugs, and
natural products used in treating various diseases into liposomes and the various
functionalizations of liposomes (Figure1).

2. Incorporation of nanomaterials into liposomes

Utilizing inorganic nanoparticles in liposomes represents an innovative strategy
for developing drug delivery systems. This approach aims to enhance liposomes’
physical, chemical, and therapeutic properties, endowing them with specific char-
acteristics crucial for advanced clinical applications. Such formulations can also be
employed for loading liposomes with luminescent nanomaterials, such as rare earth
elements, quantum dots (QDs), or silica, thereby creating bioimages for theranostics.

Theranostic materials with dual diagnostic and therapeutic properties facilitate
the localization and/or tracking of liposomes within the organism or in cultured
cells while enhancing contrast in imaging modalities such as magnetic resonance
imaging (MRI) and X-ray imaging, among others [11-13]. To study the physiology of
metabolic diseases such as diabetes and obesity [14], the liposomes with lanthanide
nanoparticles (NPs@Lips) enable imaging acquisition through the near-infrared I
window (NIR-I, 700-900 nm). Following iz vitro and in vivo testing, the authors suc-
cessfully visualized the inter-scapular brown adipose tissue (BAT) and distinguished
it from the white adipose tissue (WAT) in NIR-I bioimages using the NPs@Lips with
low toxicity. Similarly, in a parallel study, when Ytterbium (Yb**) was incorporated
into the liposome formulation with doxorubicin, the element was sensitized, generat-
ing emission in the near-infrared (NIR) region, thereby enabling the monitoring of
drug release [15]. Thus, using rare earth NPs and a lanthanide can add potential for
multifunctional applications in nanomedicine.

Various types of inorganic nanoparticles have been incorporated into lipid vesicles,
each playing a unique role for specific purposes [5, 16, 17]. Some examples are shown
in Table 1. The incorporation of nanoparticles (NPs) into liposomes (LipoNPs)
such as metallic gold (Au), zinc oxide (ZnO), and silver (Ag) NPs aims to improve
the stability of liposomes and provide controlled drug release. Additionally, adding
carbon nanotubes and modified polymers strengthens the mechanical properties and
extends the half-life of liposomes. Meanwhile, the presence of magnetic nanoparticles
offers the ability to target and control the delivery of these vesicles through external
magnetic fields. At the same time, modified polymeric dendrimers alter the surface of
liposomes to enhance drug transport capabilities [7, 17, 18].

These strategies offer remarkable benefits, such as improved stability, controlled
drug release, increased loading capacity, directional guidance, optical properties for
imaging diagnostics, and the potential for therapy combination. The combination
of different nanoparticle-mediated therapies may lead to a synergistic therapeutic
outcome, enhancing various types of cancer treatments [17, 18], infectious diseases,
fungal infections, antibacterial therapies [19], and medical imaging [20]. The careful
selection of inorganic nanoparticles to be incorporated into liposomes depends on the
intended clinical application, highlighting the versatility of this innovative approach
in the field of drug delivery.
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Nanoparticles Liposomes type Applications Nanostructures’ Author

(NPs) size

Iron oxide soy phospholipids Treatment for anemia 125+ 5.8 nm [23]

and cholesterol

Cooper soy lecithin Breast cancer treatment >100 nm [30]

Gold Conventional in vitro: cancer cell 1311 +20.1 nm [49]
liposomes lines of osteosarcoma

(U208)

Ytterbium Conventional in vivo: mouse ~50 nm [15]
liposomes

CdSe/CdSe Conventional diagnosis bioimage 2-5nm [34]
liposomes

Lanthanide Conventional in vitro: human liver 714 + 1.5 nm [14]
liposomes cells in vivo: mouse

Platinum Biotin-modified Clinical diagnosis and 100 nm [35]
liposomes treatment of diseases

Iron oxide coated Thermosensitive in vitro: breast cancer 8.11+1.12nm [24]

with citric acid liposomes cells

Iron oxide coated Cationic liposomes in vitro: U87 human <20 nm [25]

with citric acid primary glioblastoma

cells
Gold NPs Cationic liposomes in vitro: human 100 nm - 140 nm [31]

colorectal cancer cell in
vivo: mouse

CdSe/CdSe = CdSe/CdS,Se,. magic-sized quantum dots (MSQDs).

Table 1.

Incorporations and applications of the nanoparticles into liposomes in biomedicine.

Anemia is a public health issue prevalent worldwide and affects individuals of
all ages, with women, pregnant women, children, and the elderly being particularly
vulnerable. This condition can have serious health consequences, including fatigue,
weakness, difficulty concentrating, impaired cognitive development in children,
pregnancy complications, and untreated cases that may lead to death [21, 22]. The
primary treatment for anemia involves the intake of iron pills, which may cause dis-
comfort for the patient. Considering this, Fathy et al. [23] encapsulated magnetic iron
oxide nanoparticles (MNPs) within liposomes, creating liposomes loaded with MNPs
(LMNPs) to investigate their efficacy in treating iron-deficiency anemia. LMNPs were
engineered to enhance the stability and surface properties of MNPs, allowing them
to evade the reticuloendothelial system (RES) and avoid opsonization. A study on
female rats revealed that oral administration of LMNPs for 13 days was more effective
in treating anemia. They successfully restored hematological parameters from anemic
to normal levels. This outcome holds promise for advancing the efficiency of anemia
treatment. Furthermore, MNPs encapsulated in thermosensitive liposomes (TSLs)

could present a promising therapeutic strategy for enhanced treatment of breast

cancer [24, 25].

Numerous studies highlight cancer as one of the leading causes of mortality

worldwide. However, treating this disease poses notable limitations, especially in
systemic chemotherapy, where low drug concentration in the tumor, coupled with
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rapid elimination from circulation, results in significant toxic effects outside the
tumor region [26]. Liposome and NP complexes are also being tested and utilized to
diagnose and treat different cancer types and effectively transport anticancer drugs.
These liposome complexes have the property of maximizing therapeutic efficacy
and minimizing side effects of pure metallic complexes that exhibit efficiency in
treating the disease, such as Ag, Au, copper (Cu), and nickel (Ni) NPs [27-29]. For
instance, Cu NPs, when encapsulated in liposomes synthesized from soy lecithin,
showed promising and effective results in breast cancer treatment and were less toxic
to normal cells. The Cu NPs in liposomes demonstrated improved safety profiles in
MCF-7 cells compared to their free form [30].

Gold nanoparticles (GNPs) and carboplatin encapsulated in liposomes (LipoGold)
were tested against human colorectal carcinoma cells (HCT-116). The LipoGold was
produced using the scaled-up microfluidic fishbone method and administered simul-
taneously. This study [31] demonstrates that drug and gold nanoparticles (AuNPs)
encapsulation enhances the efficiency in reducing cancer cell proliferation. LipoGold
significantly delays tumor growth compared to other formulations, even at lower
doses. Additionally, it was possible to suggest that the LipoGold formulation enables a
more realistic in vivo treatment with significantly lower amounts of GNPs, which may
allow for greater clinical viability.

Carbon nanotubes (CNTs) are hollow graphitic nanomaterials with diameters
ranging from 2 to 20 nm and extremely high aspect ratios. This nanomaterial can also
be utilized as a novel drug delivery mechanism. They can be loaded with drugs and
covalently attached to CNTs to form CLC (Carbon Nanotube Liposome Complex).
This approach combines the efficient cellular uptake of CNTs with liposome’s well-
known high drug-loading capacity. This combination can significantly reduce the
toxicity associated with free CNTs and offer the potential for more effective and
targeted combination therapies [32], such as cancer treatment [33].

Innovative drug delivery systems utilizing liposomes and nanocrystals also stand
out in their potential applications in theranostics (therapy and diagnosis) [34].
Liposomes containing CdSe/CdS magic-sized quantum dots (MSQDs) have the
potential to serve as stable fluorescent reporters and, consequently, can be explored
as an innovative luminescent tool for drug delivery. The co-encapsulation of MSQDs
within liposomes enables precise monitoring of their spatial distribution through
luminescent emission while facilitating targeted delivery of drugs to desired sites [34].

The application of liposomes in single-particle collision electrochemical biosensors
(SPCE) for detecting HON2 avian influenza virus (HON2 AIV) is promising. This bio-
sensor is constructed by integrating liposome release strategy with immunomagnetic
separation. Liposomes, modified with biotin and loaded with platinum nanoparticles
(Pt NPs), act as signal probes for virus detection. Upon contact with HON2 AIV,
controlled release of Pt NPs from liposomes occurs, resulting in a detectable increase
in electrochemical signal. This strategy enables enhanced electrochemical sensitivity
for precise and rapid detection of HON2 AIV in clinical samples. Liposomes’ control-
lable release amplification strategy offers significant versatility for applications in
other biosensors and detection systems. This combination of nanotechnologies holds
great potential in contributing to developing new technologies for rapid and accurate
diagnosis of viral diseases [35].

The encapsulation of nanoparticles (NPs) within liposomes offers an innovative
and promising approach to developing advanced drug delivery systems. Combining
different types of NPs within liposomes, yields benefits in enhancing stability, control-
ling drug release, increasing loading capacity, providing directional targeting, and
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reducing toxicity. Furthermore, liposome-nanoparticle complexes have shown efficacy
in cancer treatment while mitigating the side effects associated with conventional
therapies. However, studies still have significant gaps regarding incorporating NPs into
liposomes. One such gap is the long-term stability of liposomes, which may impact
their therapeutic efficacy. Additionally, further investigations are required on the
toxicity of formulations to normal cells, immune responses in various cell types and

in vivo, and better standardization of synthesis methods. Given the promise of these
formulations, LipoNPs could be further investigated and explored for application in
the treatment of other diseases, such as neglected diseases, and provide more efficient
and targeted drug delivery with reduced side effects for various clinical applications.

3. Nanoparticle-liposome hybrid systems: revolutionizing
pharmaceuticals in nanomedicine

In recent years, biomedical research has been intensively dedicated to develop-
ing innovative strategies for efficient drug delivery. Biotechnology aims to enhance
therapeutic efficacy, reduce potential adverse effects such as side effects and toxicity,
and address issues such as low solubility. A prominent approach in this scenario is
incorporating drugs, natural products, or their bioactive substances into liposomes.
This versatile technique has been applied to various drugs, ranging from chemothera-
peutic agents, nanoparticles, and nanoparticles adsorbed onto natural products such
as plant extracts and essential oils to pharmaceuticals and vaccines, standing out as a
promising platform in clinical applications [36-39].

Liposomes enable the encapsulation of both water-soluble and lipid-soluble
compounds. For hydrophilic substances like many conventional chemotherapeutic
agents, liposomes provide an aqueous environment within their interior, facilitating
solubilization and stability of these substances during administration. For lipophilic
drugs, the lipid bilayer of liposomes provides a hydrophobic compartment, allowing
for the incorporation and bioavailability of these substances.

Moxifloxacin hydrochloride (MOX) encapsulated in liposomes tested against
Staphylococcus epidermidis demonstrated greater efficacy in inhibiting bacterial
growth and reducing the formation of bacterial biofilms. In terms of public health,
effective control of biofilm growth by S. epidermidis and other bacteria associated
with medical devices is crucial for reducing rates of hospital-acquired infections and
improving the safety of medical procedures [40]. Incorporating antibiotics into lipo-
somes, such as Tylosin, is also a promising strategy for effectively treating antibiotic-
resistant bacterial pathogens [41].

