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Preface

Liposomes have received increased attention in recent years. Nevertheless, liposomes, due to
their various forms and applications, require further investigation. These structures can deliver
both hydrophilic and hydrophobic drugs. Preparation of liposomes results in different properties
for these systems. In addition, there are many factors and difficulties that affect the development
of liposome drug delivery structure.

The purpose of this book is to concentrate on recent developments on liposomes. The articles col‐
lected in this book are contributions by invited researchers with a long-standing experience in
different research areas. We hope that the material presented here is understandable to a broad
audience, not only scientists but also people with general background in many different biologi‐
cal sciences. This volume offers you up-to-date, expert reviews of the fast-moving field of lipo‐
somes. The book is divided into three major sections:

1. Liposome Preparation
2. Liposomes for Drug Delivery
3. Liposomes in Therapy

In the first chapter, Dr. Massing has described “Dual Centrifugation: A Novel “In-Vial” Liposome
Processing Technique.” In Chapter 2 “Phenomenological and Formulation Aspects in Tailored
Nanoliposome Production” is described by Dr. Bochicchio. “Lipobeads” are summarized by Dr.
Kazako in Chapter 3. In Chapter 4, Dr. Timoszyk described “Application of Nuclear Magnetic
Resonance (NMR) to Study the Liposome Properties.” Dr. Wang described “Liposomes Used as a
Vaccine Adjuvant-Delivery System” in Chapter 5. In Chapter 6, “Hydrogels and Their Combina‐
tion with Liposomes, Niosomes, or Transfersomes for Dermal and Transdermal Drug Delivery” is
described by Dr. Ibrahim. In Chapter 7, Dr. Motamarry analyzed “Thermosensitive Liposomes.”
“Liposomal Drug Delivery to the Central Nervous System” is described in Chapter 8 by Dr. Mon‐
tesinos. In Chapter 9, Dr. Porfire described “Liposomal Nanoformulations as Current Tumor Tar‐
geting Approach to Cancer Therapy.” In Chapter 10, Dr. Ciobanu described “Methotrexate
Liposomes: A Reliable Therapeutic Option.” Finally, in Chapter 11, Dr. Agrawal described how
“Liposome-Mediated Immunosuppression” plays an instrumental role in the development of
“humanized mouse” to study P. falciparum.

I would like to express my gratitude to Ms. Romina Skomersic, the Publishing Process Manager,
and Intech Open Access publisher for their efforts in the publishing process.

Angel Català
Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas

(INIFTA-CCT La Plata-CONICET),
Facultad de Ciencias Exactas,

Universidad Nacional de La Plata,
La Plata, Argentina
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Abstract

Conventional liposome preparation methods bear many limitations, such as poor entrap-
ment efficiencies for hydrophilic drugs, batch size limitations, and limited options for 
aseptic manufacturing. Liposome preparation by dual centrifugation (DC) is able to 
overcome most of these limitations. DC differs from normal centrifugation by an addi-
tional rotation of the samples during the centrifugation process. Thus, the direction of the 
centrifugal forces changes continuously in the sample vials. The consequential powerful 
sample movements inside the vials result in powerful homogenization of the sample. Since 
this “in-vial” homogenization is optimal for viscous samples, semisolid “vesicular phos-
pholipid gels” (VPGs) are preferred intermediates in the liposome manufacturing by DC. 
The DC method easily enables aseptic preparation and is gentler as compared to other 
methods, such as high-pressure homogenization. The method allows very small samples 
to be prepared, and VPG batches down to 1–5 mg scale have been prepared successfully. 
VPGs have several applications; they are attractive as depot formulations, or as stable stor-
age intermediates, and can be easily transferred into conventional liposomal formulations 
by simple dilution. Here, we aim to present the novel DC-liposome technique; the con-
cept, advantages, and limitations; and provide an overview of the experiences of liposome 
preparation by DC so far.

Keywords: dual centrifugation, dual asymmetric centrifugation, liposomes, vesicular 
phospholipid gels, homogenization, aseptic manufacturing

1. Introduction

Liposomes as a drug delivery system are considered to be one of the most successful devel-
opments regarding the transfer from laboratory research to actual products on the market. 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



From the first liposome drug delivery system approved for human use by the Food and 
Drug Administration (FDA) in 1995 (Doxil®), the field has expanded and, currently, 15 lipo-
some- or lipid-based drug formulations are approved for human use [1]. Moreover, in 2013, 
there were 589 interventional drug studies focusing on liposomal drug formulations, of 
which at least 107 were active (ClinicalTrials.gov). The development in the field of liposome 
technology for extensive clinical studies requires industrial scale production not only due 
to the larger quantities but also under quality assurance and Good Manufacturing Practice 
guidelines [2].