Simvastatin (STAT) is clinically prescribed orally to reduce serum cholesterol and
can be used as an anti-inflammatory. However, STAT has low bioavailability in the
bloodstream and needs to be administered at high doses, which can cause undesired
effects. Nevertheless, when STAT was encapsulated in liposomes, the drug could be
delivered directly to the atherosclerotic plaque for anti-atherosclerotic benefit. The
formulation’s administration reduced inflammation and increased cholesterol efflux
in 2D and 3D cell models. Additionally, it reduced the secretion of pro-inflammatory
cytokines and the expression of cell adhesion molecules, suggesting a potential anti-
inflammatory and lipid-reducing effect [42].

In oncology, the ability of liposomes to selectively accumulate in tumors, leveraging
the phenomenon known as the “enhanced permeability and retention” (EPR) effect,
has allowed for a more targeted delivery of antitumor agents, thereby reducing side
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effects in healthy tissues [43, 44]. An example is the incorporation of tuftsin co-encap-
sulated with doxorubicin and curcumin in liposomes for cancer treatment. Tuftsin

is a tetrapeptide that enhances the anti-tumorigenic potential of drugs encapsulated

in liposomes. The innovative formulation inhibited Ehrlich ascites carcinoma tumor
growth in rats and human cervical cancer cell lines (HeLa). Adding curcumin can act
as a chemosensitizer to reverse doxorubicin resistance against solid tumors [45].

Liposomes can also overcome barriers to using plant extracts for disease treatment
[38]. Loading liposomes with natural products (e.g., plant extracts, essential oils,
propolis, bioactive compounds, and natural antibiotics) surpasses existing limita-
tions. It can also make versatile formulations for treating cancer and other diseases
[37, 46, 47]. For example, Melchior et al. [48] synthesized and characterized lipo-
somes loaded with quercetin. The authors observed that encapsulation of the natural
product was more efficient in reducing the viability of colon cancer cells (HCT-116
p53+/+ cells) compared to free quercetin. Similarly, in the study by Melchior et al.
[48], the synthesis and characterization of liposomes loaded with quercetin demon-
strated promising results. The researchers noted that encapsulation of this natural
compound resulted in a more efficient reduction of HCT-116 p53+/+ cell viability
than free quercetin. These findings underscore the potential of liposomes as delivery
vehicles to enhance the therapeutic efficacy of bioactive compounds, offering new
perspectives for treating cancer and other pathologies.

As previously mentioned, the conjugation of nanomaterials with liposomes has
been employed to enhance the stability of formulations, which aids in the specific
targeting of drugs. This enhancement significantly contributes to preserving the
therapeutic efficacy of encapsulated medications. Leveraging this versatility, creating
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Nanoparticle-liposome hybrid systems encapsulated with active plant or pharmaceutical principles for treating
different human pathologies. Refevences citations [40-42, 45, 48, 63].
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formulations combining nanoparticles, natural products, and liposomes is important
for nanotechnology. This formulation improves the delivery of natural products,
provides more protection and stability for extracts, and can enhance synergistic
effects. Thus, creating formulations combining nanoparticles, natural products, and
liposomes plays a significant role in nanotechnology. These formulations improve the
delivery of natural products and offer greater protection and stability for the extracts,
enhancing synergistic effects and opening new perspectives for developing more
effective and safer therapies.

Additionally, they can potentiate therapeutic benefits, reduce the likelihood of
drug resistance, increase bioavailability, and mitigate toxicity and associated side
effects of treatment [36]. However, more studies still need to utilize this type of for-
mulation. Our group has been developing formulations containing different natural
products, such as curcumin and quercetin, adsorbed onto inorganic nanoparticles.
These formulations have shown low toxicity and promising results in treating neuro-
degenerative diseases in in vivo experiments (unpublished data).

Therefore, co-encapsulating liposomes will significantly expand the spectrum
of therapeutic agents that can be effectively delivered and broaden the possibilities
for therapies in nanomedicine. Combining nanomaterials with liposomes represents
an innovative approach to drug delivery, opening doors to significant advancements
in therapeutic efficacy and minimizing undesired side effects. This technological
convergence may redefine paradigms in medicine and offer adaptable and efficient
solutions for a diverse range of applications in nanobiomedicine (Figure 2).

4. Functionalization of liposomes

The functionalization of liposomes, both internally and externally, has emerged as
an innovative and versatile strategy in drug delivery, providing significant advance-
ments in optimizing therapeutic efficacy. This biotechnological phenomenon refers to
the controlled and personalized modification of the surface or interior of liposomes
to confer specific properties that go beyond the natural characteristics of these lipid
vesicles. Both internal and external functionalizations of liposomes have their distinct
methodologies, advantages, and disadvantages, delineating a fascinating research
field with profound implications for various clinical applications.

Internal functionalization of liposomes involves incorporating bioactive molecules
or nanomaterials within these vesicles’ lipid core or lipid bilayer. Frequently used
methods include co-lipophilization, where hydrophobic compounds are encapsulated
along with lipids during liposome formation. This process is particularly effective
for protecting sensitive drugs and improving stability, allowing for controlled and
targeted release. However, challenges associated with encapsulation efficiency and
potential adverse interactions between internal components require careful consider-
ation during internal functionalization.

External functionalization, on the other hand, focuses on modifying the sur-
face of liposomes, allowing for the conjugation of specific ligands, polymers, or
nanoparticles to the outer layer. Methodologies include these entities’ covalent or
non-covalent attachment to the liposomal surface, providing precise customization
of surface properties. This approach is valuable for selectively targeting liposomes to
specific tissues or cells, enhancing the selectivity of drug delivery and diagnostics.
For example, the formulation of intra-liposomal GNPs functionalized with SPE-PEG
(2000)-maleimide-peptide demonstrated efficiency in penetrating mitochondria and
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inducing biological autoluminescence, directly impacting the functioning of these
organelles [49]. Nanocarriers like this play a fundamental role in biological research,
significantly contributing to understanding biochemical and physiological processes.
Moreover, they have vast potential applications, including use in biosensor devices
and detection. In nanomedicine, their versatility is evident, being employed for imag-
ing live cells, real-time monitoring of biological processes, and early disease detec-
tion. This wide range of applications underscores the importance of nanocarriers in
scientific research and the advancement of medicine.

In terms of applications, the functionalization of liposomes has gained promi-
nence in domains such as oncologic therapy, where targeted delivery can maximize
the effectiveness of antitumor agents. Additionally, in regenerative medicine and gene
therapy, the functionalization of liposomes has shown promising implications for the
efficient delivery of nucleic acids and growth factors. The highlighted applications
of liposome functionalization extend to areas like oncologic therapy, where targeted
delivery can enhance the efficacy of antitumor agents. Moreover, in regenerative
medicine and gene therapy, liposome functionalization has demonstrated promising
implications for the efficient delivery of nucleic acids and growth factors, paving the
way for more effective and personalized treatments.

The functionalization of liposomes can also be utilized to achieve targeted drug
delivery while circumventing the individual’s immune system. Due to their biocom-
patibility, phagocytes readily capture liposomes, rapidly removing them from the
bloodstream. Stealth liposomes, which feature a coating of inert and biocompatible
polymers, have been developed to overcome this scenario. Poly(ethylene glycol)
(PEG) is the most widely employed polymer for this purpose, thereby preventing
the drug or biomolecule transported by the liposome from triggering an immune
response in the body. This strategy aims to prolong the circulation time of liposomes
and improve the efficacy of therapeutic loading, minimizing detection and removal
by the phagocytic system [50].

Fusogenic liposomes can be considered an ideal tool for adoptive cell therapy
(ACT). This liposome can fuse with biological membranes, thereby increasing con-
tact of the medication and delivery into cells. Zheng et al. [51] developed a fusogenic
liposome termed anti-phagocytosis-blocking repolarization-resistant membrane-
fusogenic liposome (ARMFUL). This liposome features a core-shell structure, with a
CSF1 receptor inhibitor (BLZ945) and anti-CD47 (aCD47) conjugated to the fuso-
genic lipid surface. ARMFUL was fused with the cell membrane of M1 macrophages,
ensuring effective phagocytosis of tumor cells under CD47 antiphagocytic blockade.
Additionally, ARMFUL/M1 effectively inhibited the growth of the mouse melanoma
cell line (B16F10) and activated T cell-mediated immunity to suppress distant tumors,
preventing tumor metastasis.

Therefore, ARMFUL proved to be a versatile tool for the synchronized engineering
of adoptive cells, offering a platform for multimodal customization of cellular func-
tions and behaviors. This promotes improvements in ACT against tumors, indicating
significant potential for advanced therapeutic applications.

In biomimetic nanotechnology using RNAI, hybrid nanovesicles are developed.
This type of nanovesicle was tested by ref. [52] in the treatment against non-small cell
lung carcinoma (NSCLC), which accounts for approximately 85% of lung neoplasms
[53]. The authors constructed the nanovesicles with cancer cell membranes (Cm) and
charge-reversal liposome membranes (Lipm), using switchable matrix metallopepti-
dase 9 (MMP-9) peptides to coat polypeptides modified with lipoic acid (LC). These
polypeptides are co-loaded with phosphoglycerate mutase 1 (PGAM1) siRNA and
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docetaxel (DTX). The coating in the intermediate layer was negatively charged (poly-
L-lysine grafted with citraconic anhydride, PC), enabling pH-triggered charge con-
version functionalization. Research results demonstrated that the integrated hybrid
nanovesicle exhibits prolonged circulation half-life, effective lung cancer targeting,
biocompatibility, high tumor accumulation, penetration into MMP-9 activated tumor
cells, pH and redox-triggered DTX, and siRNA release.

Developed to co-deliver siPGAM1 and DTX, the nanovesicle showed a synergistic
effect on tumor inhibition iz vitro and in vive, regulating glycolysis without notable
toxicity and prolonging the lifespan of xenografted mice. The innovative proposal can
also be adapted for different types of cancer through artificially functionalized lipid
membranes with specific natural cell membranes, thus ensuring the release of drugs
sensitive to the tumor microenvironment.

Doxorubicin is a broad-spectrum chemotherapeutic agent used alone or in combi-
nation to treat various solid tumors. However, it is a molecule that can cause cellular
toxicity both acutely and chronically. This anthracycline can induce excessive forma-
tion of reactive oxygen species (ROS), senescence, morphological changes in healthy
cells, and even lead to apoptosis [54]. The primary direct effect of doxorubicin is
cardiotoxicity, and in response to this limitation, targeted liposomes have emerged,
aiming to optimize the delivery of doxorubicin [55]. In response to this limitation,
targeted liposomes have been synthesized, aiming to optimize the delivery of this
therapeutic agent. This targeted approach aims to minimize unwanted side effects
in healthy tissues while maximizing the effectiveness of cancer treatment. These
liposomes act as smart delivery vehicles, selectively directing doxorubicin to cancer
cells. In this way, they reduce systemic toxicity and improve the safety and efficacy of
the treatment.

In the context of breast cancer, PEGylated liposomes functionalized with the
incorporation of doxorubicin can contribute to the control of tumor growth. In this
regard, ref. [56] functionalized liposomes with peptides targeting SREKA (Ser-
Arg-Glu-Lys-Ala), whose identification is crucial for the effectiveness of cancer
treatment, thus providing selective delivery of doxorubicin as a therapeutic agent. It
was observed that inhibition in primary tumor growth and metastasis incidence was
observed; moreover, it increased the survival rate of tumor-bearing mice.

PEGylation functionalization can also stabilize and target liposomes to the tumor
site, increasing therapeutic efficacy and reducing systemic toxicity. Gold nanopar-
ticles (AuNPs) are already used in therapies and diagnostics against different types
of cancer [57]. Functionalized liposomes with PEGylated AuNPs confer a hybrid and
targeted therapeutic strategy, in addition to pH and temperature-sensitive nucleolip-
ids with functionalization. Sensitivity to pH and temperature changes in the tumor
microenvironment allows for controlled and selective release of doxorubicin. At the
same time, PEGylated AuNPs provide stability and targeting to liposomes, facilitat-
ing their accumulation in the tumor. This integrated approach aims to maximize the
effectiveness of cancer treatment while minimizing the side effects associated with
conventional chemotherapy, thus significantly contributing to the advancement of
antitumor therapy [58].

Liposomes are also used in treating neurodegenerative diseases such as Alzheimer’s
and Parkinson’s, not only for their properties but also for their ability to cross the
blood-brain barrier (BBB) [59, 60] easily. Therefore, given the inherent complexity of
neurological disorders such as Alzheimer’s disease, which involve various mechanisms
and affect multiple brain regions, the choice of liposomes offers a precise and targeted
delivery approach [61].
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Vitamin B12, although demonstrating anti-amyloidogenic properties in vitro, faces
significant challenges, such as its high molecular weight and hydrophilicity, hindering
its effective clinical application due to the difficulty of crossing the BBB. To overcome
this limitation, liposomes were functionalized with transferrin (Tf), a protein that
binds to transferrin receptors (TfRs) abundantly expressed in the endothelial cells
of the BBB. This enabled receptor-mediated transcytosis, an effective strategy for
crossing the BBB, increasing the efficiency and specificity of brain delivery against
Alzheimer’s disease. The developed nanosystem exhibited the capability to delay Ap
fibril formation and disaggregate mature fibrils, demonstrating its significant poten-
tial for Alzheimer’s disease prevention and treatment [62].

Liposomes can selectively accumulate in inflamed sites, allowing them to deliver
drugs specifically to inflamed tissues while sparing healthy ones. In this perspective,
Ref. [63] investigated the potential use of dexamethasone (Dex), a corticosteroid with
anti-inflammatory and immunosuppressive properties, in treating inflammatory lung
diseases such as asthma, acute lung injury, and COVID-19. Despite its therapeutic
benefits, prolonged systemic administration of Dex can result in adverse side effects.
However, local pulmonary administration of corticosteroids, especially inhalation, is
efficient and associated with better patient tolerance. The researchers developed three
surface-modified liposomes containing Dex: Lip-PEG-Dex, Lip-PEGHA-Dex, and
Lip-HA-Dex. These liposomes were designed to overcome the challenges of inhalation
therapy, such as moderate deposition in the lower airways, toxicity to healthy lung
tissues, and limited pulmonary retention time.

The inclusion of poly(ethylene glycol) (PEG) and/or hyaluronic acid (HA) in
the nanoparticles aims to improve mucus penetration and target alveolar macro-
phages. In vitro assays conducted in RAW 264.7, macrophages indicated that lipo-
somes containing HA showed more efficient targeting to activated macrophages.
Furthermore, in vivo results in C57BL/6 ] mice revealed more consistent efficacy of
encapsulated Dex.

The nasal route has shown promise for insulin administration in treating
diabetes. However, some barriers to drug absorption may compromise bioavail-
ability. These barriers include thick nasal mucosa, rapid mucociliary clearance, and
enzymatic degradation. Overcoming these barriers is essential to ensure the effi-
cacy of nasal insulin administration and maximize its benefits in glycemic control
for diabetic patients.

Liposomes loaded with insulin, when functionalized with cell-penetrating pep-
tides (CPPs) such as TAT and Penetration (PNT), which act as promoters of drug
penetration and absorption, promote lower release and permeation values through
the nasal mucosa compared to liposomal systems without functionalization. This
suggests that this behavior occurred due to electrostatic action. What happens is an
interaction between insulin and CPPs and the consequent complexation between
them, which reduces the incorporation of the drugs by the liposome and may inhibit
the absorption-promoting activity of the peptide. However, liposomes loaded with
insulin without functionalization with CPPs showed an increased permeability coef-
ficient, suggesting that the developed system can optimize insulin absorption through
the nasal route, which is an innovative aspect [64].

The advantages of liposome functionalization are extensive. Internally, the
strategy allows for more effective and controlled drug loading, while external
functionalization enables targeted and specific delivery, enhancing therapeutic
efficacy. Both approaches contribute to reducing side effects and improving drug
bioavailability. However, associated challenges include the complexity of the involved
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methodologies, careful and precise handling, and the need for rigorous control of
experimental conditions to ensure consistent and reliable results. Additionally, issues
related to the potential toxicity of the agents used need to be thoroughly assessed to
ensure patient safety. These aspects underscore the importance of a multidisciplinary
approach and careful preclinical evaluation for successfully developing these thera-
pies. The functionalization of liposomes adds specific properties that go beyond their
natural characteristics, allowing for targeted and effective drug delivery (Table 2).
This reduces adverse effects such as side effects and toxicity and enhances therapeu-
tic efficiency by increasing treatment precision. There are numerous possibilities

for applying these particles, spanning areas such as oncology therapy, regenerative
medicine, gene therapy, and the treatment of neurodegenerative diseases. Therefore,
liposome functionalization, whether internal or external, represents a dynamic
research field that offers opportunities for advances in personalized and precision
drug delivery. Understanding these approaches’ methodologies, advantages, and
disadvantages is essential for shaping the future of drug therapy and diagnostics.

Type of Type of bioactive Applications Study model Author
functionalization
Core-shell anti- BLZ945 (colony Adoptive cell in vitro: M1 [51]
phagocytosis-blocking stimulating factor therapy (ACT) macrophages,
repolarization-resistant receptor inhibitor), effective against B16F10 cellsin
membrane-fusogenic aCDh7 solid tumors vivo: C57BL/6 and
liposome (ARMFUL) (anti-CD47) BALB/c mice
Hybrid nanovesicle Phosphoglycerate Treatment of in vitro: A549 cells [52]
integrated into cancer mutase 1and non-Small Cell in vivo: BALB/c
cell membrane-derived docetaxel (DXT) Lung Cancer mice carrying
liposome fusing with siRNA (NSCLC) A549 cell tumor
charge-reversed
liposomal membrane
PEGylated liposomes Doxorubicin Treatment of in vitro: 4 T1-Luc [56]
targeting Ser-Arg- highly metastatic and NIH-3 T3 cells
Glu-Lys-Ala (SREKA) breast cancer in vivo: BALB/c
peptide mice
Transferrin- Vitamin B12 Treatment of in vitro: cellulose [62]
functionalized liposomes (VB12) Alzheimer’s dialysis membrane
Disease

Liposomes Insulin Nasal in situ: porcine [64]
functionalized with administration nasal mucosa
cell-penetrating peptides in vitro: Franz
(CPPs) diffusion cell and

synthetic cellulose

acetate membrane
Liposomes containing Doxorubicin Cancer therapy in vitro: [58]
nucleolipids sensitive MDA-MB-231 and
to pH and temperature SK-OV-3 cells
and functionalized with
PEGylated AuNPs
Mito-liposome Gold nanoparticles Diagnostic in vitro: U20S cells [49]

method

Table 2.

Functionalization of liposomes.
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5. Conclusion

In conclusion, the utilization of liposomes in drug delivery represents a pivotal
advancement in pharmaceutical sciences, offering a versatile and efficient platform
for various therapeutic applications. With their capability to encapsulate a wide
range of drugs and provide controlled release, liposomes hold promise for optimizing
therapy outcomes. Moreover, integrating nanomaterials with liposomes enhances
formulation stability and facilitates precise drug targeting, further improving
therapeutic efficacy. As research continues to explore the potential of liposomes,
particularly in overcoming the challenges of drug bioavailability and stability, these
nanostructures are poised to revolutionize drug delivery in the future. Integrating
liposomes with nanomaterials stands at the forefront of innovation, offering tailored
solutions to address complex therapeutic needs and ushering in a new era of precision
medicine.
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Chapter 5

Structure-Function Relationships
in the Modification of Liposomes
for Targeted Drug Delivery in
Infectious Diseases

Palesa Pamela Seele

Abstract

The introduction of liposomes has caused a paradigm shift in medicine, offering
novel solutions to problems that are ancient to the drug discovery and development
for HIV, TB, and malaria. These are the three deadliest infectious diseases that are
endowed with complex pathophysiological and biological mechanisms that allow
them to thrive in their hosts through escaping the immune system and capturing key
pathways. Disease heterogeneity and lack of suitable models to replicate the disease
states make compounds the poor pharmacokinetic issues associated with these
diseases. Liposomes are lipid-based nanocarriers that are employed for drug formula-
tions, preservation, and storage. Importantly, they can be tailored for targeted and
controlled release. Structure-function relationships are crucial to consider in lipo-
some design as they affect key interactions between the carrier drug and the target
cell, which impact on drug release, cellular uptake, bioavailability, biodistribution,
and toxicity. Herein, lipid composition, size, lamellarity, zeta potential/charge as well
as surface modification with cholesterol, PEG, peptides, and antibodies are discussed
with respect to selectivity in targeting diseased cells. The role of computational tools
in expediting the liposome technology is reviewed, highlighting the impact of forces
of interaction between biomolecules and the conditions of the environment.

Keywords: liposomes, drug delivery systems (DDS), human immunodeficiency virus
(HIV), tuberculosis (TB), malaria

1. Introduction

The phenomenon of “pandemic readiness” cannot be overemphasized, and
through innovative management and preventive tools, the global manifestation
of infectious diseases can be overcome. It is of paramount importance that these
measures, which encompass therapeutics, vaccines, and diagnostics be developed
with consideration for sustainability, biocompatibility, and biodegradability—safety
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for human and animal consumption, and eco-friendliness are imperative.
Nanotechnology has provided an invigorating landscape for exploring solutions to
ancient problems that still persist in modern-day medicine, hence the coining of

the term nanomedicine. The introduction of liposomes has had a paradigm shift in
medicine; their derivation from biological molecules has implored their service as
valuable nano-vehicles in various bio-applications. Not only were they the first nano-
medicine to be applied to human patients but also their success in clinical applications
is undoubtedly apparent [1, 2].

Infectious diseases (also communicable diseases) are caused by pathogenic
microorganisms, which are transmitted between animals through direct and indirect
contact [3]. Pathogenic microorganisms have existed for centuries evolving mecha-
nisms that would facilitate their evasion of the human immune system, including
human-borne interventions that were developed to curb their spread such as vac-
cines, therapeutic drugs, and diagnostic tools. Low-resourced countries are the most
vulnerable and burdened with infectious diseases which accounted for the highest
mortality rate of about 2.5 million in 2020 from malaria, human immunodeficiency
virus (HIV), and tuberculosis (TB) [3-5]. Malaria, TB, and HIV/AIDS were the most
prominent infectious diseases in WHO’s top 10 leading causes of death in low-income
countries for the year 2019 and are the three deadliest infectious diseases globally
[5, 6]. This has necessitated the development of cost-effective methods that are
efficient and accessible. The heterogeneity in the pathophysiology of these diseases,
their canny mechanisms of capturing, and exploiting their hosts’ systems allow them
to thrive while making it difficult to formulate drugs that are nontoxic for the host.
Moreover, models that can replicate the disease states do not exist, which further
complicates drug validation processes. Poor pharmacokinetics and drug toxicity are
thus prominent issues that require novel approaches.

Liposomes are broadly used in industry, including in the pharmaceutical, nutra-
ceutical as well as other applications in biotechnology [7]. They act as cell membrane
models and as carriers for targeted delivery systems, such as drugs, vaccines, and
various biomolecules: nucleic acids, proteins, peptides, lipids, carbohydrates, antibi-
otics, dyes, antioxidants, and enzymes [7].