The aim of this chapter is to provide an overview over the state-of-the-art of a novel liposome 
preparation technique: “in-vial” homogenization using dual centrifugation (DC). First, we 
explain the concept of the new method and why highly concentrated lipid dispersions, usually 
named vesicular phospholipid gels (VPGs), offer several advantages to this method. Second, 
we comment on the potential of this method and on our own experiences when applying DC 
for the preparation of VPGs or liposome dispersions. Finally, we compare the two dual cen-
trifuges that have been used for liposome production so far: the Speedmixer DAC 150 FVZ 
(Hauschild GmbH & Co KG, Hamm, Germany), used in the first liposome manufacturing by 
this technique, as well as the recently constructed ZentriMix 380 R (Andreas Hettich GmbH 
& Co KG, Tuttlingen, Germany).

2. Liposome preparation by dual centrifugation: concept and mode of 
action

One of the most important and easy ways to prepare liposomes is to homogenize mem-
brane-forming lipids together with an aqueous phase like a buffer and the drug substance 
to be entrapped. As homogenization tools, high-pressure homogenizers [3, 4], the “French 
press” [5, 6], microfluidizers [7, 8], and related devices can be used. For entrapping water-
soluble drugs into liposomal vesicles with the highest possible entrapping efficiency (EE), 
it is of advantage to homogenize highly concentrated lipid-water-drug mixtures. Since this 
is also the preferred way to make liposomes by DC, the characteristics of this strategy will 
be discussed first, followed by the presentation of the concept of DC and its use to make 
liposomes.

2.1. Background: preparation of liposomes from highly concentrated lipid-water mixtures 
by homogenization

Homogenization of membrane-forming lipids together with an amount of water that is only 
sufficient to hydrate the polar head groups of the lipids (typically 50–70% water) results in 
highly concentrated, vesicular phospholipid gels (VPG) [3, 9]. Since the water used for VPG 
production is not sufficient to fill the inner core of the liposomes, it can be suggested that VPGs 
does not contain vesicular liposomes, but preliposomes that are expected to be flat structures 
without an aqueous core (Figure 1). The amount of water, which is sufficient only to hydrate 
the polar head groups, depends on the lipids used for VPG production. If bulky water-binding 
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structures like PEG-chains are part of the lipid membranes, more water is needed in contrast 
to lipids carrying only phosphocholine head groups [10].

VPGs have a creamy consistency [11] and can directly be used as depot formulations, e.g., as 
subcutaneous injectable depots [12, 13] or can be dispersed in an excess of water to get normal 
aqueous liposomal formulations [14]. Dispersion of the VPGs allows the formation of nor-
mal liposomes by filling the preliposomes with additional water molecules, which can easily 
diffuse across the lipid membranes (Figure 2). Since in preliposomes the water molecules 
together with the water-soluble drug molecules were only distributed over the surfaces of 
the polar membranes, and since the surface area inside the liposomes is nearly as large as 
outside, it becomes clear that EE values up to 50% can be reached in the dispersed liposomal 
formulations [10, 15–17].

Figure 1. Schematic view of a VPG consisting of preliposomes without an aqueous core. Roughly, all water molecules—
together with water-soluble drug compounds—are in use for hydrating the polar head groups of the membrane forming 
lipids.

Figure 2. Schematic drawing of preliposomes in a VPG made by homogenization of a highly concentrated lipid-water 
mixture. The amount of water is sufficient to hydrate the phospholipid head groups, but is not sufficient to form 
vesicular, water-filled liposomes. The flat preliposomes became vesicular after dispersion of the preliposomes in an 
excess of water.

Dual Centrifugation - A Novel “in-vial” Liposome Processing Technique
http://dx.doi.org/10.5772/intechopen.68523
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However, EE values higher than 50% for VPG-derived liposomes have been reported. This 
“overload” of water-soluble drugs is most probably due to the formation of multilamellar 
preliposomes and—after dispersion—of multilamellar liposomes (MLVs) (Figure 2). In MLVs, 
more of the membrane-associated, water-soluble drug molecules are entrapped due to the 
“entrapment” of additional membranes. Unfortunately, only a few articles reporting EE val-
ues >50% present also data on lamellarity—e.g., EM pictures [10, 17] or NMR studies.