1.1 The history and biochemistry of liposomes

Liposome is a portmanteau of Greek words “lipos” and “soma” meaning “fat” and
“body,” respectively, which in essence describes their amphiphilic phospholipid build-
ing blocks [8]. Consequently, they are vesicle-forming, with the phospholipid bilayer
enclosing an aqueous core, which dissolves hydrophilic compounds, while the lipid
layer entraps lipophilic compounds [7]. When mixed with therapeutic compounds,
lipids can transform into NP that entrap and protect their cargo, releasing them upon
encounter with their target cells. The structure is depicted in Figure 1.

Liposomes were first evidenced using electron microscopy in the 1960s by Alec
Bangham while studying phospholipids and blood clotting factors [8]. The history
of liposomes is outlined in Figure 2. Major strides were reported between the late
1980s and 1990s when the anticancer drug doxorubicin was successfully encapsulated
and later approved in 1995 - Doxil® [10]. These were important discoveries where
liposomes demonstrated their ability to reduce doxorubicin-induced cardiotoxicity
[11, 12] and increase blood residence [13]. The upscaling of liposome production,
introduction of new lipid raw material, and the tailorability of the lipid material were
some of the major progressive events in the history of liposomes as drug delivery

92



Structure-Function Relationships in the Modification of Liposomes for Targeted Drug Delivery...
DOI: http://dx.doi.org/10.5772/intechopen.1005515

Genelic
substances, i.c. DNA, siRNA,
or RNA

Lipid-soluble drugs )ﬁ_ | y/;/g////////%//%/

Imaging or
diagnostic molecules

Hydrophobic tail

Hyiophilic hesd Hydrophilic water-soluble drug

Figure 1.
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Timeline history of liposomes. (The figure was reproduced from Elsevier [10], with open access from the creative
commons CC-BY license).

systems [8]. To date, a variety of lipid formulations are used from natural and/or
synthetic lipids and surfactants [14].

The size, lamellarity, surface charge, zeta potential, lipid composition, and
organization of liposomes are imperative properties in their efficacy, playing key roles
in their interaction with the cell, blood residence or half-life, tissue permeability, and
final fate in vivo [14]. The morphology and physicochemical properties of liposomes,
including the dimension and lamellarity dictates their classification and preferred
applications [7, 14]. This will be discussed in detail in the sections to follow.

Cholesterol is mandatory to the liposome formulation, making up 30-50% of the
membrane on average, which is higher than any membrane component [15-17]. It
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intercalates readily in the membrane core due to its amphipathic properties resem-
bling the phospholipids, with a predominantly hydrophobic structure. Cholesterol
has a polar hydroxyl (OH) group that connects to four fused hydrocarbon rings that
are, in turn, linked to a branched chain of eight carbon residues [18]. In essence, the
arrangement of cholesterol in the liposomes is not coincidental, and it is positioned
perpendicularly to the plane of the bilayer, wherein the polar OH group, that is, the
3p-OH is in proximity with the phosphate and carbonyl of the glycerol ester linkage
of the phospholipids, allowing the potential formation of hydrogen bonds (H-bonds),
which are considered the most important of interactions [19]. Hydrogen bonds can
also form through water bridges between the cholesterol OH group and any accep-
tor or donor group from the phospholipid, and finally, the oxygen of the OH group
and phospholipids CHj; group [19, 20]. However, the rigidity or increased stability

of the phospholipid bilayer is not only endowed by the hydrogen bonding but also
the aromatic rings of cholesterol, which contain major and minor grooves, and

the rings are proposed to reduce the flexibility of the aliphatic carbon chain of the
phospholipids [21]. The reduced membrane permeability induced by cholesterol also
owes to the hydrophobic effect between the lipid hydrocarbon chains and cholesterol,
which is imperative for conferring rigidity [22]. Through these interactions, choles-
terol is capable of inducing morphological changes that modify the bilayer stability,
curvature, membrane fluidity, diffusion rates of proteins and lipids, and permeabil-
ity, which directly impact drug leakage.

Phospholipid derivatives: Fluidity and charge of the membrane are greatly depen-
dent on the phospholipid derivatives. These can be in the form of phosphatidylglyc-
erol, phosphatidylserine, phosphatidylcholine, or phosphatidylethanolamines [23].
Permeability or drug leakage can be controlled by the type of lipid used; whereas
saturated acyl chain lipids confer rigidity and impermeability, unsaturated lipids tend
to be more permeable [23]. The types of lipid composition and effect on drug delivery
systems are discussed in detail in the below sections, with specific references to the
disease.

Size and lamellarity: Liposomes assume a spherical structure, which can range in
size from nanometers to micrometers; however, in medicine, nanoliposomes have
been more acceptable [14], providing high-surface areas that afford the loading of
high concentrations of drugs and vaccines. Size is an important effector in drug
loading and release, bioavailability, biodistribution, mucoadhesion, and cellular
uptake [24]. Particle size as well as the polydispersity index (PDI) are essential for
cellular uptake—a process that mainly occurs via an endocytosis-dependent manner.
Efficiency in the systemic delivery of drugs and uptake by tissues is dependent on the
capillary perfusion of tissues, wherein the efficiency in cargo exchange depends on
the size of the cargo delivered and of the membranous fenestration [24].

The aerosol delivery of drugs is favored for diseases of the lung, wherein the
harsh systemic conditions are avoided to enable proximal localization of the drug to
its target. The aerodynamic volume of the liposome-encapsulated system becomes
important in the pulmonary localization of the drug, wherein drugs with a mass
median aerodynamic diameter (MMAD) of 3 pm have an estimated 50-60% chance
of localizing in the alveoli and 80% chance of residence in the lower airways [25].

In comparison, the oropharyngeal and large conducting airways regions are mostly
adsorbed with larger particles with a size range of 5-10 pm [25]. The impermeability
of the blood-brain barrier (BBB) has imposed challenges in the development of effica-
cious drugs targeting the brain tissue requiring innovative methods of enhancing
their bioavailability and biodistribution. Liposomes <100 nm have been reported
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to improve the delivery of drugs to the brain and central nervous system for cancer
therapy [24]. Insight from such studies can facilitate the design of liposome-based
delivery systems for the treatment of TB meningitis.

Malarial drugs targeting the hepatic stages of the disease also have to consider
liposome size as it determines the hepatic uptake and accumulation where capillary
exchange of particles <150 nm is acceptable [24]. In addition to size, the curvature of
particles impacts on the internalization in the Kupffer cells. While particles greater
than 1 pm with elongated shapes enhance particle to membrane contacts, the high-
aspect rations often inhibit membrane spread over the smaller dimensions, limiting
the completion of phagocytosis. In contrast, with particles that are less than 1 pm,
the shape determines the rate and pathway of internalization [26]. Delivery to the
parenchymal cells is achieved by particles that are less than 50 nm in size.

To reiterate that size matters, liposomes are classified according to their
size-lamellarity, single unilamellar vesicles (SUV), medium unilamellar vesicles
(MUV), large unilamellar vesicles (LUV), and giant unilamellar vesicles
(GUV). Further, annotations are given in terms of lamellarity, which denotes
the number of phospholipid bilayers, either being unilamellar, oligolamellar, or
multilamellar [14]. This makes liposomes differ in their functionality. The LUV
liposomes are ideal for encapsulating hydrophilic cargo in higher amounts due to
their larger entrapped aqueous volume, making them indifferent to the phospho-
lipid types making them up [27].

Zeta potential and charge: Zeta potential is the potential difference between the
layer of fluid that is stationary, remaining attached to the surface of a dispersed
medium, and the dispersion medium; it can be used as an indirect measure of
surface charge [27]. The any extreme shifts can result in structural changes, stability,
and functionality of the liposomes, and temperature and viscosity are also effectors
to consider [27, 28]. Surface functionalization of liposomes with (bio)molecules such
as antibodies, nucleic acids, proteins, and dyes depends on their zeta potential as
well as overall charge and polarity. Liposomes are considered stable at a minimum
zeta potential of +30 mV, with extremely positive or negative values indicating that
colloidal molecules repel each other displaying dispersed colloidal particle [28]. A
nano-quantitative structure-property relationships (QSPR) model study reports that
the hydrophilic-lipophilic balance (HLB) and enthalpy of formation are structural
features affecting the zeta potential; wherein a lower HLB value displayed higher
zeta values, which means, the more lipophilic the higher the stability, and conversely,
high enthalpy of formations was associated with lower zeta potential values and
instability [29].

With respect to charge, electrostatic interactions between the cargo and vehicle are
key players in the efficiency of encapsulation and delivery [28]. Cationic liposomes
are predominantly used over their anionic counterparts due to their ease of binding
to bacterial membranes and increased drug delivery. However, issues of toxicity
have been evident and successfully circumvented — this is discussed in detail in the
latter sections. Peetla and co-workers describe four types of interactions between the
vehicle and cargo: hydrophilic and electrostatic interactions with a bilayer, water-
soluble and non-bilayer interacting, non-water-soluble and non-bilayer interactions,
and lastly, lipophilic and bilayer interacting [30].

The partitioning of drugs between the aqueous core and the lipid bilayer is a
common occurrence for amphiphilic drugs, which is influenced by changes in the pH
of the aqueous core. The non-bilayer is the aqueous core of the liposome, where the
water-soluble drugs are encapsulated. Thus, a total entrapped aqueous volume that is
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large allows for higher concentrations of drug loading. In contrast, non-water-soluble
drugs that are non-bilayer interacting have very poor encapsulation efficiencies,
unless molecules with functionally compatible moieties are attached to the drug and/
or the liposome is reformulated with a different type of lipid and/or accessory mol-
ecules. The length of the acyl chain of the phospholipid together with fluidity impacts
the loading capacity or intercalation of lipophilic drugs on the bilayer. Incorporation
of cholesterol can then be used to manipulate the fluidity of the lipid membrane

[27, 30].

2. Liposomes as drug delivery systems in HIV, TB, and malaria

Drug delivery systems (DDS) are pivotal in managing and treating diseases, acting
as vehicles for drug formulations, preservation, storage, and targeted release—usu-
ally entailing the encapsulation of the cargo. Administration of local and systemic
drugs is usually through oral methods and various other routes, including cutaneous,
nasal, ophthalmic, anal, vaginal as well as buccal and sublingual routes [31-33].

Once introduced into the system, the exposure of drugs to abrasive physicochemical
environments and antagonizing physiological conditions pose serious limitations to
their pharmacokinetics. Conditions that promote the decomposition or premature
degradation of drugs and their excretion are associated with extreme pH and tem-
perature, hydrolyzing enzymes, free radicals, and others. Thus, novel designs in DDS
have to counteract poor selectivity, uncontrollable drug release, low solubility, short
plasma residence, and premature drug metabolism and excretion, which are effectors
of low drug efficacy, overdosage, high levels of toxicity, and patient incompliance. In
principle, high efficacy, automation, precision as well as high biocompatibility and
biodegradability are defining properties of a successful DDS [33]. These qualities

are mitigating factors to the trend in acquired drug resistance of microbes, which is
aresult of overcompensation of poor pharmacokinetics by misuse and overuse of
antimicrobials [34].

Liposomes are lipid-based NP, a category of DDS where the most FDA-approved
nanomedicine originates [35] — warranted by their versatility in loading capac-
ity, which enables the encapsulation of amphipathic, hydrophilic, and lipophilic
bioactive compounds in their aqueous core and intercalation within the lipid
leaflets, respectively. Their favorability also owes to their ability to self-assemble
and carry high loads, amenability to functionalization, high biocompatibility, and
bioavailability [35]. Structure-function relations are inherent in endowing these
properties, which need to be unpacked and comprehended. The liposomes’ manner of
interaction with cells differs depending on the respective physicochemical properties;
these interactive pathways occur via lipid exchange, liposome fusion, adsorption, and
lastly and most vital is by endocytosis [36].