Liposomes made by homogenization via VPG intermediates tend to have a higher lamellarity 
as seen by EM pictures [10, 17]. The lamellarity can somewhat be influenced by the type of lip-
ids used [10]. Using lipids that ease the interactions between the surfaces of two membranes 
like PEG-carrying phospholipids leads to a higher lamellarity [17], whereby this interaction 
is further supported by the close vicinity of the membranes due to the low amount of water 
in the VPGs. In addition, also compounds to be entrapped may have an influence. Especially 
charged or very polar compounds that help to enable membrane-surface interactions like the 
multivalent-charged DNA molecules or divalent cations result preferably in the formation of 
MLVs during VPG production [16], and thus in very high EE-values.

In summary, the formation of liposomes with high EE values for water-soluble drug mol-
ecules as well as the formation of MLVs depends largely on the high lipid/water ratio used. 
Using an excess of water, EE as well as lamellarity goes down. Vice versa, using only the mini-
mal necessary amount of water, EE is at its maximum, but lamellarity will be high as well.

Theoretically, reduction of the liposome diameter might help to reduce lamellarity, simply 
because in small liposomes there is only limited space to accommodate additional membranes. 
However, the average sizes of liposomes made by homogenization of highly concentrated lipid 
mixtures are small, but seldom below 100 nm with PI values > 0.2 (PCS (Photon Correlation 
Spectroscopy), intensity weighted1) [10, 16–21]. At a first glance, this appears somewhat confus-
ing, since it is known that the liposome diameters clearly depend on the energy by which the 
highly concentrated lipid-water mixture has been treated and thus, liposomes made by HPH 
would have been expected to be very small.

The limited possibility of making very small liposomes via a VPG intermediate can be dis-
cussed as an intrinsic property of its high lipid concentration, typically >40% (w/v). During 
homogenization, the bigger membrane vesicles, which resulted from the initial hydration of 
the lipids, are broken into smaller membrane fragments, which spontaneously form smaller 
vesicles by self-organization. These smaller vesicles are disrupted again, forming even smaller 
vesicles. However, below a certain size, these lipid fragments not only form smaller vesicles 
by self-organization but also start to recombine into bigger vesicles. This process of recombi-
nation is more probable at an immediate vicinity of these fragments—or, in other words—at 
higher lipid concentrations as used for VPG-preparation.

To sum up, homogenization of highly concentrated lipid blends has been the preferred way 
to make liposomes with high EE for water-soluble drugs. The liposome sizes are still small 
enough even for parenteral use as well as for tumor accumulation via the so-called enhanced 

1Many articles about liposomes made by HPH or DC present number-weighted PCS results, which values are much 
lower than the respective intensity-weighted PCS values.
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permeability and retention effect (EPR-effect) [22]. The rather high content of multilamellar 
liposomes contributes to reach EE values of >50%. It has to be mentioned that multilamellar-
ity of liposomes has never been reported as a problem in preclinical studies, e.g., in mice [14]. 
Furthermore, a high lipid load is sometimes of advantage. It has been found that liposomes 
made from hydrogenated phospholipids (PL) have anti-metastatic properties [23, 24] and that 
this effect is due to the high load of hydrogenated PL [25].

Despite the above-described advantages of liposomes made by homogenization, the homog-
enization tools currently in use have its limitations, especially for making liposomes in small 
batch sizes, under gentle and aseptic conditions. There is, therefore, a need for an alternative 
method that might overcome these limitations, which are listed below:

2.1.1. Batch sizes

Most of the homogenizers that are in use for liposome preparation have been developed to pro-
cess bigger batches or at least batch sizes of several grams and very small batches are not pos-
sible due to the relatively high dead volumes of the devices. These “high” minimum batch sizes 
are a problem when only small amounts of liposomes are needed, i.e., for cell culture or animal 
experiments, and especially when the raw material applied is expensive or rare, like siDNA.

2.1.2. Harsh conditions

Since the samples in the normal homogenizers are in direct contact with the homogenizing 
unit (e.g., the homogenizing valve in HPH) for only a very short period of time (milliseconds), 
a large quantity of energy is needed to successfully homogenize the sample in that moment 
(VPG production with HPH: typically >700 bar, 10 cycles). Thus, the samples will heat up, 
which might damage the samples.

2.1.3. Cleaning/metal contamination

During homogenization, the liposomes are in contact with various parts of the homogenizers. 
Thus, a careful device cleaning prior to the liposome preparation is necessary. Furthermore, 
since the liposomes are squeezed through pumps and valves during homogenization, there is 
always the danger of product contamination with metal abrasion.

2.1.4. Number of samples

None of the known homogenizers is able to process more than one sample at once, which 
makes screening approaches burdensome, e.g., the screening for an optimal lipid composition 
for a new liposomal formulation.

2.1.5. Sterile formulations

The dimensions of the known homogenizers are rather big, only a few of them can be placed 
into a sterile bench. Thus, the production of sterile liposome formulations that are needed for 
cell culture, animal experiments, or for human use is difficult.

Dual Centrifugation - A Novel “in-vial” Liposome Processing Technique
http://dx.doi.org/10.5772/intechopen.68523
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The above-listed limitations can be overcome by using dual centrifugation (DC) as a homog-
enization technique [15]. DC easily allows the gentle preparation of liposomes and other lipid 
nanoparticles in very small batch sizes. The use of closed and disposable vials avoids metal 
contamination as well as cleaning of the homogenization device (“in-vial” homogenization). 
Using sterile vials allows production of sterile formulations. Furthermor, since the vials are 
tihgtly closed during DC, safe handling of particles with toxic compounds is possible. Many 
samples can be produced in parallel, which allows effective formulation screening.

2.2. Principles of dual centrifugation (DC)

DC is based on centrifugation. But in contrast to normal centrifugation where samples are 
turned around a central axis, during DC, the sample vials are additionally turned around a 
second rotation axis (Figure 3). Due to that the direction of high centrifugal acceleration in the 
sample vials changes continuously, which result in high frequent and very powerful sample 
movements. In contrast to normal centrifugation, DC is not a separation technique. DC is sim-
ply the opposite, a process which can be used for extremely powerful sample mixing, milling, 
extraction, dissolution, and homogenization, which is the central theme of this chapter.

While using DC for mixing purposes is well known for decades (e.g., for the mixing of two-
component dental filling materials), its usefulness for homogenization and for the prepara-
tion of lipid nanoparticles was first described in 2008 [15]. Homogenization power of a DC 
depends on the rotating speed and the diameter of the dual rotor (→ centrifugal acceleration) 
as well as the rotating speed around the second axis (→ frequency of changing the direction 
of centrifugal acceleration in the sample vial). Furthermore, the shape and the orientation 
of the sample vial placed in the dual rotor strongly influence the homogenization power. 

Figure 3. Principles of dual centrifugation (DC). Left: Dual rotor with a vial turning around its own axis (only one vial is 
shown). Right: Visualization of the changing direction of the centrifugal forces in a sample vial.

Liposomes8



The above-listed limitations can be overcome by using dual centrifugation (DC) as a homog-
enization technique [15]. DC easily allows the gentle preparation of liposomes and other lipid 
nanoparticles in very small batch sizes. The use of closed and disposable vials avoids metal 
contamination as well as cleaning of the homogenization device (“in-vial” homogenization). 
Using sterile vials allows production of sterile formulations. Furthermor, since the vials are 
tihgtly closed during DC, safe handling of particles with toxic compounds is possible. Many 
samples can be produced in parallel, which allows effective formulation screening.

2.2. Principles of dual centrifugation (DC)

DC is based on centrifugation. But in contrast to normal centrifugation where samples are 
turned around a central axis, during DC, the sample vials are additionally turned around a 
second rotation axis (Figure 3). Due to that the direction of high centrifugal acceleration in the 
sample vials changes continuously, which result in high frequent and very powerful sample 
movements. In contrast to normal centrifugation, DC is not a separation technique. DC is sim-
ply the opposite, a process which can be used for extremely powerful sample mixing, milling, 
extraction, dissolution, and homogenization, which is the central theme of this chapter.

While using DC for mixing purposes is well known for decades (e.g., for the mixing of two-
component dental filling materials), its usefulness for homogenization and for the prepara-
tion of lipid nanoparticles was first described in 2008 [15]. Homogenization power of a DC 
depends on the rotating speed and the diameter of the dual rotor (→ centrifugal acceleration) 
as well as the rotating speed around the second axis (→ frequency of changing the direction 
of centrifugal acceleration in the sample vial). Furthermore, the shape and the orientation 
of the sample vial placed in the dual rotor strongly influence the homogenization power. 