2.1 Human immunodeficiency virus (HIV)

Since the approval of the first antiviral drug in 1963, drug discovery against
viruses has evolved simultaneously with genomic sequencing and the structure-
function-based drug design. This era also brought up interest and effort in deconvo-
lution of the HIV lifecycle, which shed insight into how the virus exploits the hosts’
resources for propagation—an attribute to the difficulty in developing viral therapy
without eliciting toxicity in bacteria [37, 38]. This led to the discovery of other drugs
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strategically targeting the different stages of the life cycle surpassing antibacterial
drugs with better specificity, and with respect to HIV, the discovery of the protease
was one of major breakthroughs. However, some improvement is warranted—exist-
ing side effects, and continued innovation is important to safeguard against drug
resistance as well as achieve a cure. Moreover, comorbidities and polypharmacy are
compounding factors of drug-drug interactions that lead to poor pharmacokinetics
and pharmacodynamics, especially in adults [39]. To date, the highly active antiret-
roviral therapy (HAART) is still in effect, although efficient, some challenges are
ongoing, including low oral bioavailability due to premature metabolism and deg-
radation in the gut and virus’ ability to evade therapy since it resides in unattainable
anatomical and cellular reservoirs — the minimum drug concentration is not affected;
toxicity is caused by high dosages as compensation to the low half-life, leading to
noncompliance in patients [40]. Africa is still the most burdened, accounting for
more than 65% of people living with HIV, but with a remarkable 38 and 51% decline
in new incidences and mortality compared to the year 2010, respectively.

Azidothymidine (AZT), also known as zidovudine (ZDV), is a reverse transcrip-
tase inhibitor and the first anti-HIV drug to be approved in 1987, and it is also the first
to be encapsulated by liposomes from work that was initiated in 1991 by Phillips and
team [41]. Conceptually, the work was built on the knowledge that the phagocytic
system of the reticuloendothelial system (REM), and the macrophages, in particular,
are highly active in the uptake of liposomes [42, 43]. The liposome-encapsulated
AZT was able to reduce hematopoietic toxicity, enhancing antiretroviral activity and
prophylaxis in mice infected with HIV [41], and the distearoylphosphatidylcholine/
dimyristoylphosphatidylglycerol (DSPC/ DMPG) liposomes showed three-fold higher
retention time versus dimyristoylphosphatidylglycerol/dimyristoylphosphatidylglyc-
erol (DPPC/DMPG) liposomes. Given that there are limitations in liposome-encap-
sulation of ARV, such as poor hydrophilic loading capacity, instability associated with
the physical and biological make-up, poor scale-up and high cost, short shelf-life,
and toxicity — through modern technology and by varying lipid properties such as
compositions, size, and charge, these challenges may be overcome. AZT is amphiphi-
lic, thus, leakage is caused by the split affinity between the liposome aqueous core and
the hydrophobic lipid bilayer [42]. Jin and co-workers enhanced liposome retention of
AZT by encapsulating the lipophilic prodrug form which intercalates better with the
lipid bilayer [43]. Subsequently, the encapsulated prodrug displayed a half-life that
was enhanced in the rat model. Modifying liposomes with polyethylene glycol (PEG),
so-called PEGylation, is a well-accepted strategy that not only increases hydrophilic-
ity but acts also as a steric barrier—preventing opsonins in the serum from tagging
the liposome cargo for clearance [3]. Consequently, PEGylation increases retention
time, improving bioavailability of the drug; this has been excellently demonstrated
in the PEGylated-liposome encapsulating doxorubicin, commercially Doxil® — the
first liposome-encapsulated drug to be approved and used commercially in treating
AIDS-related Kaposi’s sarcoma [44]. Saquinavir, a HIV protease inhibitor, showed
more stability in protein supplemented media and a more sustainable release when
encapsulated in PEGylated liposomes compared to free drug and non-PEG liposomes.
The PEGylated liposomes were also less toxic to Jurkat T-cells [40].

The localization of encapsulated drugs on the liposome is crucial to consider as
it affects drug leakage and can be exploited for controlled release. Saquinavir and
nevirapine were observed to concentrate at different regions of the nanocarrier when
they were simultaneously loaded; moreover, their release was in a timely manner,
wherein the saquinavir was dominant during the later phase and nevirapine at the
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early stages [45]. Simultaneous release of the drugs is an approach that was aimed

at circumventing the metabolism of saquinavir prior reach of the effective concen-
tration. The acyl group of the bilayer allows association of the more hydrophobic
nevirapine, while saquinavir localizes to the aqueous core causing its delay in release.
The composition of liposome and surface modification affects entrapment of the
drugs—PEGylation increases the hydrophilicity of the nanocarrier, significantly
decreasing the encapsulation of nevirapine by 45%, while a slight increase was
observed for saquinavir. Hydrophobicity was promoted by the incorporation of
cholesterol, hence nevirapine loading was significantly increased but not alter that of
saquinavir. An optimized encapsulation of 45% and 30% was achieved for nevirapine
and saquinavir, respectively, at a combinatory ratio of 9:1:1 for EPC (1,2 Dioleoyl
sn-glycero 3 ethylphosphocholine): Cholesterol: distearoylphosphatidylethanolamine
(DSPE)-PEG. The study also employed specific targeting, homing on HIV-infected
T-cells and macrophages by surface modification of the liposomes with anti-CD4
antibodies. Overall, the anti-CD4 immuno-liposomes demonstrated enhanced uptake
into the CD4-positive Jurkat cells, exhibited preferential delivery to HIV-infected
cells, and the proliferation of the virus was markedly reduced by dual activity of the
encapsulated drugs. These effects were at a lower concentration versus with the free
drugs.

2.2 Tuberculosis

The Mycobacterium tuberculosis (MTB) is a pathogenic bacterium with inher-
ently robust transmission and survival mechanism, causing one of the first and
second deadliest infectious diseases —tuberculosis (TB) [46]. It mainly affects the
lungs, but its target organs are vast, including the pleura, bones, joints, meninges,
genitourinary tract, and the skin, challenging both diagnosis and therapeutic
interventions [46]. Like HIV; it exploits various mechanisms to evade the hosts’
immune system as well as exogenous drugs, wherein its escape from the lungs’ first
line of defense, the macrophages leads to the progression of the disease from the
development of granulomas to cavity formation where unabated replication of MTB
occurs. Significant challenges in the treatment of TB exist at different levels of dis-
position, including at the molecular, physiological, clinical, and geographical levels,
which has led scientists to consider disease subgroupings for selecting appropriate
disease biomarkers [47]. Hence, to date, TB remains a global dilemma, which was
responsible for 1.3 million deaths in 2023 [48]. Although this is a 19% decline from
2015, drug resistance is a continuous concern with the development of multiple drug
resistance (MDR) and extensively drug-resistant (XDR) TB —a challenge due to the
lack of established clinical management systems in terms of specific/tailored diagno-
sis and curative drug treatments. This is a call for innovative methods of treatment,
such as resistance to first-line and second-line drugs, and importantly, the scarcity
in the approval of the new drugs: bedaquiline, delamanid, and pretomanid, which
were discovered 40 years after the approval of the latest of the second generation of
drugs [49, 50], are indications for improving the drug delivery system as opposed to
discovery of new drugs.

Liposomes create a new dimension in solving the pharmacokinetic and pharmaco-
dynamic associated with TB drugs, such as the long duration of treatment, side effects
that are debilitating in physical and mental health with subsequent relapse rates and
the development of drug resistance. By encapsulating TB drugs in liposomes, which
can be designed to target specific cells, this reduces the chances of off-targeting; while
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improving concentration efficacies, multi-drugs can then be loaded and simultane-
ously delivered in a single dose. PEGylation (and other methods) can be used to
increase the longevity and bioavailability of the drug, and encapsulation can facilitate
the reduction in the premature metabolism of the drug. Consequently, lower doses
and shortened periods of treatment will negate issues of patient compliance and
decrease relapse rates, lowering the prospective of drug resistance.

Since TB is chiefly a disease of the lungs, the pulmonary and parenteral routes of
administration are better qualified as they avoid rapid metabolic degradation and
gastrointestinal absorption, which result in the delivery of suboptimal concentrations
in the diseased alveoli. Aerosol diagnostics in the form of volatile organic compounds
(VOC) and inhaled therapeutics have been in the sphere of TB research since the 1940s,
promising an efficient route for theranostics and prevention of drug resistance [51].
These present as easier and less invasive methods of sampling and drug administration.
Encapsulated drugs can be delivered in suspension or dry powder form by pulmonary
devices in small doses using pressurized metered inhalers (pMDIs), dry powder
inhalers (DPIs), and soft mist inhalers (SMIs) versus medical nebulizers, which deliver
larger doses of medicine [23]. Liposomes present an ideal mode of transport due to
their remarkable uptake by macrophages, biocompatible nature, and surfactant-like
properties similar to the lungs [52], which lowers the chances of localized toxicity
and adverse reactions. In this regard, a few interesting studies have been dedicated to
investigating the purpose of old and new drugs for inhalation therapy [53].

In a study by Bhardwaj and colleagues, liposomes were surface modified with
mannan, a macrophage-specific receptor that is associated with MTB binding and
activation of the innate immune and loaded with the first-line antituberculosis
drugs rifampicin (RIF), isoniazid (INH), and pyrazinamide (PYZ) [54]. The
mannan-liposome encapsulating RIF, INH, and PYZ were lyophilized into an inhal-
able powder, which was cryopreserved using sucrose, an important component for
preserving hydration of the phospholipid heads and preventing drug leakage. Due to
their differing hydrophobicity indices, their localization was specific. Whereas, the
lipophilic RIF intercalated with lipid bilayer, the more hydrophilic INH and PYZ were
entrapped proximal the aqueous core. This may also be the cause for their drug release
of 67.4 +2.43, 65.8 + 2.56, and 58.1 + 1.65% for RIF, INH, and PYZ, respectively. This
was similar to the neutral liposomes and followed the Korsemeyer-Peppas model for
drug release; in contrast, the lung uptake of the mannan-liposomes was higher, 51.36
and 48.66% for the neutral liposomes [54]. As it has been clear throughout the chap-
ter, the lipid composition of liposomes can be varied to perform specific functions
and dual functionality. This was demonstrated by Chimote and Banarjee, who suc-
cessfully prepared DPPC-based liposomes entrapping INH, thus acting as anti-TB and
anti-atelectatic surfactant. The authors exploited the well-known fact that DPPC is
the most abundant lipid of the lung surfactant as well as an exogenous surfactant [55].
The surfactant plays an essential role in preventing the lung collapse that becomes
apparent in the late stages of pulmonary (PTB), enhancing the anti-TB reach of INH;
moreover, the drug release was sustained for over 24 hours. This is an insightful find-
ing, which presents a strong case for designing liposomes that can target the different
phenotypic stages of the disease such as the granulomatous, necrotic granulomatous,
caseous necrotic granulomatous, and cavitary disease, especially where evasion is
prominent.

The physicochemical properties of the microenvironment of the diseased tissue
must be considered as factors such as pH can alter the structure and function of the
liposome and are especially relevant for MTB infection, which is characterized by
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acidification steps during phagolysosomal fusion. A follow-up study by Bhardwaj

and team, who designed a pH-sensitive mannan-anchored encapsulating INH and
Ciprofloxacin HCI (CIP HCI), shows a drug release of 58-64% in alkaline pH compared
to 81-87% release in macrophage pH [54]. Some of the prominent research into aerosol
therapeutics for TB have been reviewed by Hickey et al., highlighting the advantages,
progresses, and limitations in targeting infected alveoli by inhalers versus nebulizers,
mostly advocating for the drug powder inhalers as being more efficient [51].