Figure 3. Principles of dual centrifugation (DC). Left: Dual rotor with a vial turning around its own axis (only one vial is 
shown). Right: Visualization of the changing direction of the centrifugal forces in a sample vial.

Liposomes8

Homogenization power can also be increased by adding homogenization aids to the samples 
like ceramic beads.

2.2.1. Speed of main and secondary rotation

These parameters strictly depend on the type of dual centrifuge used for liposome prepara-
tion. Until now, two different dual centrifuges have been successfully used for this purpose, 
the ZentriMix 380R and the Speedmixer DAC 150. Despite being different in many aspects 
(the technical features of both DC devices are compared in Section 5), both devices are able to 
reach roughly the same maximum acceleration (about 600-700 × g) and have about the same 
ratio between the main and secondary rotation (about 3-4:1), which is sufficient for making 
liposomes from highly concentrated lipid dispersions.

2.2.2. Vial orientation during DC

Vials with a rather longish shape can be placed into the dual rotor in two different orienta-
tions—vertical or horizontal in relation to the plane of the second rotation unit (Figure 4). 
These different orientations result in two different homogenization processes.

2.2.2.1. Vertical vial orientation

Using the vertical vial orientation, the rotating vessel walls are always equally distant from 
the secondary rotation axis. Processing highly concentrated lipid dispersions, the viscous 
and sticky material adheres to the rotating vessel wall, whereby it is transported against the 

Figure 4. Vertical and horizontal orientation of long-shaped vials into a dual rotor.
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 centrifugal forces (inward movement). At the same time, the centrifugal force pushes the sam-
ple material that is not in close contact to the vessel wall in the opposite direction (outward 
movements). Both contrary movements results in strong friction and shear forces within the 
viscous material and thus, in homogenization (Figure 5, left). Homogenization using verti-
cal vial orientation is especially effective in vials with a rather large diameter, e.g., 150 ml 
 disposable PP beakers for the homogenization of bigger batches (Figure 5, right).

2.2.2.2. Horizontal vial orientation

Using the horizontal vial orientation, the position of the vial in relation to the centrifugal 
acceleration changes continuously while turning around the second axis (Figure 6). Having 
the lengthy vial parallel to the acceleration vector allows the material to gain speed and 
kinetic energy over a rather long distance, thus clashing to the top or the bottom of the vial 
with high impact. Within the next forth of rotation, nothing happens until the vial turns into 
an angel, which allows the movement of the sample material again. “From the vials point of 
view,” the sample material constantly moves from the bottom to the top of the vial with high 
acceleration, including a soft transition in between. This type of movement is similar to that in 
a horizontal ball mill, with the difference that the acceleration of the sample material (and the 
balls) in DC is much higher and always constant (up to 1.000 × g). Especially when very small 
amounts of sample material will be homogenized in small vials (e.g., PCR tubes or 2 ml PP 
vials), the horizontal orientation is much more effective than the vertical orientation.

2.2.3. Homogenization aids

Despite liposome preparation by DC-homogenization is possible without any homogeniza-
tion aids, the outcome gets better and the process faster if homogenization aids, in the form 
of heavy beads, are added. Those beads work in two ways: on the one side, the beads help to 
bring the sticky and viscous lipid blends rapidly in motion—simply by increasing the  density 

Figure 5. Left: Schematic view into a rotating vial in a dual rotor. At the same time, the viscous sample material (e.g., 
VPGs)—is transported against the centrifugal forces due to adhesion to the vessel wall, and in the opposite direction 
due to centrifugal acceleration of sample material rather distant to the vessel wall. Both contradictory movements result 
in shear forces and inner friction of the viscous sample material and thus, homogenization and formation of small 
liposomes. Right: Using standard PP beakers in a dual centrifuge placed in vertical orientation (view from top).
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of the  bead-lipid-water mixture and thus its potential energy which is not only a function 
of the centrifugal force but also of the weight of the accelerating material. On the other side, 
DC-homogenization is more effective due to the collision between the beads—with the viscous 
lipid mixture in between. That the bead-bead interactions play an important role for effective 
homogenization is supported by the finding that an increase in the number of beads while keep-
ing the bead mass constant (smaller beads) results in the best DC-homogenization (more beads—
more bead-bead interactions). Possible bead materials are glass, stainless steel, or ceramic.