Macrophages can likewise be specifically targeted by tufstin-modified liposomes.
The treatment of MTB-infected mice with tufstin liposomes loaded with RIF dis-
played an impressive 2000-fold higher reduction in bacterial load in the lungs com-
pared to the free drug [56]. This was achieved without continuous administration of
the drug, thus lowering toxicity that is associated with high-drug dosages —owing to
specific targeting of macrophages.

The adaptability of liposomes is once again demonstrated by the thermosensitive
liposome-in-hydrogel, which targets the bones [57]. Bone TB is a common EPTB
form, accounting for 10% of the cases; as this side is inaccessible to drugs owing to
poor blood supply, treatment includes surgical removal of the diseased tissue fol-
lowed by localized injection of a multi-anti-TB drugs —a painful and invasive method
of treatment. INH is the foremost drug of treatment for TB infecting the bones, but
its hydrophilic properties predispose it to burst drug release and shortened periods of
release, which were greatly overcome by using its hydrophobic derivative N’-Dodecan
oylisonicotinohydrazide (DINH). Additionally, the DINH encapsulated in liposomes,
followed by the hydrogel adds another network of protective layer, which sustained
drug release over 24 hours compared to the 4 hours when only the hydrogel was
used [57]. The thermosensitive peptide PLGA-PEG-PLGA with self-healing properties
was an excellent incorporation into the liposomes, which meant that upon contact
and sensing of bodily temperature the hydrogel transforms into a sol-gel, which is
less painful than other implantations while inducing self-healing at the diseased site.
Liposome-in-hydrogel seems an effective method for targeting the bone tissue, and
adhesion to the bone tissue can be enhanced by appending functional groups, such as
octadecylamine, which is an amphiphilic cationic film-forming material, and sulf-
hydryl groups [57]. These modified liposomes showed better bone regeneration and
remodeling. EPTB can be effectively treated using liposome-encapsulated TB drugs,
such as rifabutin (RFB), which is used to treat patients who are intolerant to rifam-
picin including HIV-coinfected individuals. Gaspar and colleagues show that DPPC:
DPPG formulated liposomes act as more efficient delivery systems for RFB displaying
high concentrations of RFB in the liver, spleen, and lung within a 24-hour period and
decreased bacterial loads in these organs of a disseminated-TB rat model [58].

The introduction of asymmetric liposomal systems has broadened the design
opportunities for drug and vaccine delivery, with some important breakthroughs
such as the commercialized and FDA-approved liposome-based amikacin suspension
Arikace® —the first and only approved inhalable drug for treating the nontuber-
culous Mycobacterium avium complex (MAC), previously difficult to treat [23, 59].
Asymmetry in membranes is a common phenomenon in eukaryotes, which was first
described by Bretscher in 1972, where the distribution in the type of lipids within
the inner and outer leaflets is deliberately organized differently. It is also note-
worthy that the protein composition and cholesterol distribution also differs [23].
Phosphatidylcholine (PC) and sphingomyelin (SM) preferentially makeup the outer
leaflet, while the negatively-charged lipids that include phosphatidylserine, phospha-
tidylethanolamine, and phosphatidylinositol are embedded in the inner leaflet [60].
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This asymmetry is maintained via the flippases, floppases, and scramblases, perform-
ing intricate functions, such as the translocation of the lipids across the membranes
[23, 60]. Moreover, other effectors of asymmetry exist, such as the size of the vesicle,
which observable augments asymmetry with decreasing diameter size [23].

2.3 Malaria

Malaria is a vector-borne disease that is caused by the protozoan parasite,
Plasmodium, transmitted by the female Anopheles species mosquitoes [3, 61]. The
incidences of malaria span 85 countries, infecting 249 million people and culminat-
ing with 608,000 deaths, with 94-95% of these occurrences based in African regions
[62]. There are five different species of Plasmodium that can cause pathogenesis,
which is characterized by the well-established cycle between the mosquito and the
human, presenting with similar events across the different species. Briefly, the sporo-
zoites from the mosquito’s salivary glands are injected into the human host via a bite,
traveling via the bloodstream to the liver where asexual replication occurs. Following
that, the thousands of daughter merozoites flood the bloodstream invading the red
blood cells, and this is a crucial stage of adverse symptom manifestations and also a
great target for drugs. A full circle is achieved upon another event of a mosquito bite,
wherein the merozoites turned gametophytes in the erythrocytes are ingested into the
salivary glands of the mosquito [3, 61].

The enormous effort toward developing antimalarial drugs has been greatly
compromised by the persistent counter evolution of drug resistance in parasites,
and this is resistance against almost every known drug for treating humans [63, 64].
Quite concerning is the spontaneity of the mutations occurring without any drug
pressure [65]. This is within the existing shortcomings in the drug discovery pipeline
of malaria drugs, including lack of specificity in the intracellular parasite-associated
biomarker targets, poor drug solubility, low permeability, and poor bioavailability;
consequently, high toxicity as a result of overcompensation by giving high doses
becomes apparent, which also compounds issues of noncompliance in patients due
to accompanying side effects [63, 64]. It is interesting that despite the dramatic
reduction in malaria deaths owing to administration of quinoline-based drugs,
their mode of action has not been fully deciphered albeit the 400 years following
their discovery [66]. Emerging drug resistance has posed a serious bottleneck in the
treatment of malaria, this is true for quinolone-based drugs chloroquine, mefloquine,
and halofantrine as well as artemisinin, which is not in this group. Precautionary
use of primaquine to avoid resistance and relapse has been a continuous discussion.
Liposomes have proved distinct adeptness in mitigating these shortfalls among other
interventions that exploit nanotechnology, with several studies reporting improved
compound pharmacokinetics and pharmacodynamics from iz vive and in vitro studies
of treatment with the liposome-encapsulated drug versus the drug on its own [64].

To elaborate on the role of electrostatic interactions in the structure-function
relationship in optimizing encapsulation, the drug loading capacity of liposomes with
platinum-chloroquine (PtCQ) diphosphate dichloride, a potent combination against
chloroquine-resistant cells was investigated [67]. PtCQ was loaded into PEGylated
liposomes that were either cationic or neutral. Since the inner membrane of eryth-
rocytes is anionic, the exposure that occurs following eryptosis makes it more likely
for cationic liposomes to bind, increasing the chances of drug delivery. Although this
warrants using cationic liposomes, the challenge remains with the low half-life and
high chance of macrophage recognition, hence a common mitigation was PEGylation
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of the liposomes [67]. Both PEGylated cationic and neutral liposomes were able to
prevent leakage of the drug; moreover, the encapsulation efficiency was as high as
76.1% for neutral liposomes and 96.9% for the cationic liposomes. This outcome is not
surprising, given the physicochemical relationship of the interacting liposomes and
the erythrocytes.

PEGylation is also an alternative to using pH gradient methods, which maximize
the loading capacity of small-sized liposomes that are characterized by low drug
loading [68-70]. The pH gradient methods conveniently depend on the intrinsic
structure of the transmembrane where a progressive drop in pH occurs toward the
core of the liposome, and the efficiency of drug upload is dependent on its overall
counter charge as well as other physicochemical properties [68, 69]. Knowledge
of the ionization states of the drugs can shorten the time spent on optimizing the
compatible conditions for encapsulation when predictive models are exploited; the
modeling of the liposomal distribution of diprotic antimalarial compounds has been
analyzed by Moles and co-workers [71]. The distribution of quinine, primaquine,
tafenoquine, quinacrine, and chloroquine in phosphatidylcholine-based liposomes,
as well as interest in the application of pH gradients as a method of efficient drug
uploading and their responsiveness, were studied [71]. This gradient method is
particularly suitable for addressing the non-endocytic uptake of drugs by cells, such
as the erythrocytes, wherein their membrane skeleton is a meshwork of spectrin-
actin molecules that exploit steric hindrance to inhibit endocytosis, mainly relying
on the diffusion pathway for exchange of molecules [72]. With respect to NP, the
inhibitory effect is due to membrane-NP interaction, size of NP relative to the
meshwork, and skeleton tension as was found through molecular simulation models
using dissipative particle dynamics (DPD). This further reiterates the structure-
function relationship as a useful comprehension and building tool for expediting
the development of predictive computational models that would facilitate the
surface modification of liposomes, making them a more specific and efficacious
system for drug delivery.

Ligands are convenient in that they can be used as structural moieties to modify
biological macromolecules to serve specific functions or applications. Active pharma-
ceutical compounds that display target promiscuity, with non-validated biomarkers
or non-elucidated mechanisms of action, can benefit from liganded liposomes. A
wide spectra of ligands have been used to modify liposomes for targeting malaria-
infected cells, ranging from derivatives of glycolipids and peptides to antibodies;
these studies have been summarized in a review by Memvanga and Nkanga [64].
Varying lipid compositions and ratios have been explored for optimizing the effi-
ciency of the liganded moieties.

Peptide-functionalization of nanomaterials, such as liposomes, is an ingenious
practice that has been adopted for enhancing the bioavailability and specificity
of small molecule delivery, in principle creating an active targeting system [73].

A 19-amino acid (19-aa)-long peptide sequence from the circumsporozoite
protein (CSP) has been used for targeting the hepatic stage of the malaria virus
by incorporating it into liposomes. CSP and the thrombospondin-related anony-
mous protein are highly specific to the hepatocytes, wherein their localization

to the liver is observed within minutes of sporozoites being introduced to the
bloodstream [74]. Subsequently, liposomes decorated with a 19-aa CSP sequence
accumulated with more than several hundred-fold higher in the liver compared to
other organs, except for the 10-fold higher accumulation than in the spleen; and
the binding is suggested to be via the heparin-associated proteoglycans [74]. Since
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the macrophages in the spleen are known to clear particles, then this accumulation
is warranted. This system indeed presents an efficient solution for preerythrocytic
specific targeting of malaria; however, the antigenicity needs to be investigated
prior to therapeutic use. Another peptide-based strategy was developed for target-
ing the intraerythrocytic stage, wherein a macrophage activating tetrapeptide,
tuftstin, and mimicking a sequence in the Fc-portion of the heavy chain of the IgG
[75] was used to surface modify liposomes. This concept stems from the ability of
tuftstin to activate cells of the immune, such as macrophages, to kill intraeryth-
rocytic malarial parasites. Pretreatment of mice with hydrophobic derivatives of
tufstin incorporated into liposomes resulted in reduced mortality of Plasmodium
berghei infected mice as well as decreased parasitemia [76]. These studies not only
open novel avenues for developing prophylactic treatment for malaria but also for
the development of vaccines.

Attaching antibodies to nanomaterials is a widely used preparation method
that endows specificity to therapeutic and diagnostic products that can be used for
liposome DDS. This is evident in the covalent conjugation of an anti-erythrocyte
F(ab’)2 and liposomes encapsulating chloroquine used in treating mice infected
with Plasmodium berghei as well as chloroquine-resistant mice [77]. Studies showed
that the F(ab’) two-bearing antibodies enhanced binding to the erythrocytes, reduc-
ing parasitemia in susceptible and resistant mice, and prolonging survival [77].
This strategy presents a more straightforward way of increasing the sensitivity and
specificity of liposomes.

3. Computational tools in the design of liposome-based drug delivery
systems

To expedite the liposome technology, predictive computational models are pro-
ficient tools that can be employed by adopting high-throughput screening methods,
which further reduce time spent and cost required in the drug discovery pipeline,
and for developing optimal conditions iz vitro. Leveraging existing empirical data
and structure-function relationships, it is possible to create such models. Layers of
complex algorithms and machine learning systems have afforded computational
modeling with the ability to handle multiple variables simultaneously, better accuracy
of predictions, data output that is simpler to analyze, and improved spatiotemporal
landscapes — referred to as coarse grained analysis.

With the capabilities of various simulation methods, different analyses can be
extracted, including from molecular dynamics (MD), machine learning (ML), Monte
Carlo (MC), finite element analysis (FEA), computational fluid dynamics (CFD),
density functional theory (DFT), and dissipative particle dynamics (DPD) [78]. At
the molecular level, MD can be used to analyze the behavior of atoms with respect to
space, time, and the forces acting on them, giving an overview of molecular interac-
tions. In this case, a motion-based equation that is derived from Newton’s theory of
force enables the prediction of behavior of liposomes with the drug and the environ-
ment. With MC, statistical analysis and probability theory are exploited in simulation
of complex systems, wherein various potential scenarios or outputs are analyzed. MC
allows the prediction of drug release and uptake, bioavailability, and toxicity can be
predicted [78].

In CFD modeling, the flow of fluids in cells and tissues are described; thus, the
movement of DDS can be better comprehended using this technique, while the FEA
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model also exploits mathematical algorithms to facilitate the analysis of DDS under
different conditions, thus testing the mechanical properties of the liposome [78].

The CFD model has been greatly used in the design of inhalers and nebulizers, by
simulating air flow into the lungs and drug absorption — the design of metered-dose
inhaler (MDI), also known as the AeroCup for COVID-19 being exemplary [79].
Another computational model that has been successfully used for DDS is DFT,
wherein the thermodynamic nature of interacting systems can be studied, giving
insight into the energetic changes that occur at the molecular level; this method is also
capable of defining the geometric structure and electrical characteristics of nanocar-
riers upon drug docking [80].

Machine learning and other Al tools bring another complex element to the com-
putational predictive modeling. By employing training data from known information
based on the respective structure-function relationships of DDS or in unknown cases,
the data is adopted from quantum models; these tools can facilitate the prediction and
modeling of DDS in conditions that are controlled virtually, which would otherwise
be impossible to replicate using empirical models [78, 80]. For instance, the stability/
dispersity and size of the liposome were predicted using the support-vector machine
models and feed-forward artificial neural networks, respectively —initially trained
using over 200 liposomes that were varied in their composition, including flow rates,
lipid concentrations, and organic: water ratios [81]. This work aimed to optimize
the pharmacokinetics of curcumin-loaded liposomes based on the influence of their
physicochemical properties and their interactions, which ultimately have an effect on
biocompatibility, toxicity, and interaction with biological material [81]. These com-
putational models are adaptable to other DDSs such as dendrimers, polymer-based
nanoparticles, solid-lipid nanoparticles, and implantable DDS [78].

Simulations with the lipid bilayers have been carried out, describing the intra- and
intermolecular interactions between components of the bilayer itself, and with the
cargo as well as distribution of cargo within the liposome [15, 19, 71]. The length of
acyl groups in phospholipids influences their packing geometry and conformation of
the phospholipid [19], this is due to the type of dominating forces, either stabilizing
or de-stabilizing affecting the liposomes’ fluidity. Macromolecules are held together
by various forces, including hydrophobic, hydrogen bonds, van der Waals, ionic,
and/or electrostatic interactions. These forces can be manipulated to efficiently load
specific cargo while controlling their rate of release, wherein the localization of the
drug is dependent on its hydrophobicity index, either intercalating in the lipid bilayer
or proximal to the aqueous core for a slower release. The ionization state of the cargo
is equivocally integral to its retention and release from the liposome, making both the
liposome and cellular microenvironments relevant to their efficiency. An example of
bilayer simulations is illustrated in Figure 3.

Hydrogen bonds are agreeably one of the vastest macromolecular “glues”
in existence, with their directionality highly sought as recognition elements in
biomolecules, spanning enzymes, proteins, nucleic acids, lipids, and others. In
liposomal formulations, the molecular simulations have been dedicated to study-
ing hydrogen bonds between the phospholipids, cholesterol, and water molecules
within the lipid bilayer. Although the existence of H-bonds between the OH group
of cholesterol and the polar head group of phospholipids has been supported,
Pandit and team went a step further, suggesting that the CH--O H-bonding occurs
between the methyl group from phospholipid and the oxygen atom of the choles-
terol group, providing the rationale for formations that are larger than ratios of
1:1 [19]. CH---O H-bonding has been debatable; however, quantum studies have
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Figure 3.

Simulation of a single-walled nanotube loaded with doxorubicin docking into the bilayer membrane. (This figure
is veproduced from a review by Salahshoori and colleagues [78, 82] with open access from the creative commons
CC-BY license).

characterized them as weaker and with minute directionality than the conven-
tional H-bonds [83]. In structural biology, these bonds were only appreciated
about 40 years ago, with immense contributions to the structural integrity of bio-
molecules, recognition and binding, and catalysis [84, 85]. In conclusion, Pandit
and colleagues found that two types of complexes exist in each mixture of dilau-
roylphosphatidylcholine (DLPC): cholesterol and (DPPC): cholesterol, exhibiting
stoichiometries of 1:1 and 2:1; however, the DLPC: cholesterol was more populated
with species of a 1:1 ratio and vice versa for the DDPC: cholesterol. This differ-
ence was attributed to the different acyl lengths of the phosphatidylcholine lipids.
CH--O H-bonds were defined as crucial for the formation of the complexes and in
their aggregation, especially in the DPPC: cholesterol [19]. These types of com-
putational models are relevant for multidrug loading and their timeous release;
hence, the composition of the liposome can be designed and refined iz silico with
simultaneous docking of drugs, such that the correct partitioning is achieved to
obtain optimized pharmacokinetic and pharmacodynamic properties.

4, Conclusions

The role of liposomes in nanomedicine is futuristic, with the successful approval
and commercialization of DaunoXome®, Doxil®, AmBisome®, Arikace®, RUTI®,
and Mosquirix®, which are used in either treating or preventing HIV, TB, and
malaria and/or associated diseases. The ongoing pipeline developments and clinical
trials depict endless possibilities. Computational tools can facilitate the fast tracking
of this technology, wherein optimization processes can be minimized in terms of time
and cost as well as define the limitations.
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Chapter 6

LiposoMax™ Liposomal

PureWay-C®: A Liposomal-
Vitamin C with Enhanced
Biological Activity and Absorption

Benjamin S. Weeks and Pedro P. Perez

Abstract

Vitamin C is a water soluble nutrient that is required for human health and found
in a wide range of foods. However, vitamin C must cross several tissue and cellular
barriers to arrive at target tissues and intracellular sites. The barriers to vitamin C
distribution in the body include the plasma membranes of the cells in the gut and
vascular endothelium and also of the target cell and even subcellular compartments
within the target cell. Due to the hydrophilic nature of vitamin C, facilitative trans-
port proteins know as sodium-dependant vitamin C transporters —1 and —2 (SCVT-1
and SCVT-2) and glucose transporters (GLUTSs) are required for this vitamin to cross
the hydrophobic fatty acid tails of the phospholipid bilayer. However, more lipid
soluble forms of vitamin C can also enter cells through diffusion and through this
mechanism can enhance the rate and efficiency of vitamin C absorption from the
gut and distribution throughout the body. For example, Ester-C® and PureWay-C®
are both more lipid soluble forms of vitamin C and both have been shown to be more
readily absorbed and distributed in the body that ascorbic acid. Indeed, PureWay-C®
a phospholipid-associated lipid extracted form of vitamin C, has been shown to be
best absorbed and the most bioactive form of vitamin C prior to liposomal forms.
Currently, liposomal forms of vitamin C such as Lypo-spheric™ (LivOn Labs) and
liposomal-PureWay-C® generated by LiposoMax™ technology (One Innovation
Labs) have been shown to be better absorbed into cells. Further, liposomal-PureWay-
C® has been shown to have enhanced capacity to support wound healing and neuro-
nal cell function. This chapter presents the literature on the improved bioactivity and
absorption of vitamin C when presented in diffusible lipid-extracted and liposomal
forms.

Keywords: liposome, vitamin C, absorption, ascorbic acid, PureWay-C®, calcium

ascorbate-calcium threonate-dehydroascorbate vitamin C, LiposoMax™,
liposomal-PureWay-C®, absorption
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1. Introduction

Liposomes are spherical phospholipid bilayers which have aqueous interior
compartments capable of carrying hydrophilic molecules [1]. Liposomes have been
used for a variety of purposes iz vitro and in vivo to deliver a wide range of molecules
to target cells including plasmids, cosmetics, pharmaceuticals and nutraceuticals
[2-4]. Liposomes are able to fuse with the plasma membrane and deliver hydrophilic
liposomal contents to the cell cytoplasm [1-4]. While drugs and nutrients may be
able to cross membranes via facilitated transport, such as the SCVTs and GLUTSs for
vitamin C, liposome fusion with plasma membranes provides a more rapid diffu-
sion of the liposomal contents to the cytoplasm [1, 2, 5, 6]. Further, incorporation
of aptomers in the surface of the liposome for cell specific ligands has been shown
to enhance cell and tissue targeting and tissue-specific uptake of liposomal contents
[7-10]. For example, liposomes containing anticancer medication can be targeted to
tumor tissues by incorporation of aptomers specific to the tumor onto the surface of
the liposome lamellae [11] and such targeting may also be useful for vaccine develop-
ment [7] and gene therapy [8-10] as well as in vitro research into cellular functions
[12]. In addition to medicine, vaccines and gene therapies, enhanced nutrient uptake
using liposomes has also been an important and aggressive area of research and
development [13, 14]. This is particularly true for the hydrophilic nutrient, vitamin C,
which has been shown to be better absorbed and provide enhanced bioactivity when
incorporated into liposomes [15-22].

Vitamin C is an essential water soluble nutrient that serves as an enzyme cofactor
in epithelia and neurons, as a signal transduction molecule in cells of the immune and
nervous systems and as is an antioxidant that reduces the risk of cancer [5, 23, 24]. For
example, vitamin C supplementation acts as a signal transduction molecule in leu-
kocytes and functions to infections including sepsis, pneumonia and CoVid-19 and
promotes T-cell maturation, neutrophil phagocytic activity, and cytokine and inter-
feron production [25-36]. In neurons, vitamin C is an important cofactor for enzymes
in dopamine synthesis and can signal calcium release and MAPK activity [37] and
can stimulate neurite formation in hippocampal cell cultures [37]. Further, in human
subjects, vitamin C supplementation protects patients from neurotoxins and reduces
anxiety and depression and potentially neurodegenerative diseases [37]. Historically,
vitamin C is known to be an important cofactor for collagen synthesis, skin health
and wound healing [38-46]. Vitamin C also benefits the cardiovascular system, the
liver and has anti-aging properties and it is this wide range of benefits from enhanced
vitamin C absorption and distribution that has driven research into the development
of liposomal and better absorbed forms of vitamin C [15-22].

Cellular absorption of vitamin C is regulated by transmembrane channel pro-
teins known as sodium-dependant vitamin C transporters (SVCTs) and the glucose
transporters (GLUTs) [5]. SCVTs are distributed in tissue-specific subtypes which
allow different concentrations of vitamin C into the cells of different tissues [5]. For
example, liver cells have intracellular vitamin C levels of 1 mM, while the brain and
activated leukocytes can contain up to ten times this amount [5, 6]. However, rather
than flooding channel proteins, improved gastrointestinal absorption and distribu-
tion of vitamin C has best been accomplished by increasing the lipid diffusible forms
of vitamin C [16-19]. For example, when taken orally Ester-C® is better absorbed
in human leukocytes compared to ascorbic acid [47]. Further, when compared to
Ester-C®, a lipid metabolite of vitamin C with fatty acids (PureWay-C®) is better
absorbed in human subject plasma and T-cells [48-50]. Further, PureWay-C® shows
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enhanced bioactivity including the stimulation of neurite outgrowth, epithelial cell
attachment and immune cell function [48]. More recent work has shown that when
packaged into liposomes, vitamin C is better absorbed into cells [16-19] and dem-
onstrates enhanced bioactivity in wound healing assays [16]. Further, compared to
nonliposomal-vitamin C, oral administration of liposomal-vitamin C leads to higher
blood plasma concentrations of vitamin C and reduced risk of lipid peroxidation,
hypertension and ischemia [17-20, 50]. Lastly, using the LiposoMax™ technology,
which has been successfully used to incorporate a wide range of nutrients into lipo-
somes (One Innovation Labs), liposomal-PureWay-C® has been shown to be better
absorbed in human epithelial cells than nonliposomal-vitamin C and to enhance
wound healing better than nonliposomal-vitamin C [16].