2.2.3.1. Glass beads

At the onset of the development of DC-homogenization, glass beads which are cheap, easy 
to sterilize, and believed to be inert have been used. However, it turned out that glass beads 
get rapidly smaller during DC, which can be explained by their rather soft surface and the 
very frequent bead-bead interactions. In addition, depending on the intensity of the DC pro-
cess and the processing time, samples developed an unpleasant smell of fish, a phenomenon 
which unfortunately was reproducible. We concluded that the frequent interactions between 
the glass beads results in micro- and nano-sized glass particles (dust) with a huge and, of 
course, fresh basic surface, e.g., due to the potassium oxide within the glass. We propose that 
due to these polar and basic particles, a so-called Hoffmann elimination of phosphatidylcho-
lines takes place (Figure 7), resulting in phosphatidic acid, acetaldehyde, and trimethylamine, 
explaining the fishy smell. The reaction proposed here belongs to the field of heterogenic 
catalysis and has not been seen so far with phospholipids. Beside chemically of interest, even 
a little degradation of phospholipids due to the use of glass beads might be a problem. Thus, 
after a few initial studies, we completely avoided glass beads in DC for making liposomes.

Figure 6. Schematic view into a lengthy vial in a dual rotor in “horizontal orientation,” showing the movement of sample 
material (for detailed description of the process, see text). Below and left: Adapter for placing 20 × 2 ml vials in a dual 
centrifuge in horizontal position (only one of the two possible adapters is shown).
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2.2.3.2. Stainless steel beads

The biggest advantage of steel is its high density of typically > 7.5 kg/l, which would be ideal 
to support the process of the “in-vial” homogenization. Unfortunately, steel has a rather soft 
surface, resulting in steel abrasion that is not acceptable for formulations used in cell culture, 
animal experiments, or in men. Generation of lipophilic steel abrasion can easily be seen by 
the resulting yellowish-colored liposome preparations.

2.2.3.3. Ceramic beads

Ceramic is the material of choice, and there is a lot of experience for beads made of zircon 
oxide stabilized with yttrium (ZY-beads). ZY-beads have a density of > 6 kg/l, which is 
about three times higher than glass. In contrast to glass and steel, the surface is extremely 
hard (microhardness: 1.200 HV [hardness according to Vickers, corresponding to a Mohrs-
hardness between 7 and 8]). ZY-beads are commercially available, even in food and pharmacy 
grade. Finally, using ZY-beads resulted in the best DC-homogenization so far (unpublished 
data). A typical procedure for making liposomes is to add the same weight of beads, as the 
weight of the lipid-water mixture in the respective vial. A typical diameter of ZY-beads used 
for liposome preparation is 1.5 mm which is big enough to subsequently remove the beads by 
filtration, or—after dispersion of the resulting VPG—by simply removing the liquid disper-
sion by a standard pipette, the beads are too big to be sucked into the pipette.

It has to be mentioned that zirconia-containing particles are in use to remove traces of phos-
pholipids from extracts of biological samples to reduce the matrix effects during MS-analytics. 
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Thus, it can be assumed that the ZY-beads used for DC-homogenization also interact with the 
phospholipids during VPG production, an effect—if real—which obviously has no negative 
effect on liposome production.

3. Potential of the DC-liposome technique

Manufacturing of liposomal dispersions destined for human use and biomedical research 
should fulfill some important criteria, and the resulting liposomes should (i) be uniform/
homogeneous, (ii) have a reproducible particle size range, (iii) be sterile, and (iv) be free of 
any traces of harmful substances such as organic solvents or glass residues. Not related to the 
manufacturing process, but very helpful for its acceptance would be an adequate shelf life of 
the liposomes [1]. In addition, the cost- and time-effectiveness of the manufacturing process 
should be considered. Based on these criteria, we discuss the potential of the newly developed 
DC-homogenization in liposome production in relation to

I. its reproducibility and robustness (Section 3.1),

II. the possible batch sizes and the sample capacity (Section 3.2),

III. the gentleness of the DC method as compared to other liposome preparation methods 
(Section 3.3) and

IV. the cost-effectiveness relative to other methods (Section 3.4)

In addition to these issues, we also discuss the potential of applying DC for the dilution of 
VPGs to normal liposomal dispersions (Section 3.5).