In addition to vitamin C, liposomal encapsulation has also been shown to enhance
the absorption of other nutrients such as folate [51, 52], vitamin A [53, 54], vitamin
D [55, 56], vitamin E [22, 57, 58], calcium and minerals [59, 60] among other nutri-
ents [21, 53, 61-63]. However, of these supplements enhanced absorption in human
subjects has only been done with in one study each with vitamin D3 [55], multivita-
mins [21] and minerals [60]. Incorporation of nutrients in general into liposomes is of
great interest to the nutraceutical and health industries and that technologies such as
LiposoMax™ (One Innovation Labs) are designed to deliver the future of liposomal
nutrient packaging. However, this chapter focuses on liposomal-vitamin C since it is
by far the most studied and prepared liposomal nutrient [13-22].

2. Bioactivity of lipid extracted vitamin C with fatty acids (PureWay-C®)
and calcium ascorbate-calcium threonate-dehydroascorbate vitamin C

The biological activity of vitamin C is limited by the ability of this water soluble
nutrient to arrive at target tissues and cell [5, 6]. In an effort to enhance vitamin C
absorption beyond that seen with ascorbic acid and calcium ascorbate, more lipid
soluble forms of vitamin C have been formulated and tested including an calcium
ascorbate-calcium threonate-dehydroascorbate vitamin C (Ester-C®) and a lipid
extracted vitamin C with fatty acids (PureWay-C®). These vitamin C preparations
have been compared in the literature for a variety of biological activities includ-
ing neurite formation (neuroplasticity), epithelial cell adhesion (wound healing),
anti-inflammatory effects and antioxidant activity [48-50]. In all cases tested
the more lipid soluble forms of vitamin C, calcium ascorbate-calcium threonate-
dehydroascorbate vitamin C and lipid extracted vitamin C with fatty acids showed
enhanced biological activity [48-50]. For example, vitamin C as ascorbic acid is
known to enhance neurite outgrowth and support cellular microtubule-associate
protein kinase (MAPK) cascade activity in PC12 cells [48]. When the various forms
of vitamin C are compared, lipid extracted vitamin C with fatty acids showed a
three-fold improved neurite outgrowth promoting activity compared to calcium
ascorbate-calcium threonate-dehydroascorbate vitamin C [reviewed in [48-50]].
Further, lipid extracted vitamin C with fatty acids also reduces xenobiotic induced
inflammatory markers in T-cells two-fold more than calcium ascorbate-calcium
threonate-dehydroascorbate vitamin C and lipid extracted vitamin C with fatty acids
have also been compared to the ability of ascorbic acid to reduce the oxidant damage
and associated inflammation [48-50]. In specific, oxidative damage to tissues and the
resultant cell-cell adhesion mechanisms in the inflammatory response to xenobiotics has
been shown to be ameliorated best by lipid extracted vitamin C with fatty acids [48-50].
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Again it is observed lipid extracted vitamin C with fatty acids consistently reduces
xenobiotic induced inflammatory responses to a greater extent in human leukocytes
compared to other forms of vitamin C [48-50]. Another biological activity requiring
vitamin C uptake are some of the cellular events that underlie wound healing such

as epithelial cell adhesion to fibronectin [5, 16, 23]. Vitamin C has been shown to
promote fibroblast adhesion and wound healing properties and activity [5, 16, 23].
Indeed, lipid extracted vitamin C with fatty acids promotes enhanced fibroblast
adhesion to and spreading on fibronectin to a greater extent than other vitamin C
formulations tested in the literature [48]. Lastly, lipid extracted vitamin C with fatty
acids shows more antioxidant activity than calcium ascorbate-calcium threonate-
dehydroascorbate vitamin C, and while this activity may be relevant outside of cel-
lular compartments to some extent, uptake of vitamin C from the gut is still required
for the full antioxidant protective effect of vitamin C on tissues [49]. The idea that
the fatty acid containing lipid extracted form of vitamin C is more biologically active
due to improved uptake and absorption has been investigated as well and the topic of
the next section.

3. T-cell absorption and uptake of lipid extracted vitamin C with fatty
acids (PureWay-C®) in volunteer subjects

The enhanced biological activity of lipid extracted vitamin C with fatty acids
has been shown to be due to the increased cellular uptake of this form of vitamin
C in human T-cell when compared to ascorbic acid or calcium ascorbate-calcium
threonate-dehydroascorbate vitamin C [48-50]. As noted above, vitamin C is an
important nutrient in healthy immune system function [5, 16, 23, 24]. In order for
vitamin C to exert these activities it must be taken-up and absorbed into the cell to
a greater extent and or more quickly. Indeed, lipid extracted vitamin C with fatty
acids is taken-up and absorbed into T-cells more rapidly than calcium ascorbate-
calcium threonate-dehydroascorbate vitamin C [49, 50]. Calcium ascorbate-calcium
threonate-dehydroascorbate vitamin C uptake in human T-cells reaches a maximum
of approximately 30 nmol/mg cellular while lipid extracted vitamin C with fatty acids
reaches a maximum of slightly over at 50 nmol/mg cellular protein [49]. The more
rapid cellular localization of PureWay-C likely explains the enhanced immunological
protection from xenobiotics afforded by the lipid extracted vitamin C with fatty acids
formulation to T-cells [48, 49].

In addition to being better absorbed into human T-cells, lipid extracted vitamin
C with fatty acids is also better absorbed into the human plasma after oral supple-
mentation and results in higher serum vitamin C levels and reduced circulating levels
of oxidized LDLs and C-reactive protein when compared to ascorbic acid, calcium
ascorbate, and calcium ascorbate-calcium threonate-dehydroascorbate vitamin
C supplementation [50]. Lipid extracted vitamin C with fatty acids is statistically
significantly better absorbed (30% improvement) by the human body than calcium
ascorbate-calcium threonate-dehydroascorbate vitamin C within the first 4 hours
of supplementation [50]. Further, lipid extracted vitamin C with fatty acids supple-
mentation also leads to the greatest reduction in circulating C-reactive protein and
improvement in circulating oxidized LDLs in supplemented subjects [50]. Therefore,
lipid extracted vitamin C with fatty acids is the best nonliposomal-vitamin C for-
mulation for supplementation with regard to cellular uptake and absorption into the
human body and biological activity.

118



LiposoMax™ Liposomal PureWay-C®: A Liposomal-Vitamin C with Enhanced Biological Activity...
DOI: http://dx.doi.org/10.5772/intechopen.1010045

4. Liposomal-Pure Way-C®

While lipid-metabolite extraction had proved to provide the better absorbed
vitamin C in the form of PureWay-C® [48], recent research has found that packaging
vitamin C into liposomes provides even better absorption than calcium ascorbate-
calcium threonate-dehydroascorbate vitamin C and PureWay-C® [16-20]. Compared
to nonliposomal-vitamin C, oral administration of liposomal-vitamin C leads to
higher blood plasma concentrations of vitamin C and reduced risk of lipid peroxida-
tion, hypertension and ischemia [16-20]. Using the LiposoMax™ technology, vitamin
C lipid metabolites have been incorporated into liposomes (liposomal-PureWay-C®)
and is better absorbed in human epithelial cells than nonliposomal-vitamin C and
to enhances wound healing above that seen with nonliposomal-vitamin C [16].
Therefore liposomal-PureWay-C® shows enhanced cellular distribution and biologi-
cal activity [16]. Figure 1 shows an electron micrograph of liposomal-PureWay-C®
generated through the LiposoMax™ process. As noted, LiposoMax™ generated
liposomal PureWay-C® shows enhanced absorption, wound healing capacity and

A Unilamellar

A Multilamellar

A Multivesicular

Figure 1.

Cryo-transmission micrographs of liposomal-PureWay-C®. All three panels ave liposomal-PureWay-C®
with liposomal size as small as 100 nm and unilamellar (blue arrows) multilamellar (purple arrows) and
multivesicular (orange arrows) liposomes.
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50

44%

Percent of Cells with Neurites

Control Nonliposomal Liposomal
Vitamin-C PureWay-C

Figure 2.

Liposomal-PureWay-C® enhances neurite outgrwoth in PCi2 cells. PC12 cells were cultured in the presence
or absence on nonliposomal or liposomal-Pure Way-C® at 5 mM for 6 hours and photagraphed at 320 X total
magnification.

enhanced neuronal cell function (Figure 2) compared to nonliposomal-vitamin C.
Indeed while vitamin C enhances wound healing in general [64-66], the liposomal
form of vitamin C shows improved absorption into cells [16-20] and improved
wound healing activity [16]. Further advances in liposomal delivery of vitamin C
may be accomplished by incorporating recognition aptamer molecules into the lipid
layer that can help with targeted delivery. For example, proteins that bind to epi-
thelial cells markers may even further increase liposomal-vitamin C absorption into
epithelial cells and in this manner liposomal-vitamin C delivery can be made to be
more targeted using liposomes.

5. Conclusions

Vitamin C is a required nutrient for a variety of biological activities all of which
require absorption from the gut and crossing lipid membrane barriers in order to
arrive at the site of action. Naturally occurring vitamin C and most supplements are
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in the form of ascorbic acid and is hydrophilic. Vitamin C absorption in the involves
active transport through the SVCT channel proteins and also through diffusion.
Improved nutrient and vitamin C absorption in the gut an distribution in the body is
desirable and increased efficiency in nutrition absorption and distribution improves
health and overall nutrition. Vitamin C has a wide range of functions in the body
including functioning as an antioxidant, a co-factor for collagen synthesis, as an
immunomodulatory and as a factor for skin, cardiovascular and nervous system
health including anti-cancer properties [5, 16, 23, 24]. Due to the importance of vita-
min C in nearly all tissues, a great deal of research has gone into developing more bio-
available and better absorbed forms of vitamin C. Improved absorption of liposomal
forms of vitamin C has been associated with improved neuronal, immunological and
cardiovascular function and protection from ischemia [16-20, 49] and provides ben-
efits in epithelial wound healing [48]. Further advances in liposomal delivery vitamin
C may be accomplished by incorporating recognition molecules into the lipid layer
that can help with delivery. For example, proteins that bind to epithelial cells mark-
ers may even further increase liposomal-vitamin C absorption into epithelial cells.
Screening the bioactivity of these liposomal forms of vitamin C in the in vitro scratch
assay is an excellent bioassay to continue to assess the efficacy of liposomal forms

of vitamin C as they are developed. Caution is best taken moving forward using the
liposomal approach as liposomes from drug therapies have been shown to accumulate
in the macrophages of the murine bone marrow and stimulate pro-inflammatory
processes and interfere with hematopoiesis [67]. This and other concerns will have

to be kept in mind as the liposomal industry moves forward to provide targeted gene
therapy, cancer and drug treatment and the bioactivity of liposomal LiposoMax™
nutraceuticals such as glutathione, quercetin and vitamin C [3, 4, 16].
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