3.1. Reproducibility and robustness of the DC method (liposome size, PI, and EE)

3.1.1. Lipid concentration and composition

As already stated in Section 2, efficient homogenization and size reduction by DC demand 
concentrated and thus viscous lipid dispersions. With increasing lipid concentrations from 
10% (w/v) up to 35% (w/v), an improved efficiency of DC-homogenization was observed, 
which was illustrated by decreasing vesicle sizes [15]. The reproducibility of the process was 
also improved with higher lipid contents, resulting in a lower variability of the liposome sizes 
between the batches. However, there is a threshold lipid concentration, and VPGs made from 
50% (w/v) lipids showed a small increase in size and a poorer reproducibility [15]. Thus, a 
lipid concentration range between 35 and 45% (w/v) seemed advisable regarding the applied 
DC processing conditions; EPC3/cholesterol (55:45 mole/mole; 0.5 g batches in 30 ml injection 
vials plus 0.5 g glass beads (Ø = 1 mm); DC for 30 minutes at 3540 rpm (Speedmixer DAC 150 
FVZ). However, different threshold values have been reported with different lipids applied. 
When a phospholipid mix with 80% phosphatidylcholine (Lipoid E-80) was the applied lipid 
raw material, VPGs with up to 50% lipids were successfully prepared [26]. Here, the 50% 
(w/v) VPGs enabled smaller liposomes (163.4 ± 58.2 nm) with lower standard deviation and 

Dual Centrifugation - A Novel “in-vial” Liposome Processing Technique
http://dx.doi.org/10.5772/intechopen.68523

13



batch-to-batch variations, as compared to VPGs containing less lipids (30% (w/v): 486.2 ± 92.8 
nm; 40% (w/v): 216.5 ± 76.3 nm). In addition, the more concentrated VPGs gave higher EE 
values and a lower polydispersity index (PI), with a PI of 0.287 ± 0.065 and 0.186 ± 0.044, in the 
30 and the 50% (w/v) VPGs, respectively [26].

The effect of lipid composition on the liposome size has also been demonstrated for VPGs 
with the same lipid concentration and processing conditions. Using a more rigid lipid blend 
containing saturated phosphatidylcholine (HSPC/CHOL/DSPE-PEG) resulted in bigger lipo-
somes than a more fluid mixture containing an unsaturated phosphatidylcholine (POPC/
DDAB/DSPE-PEG) in 35% (w/v) VPGs [10]. Similarly, the morphology of the liposome ves-
icles was affected by the lipid composition, with more lamellas formed in more rigid lipid 
formulations [10]. The same effect was observed when propylene glycol was added to the 
lipid  mixtures (PG-Lip) [18]. PG obviously reduces the lipid interactions in the lipid bilay-
ers and makes the membranes more flexible than the conventional liposome formulation 
without PG (C-Lip). This gave a significant shorter DC processing time required to reach the 
aimed liposome sizes of 200–300 nm, the optimal liposome size for topical drug deposition 
[27], with a processing time of 3 minutes with PG vs. 50 minutes without PG [18]. In these 
experiments, the standard deviation of the vesicle sizes, and the PI values were higher for the 
PG-Lip formulation because of the reduced processing time. However, the reproducibility of 
the processing method was still found acceptable; PI = 0.31 ± 0.03 (PG-Lip) and PI = 0.13 ± 0.02 
(C-Lip), mean liposome sizes and standard deviation (n ≥ 3) = 278 ± 66 nm (PG-Lip) and 282 ± 
30 nm (C-Lip), respectively [19].

3.1.2. Processing time

As expected, but only up to a certain extent, the DC processing time affects the vesicle size 
[15]. When using a rather rigid lipid blend consisting of saturated phosphatidylcholine and 
cholesterol (55:45 [mole/mole]), 5 minutes of DC-homogenization at maximum speed gave a 
mean liposome size of 105 nm (measured by PCS, number weighted), and after 30 minutes 
of DC processing, the size was further reduced to 62 nm with a reduced standard deviation. 
Since longer DC processing (up to 60 minutes) gave no further size reduction, a processing 
time of 30 minutes was recommended as optimal [15].

3.1.3. Mixing aids

In the first DC-experiments, the addition of glass beads as a mixing aid has been demon-
strated to increase the efficiency of the particle size reduction by DC-homogenization [15]. 
Regarding the amount of glass beads (Ø = 1 mm), the addition of 50–100% (w/w), relative 
to the total weight of the VPG, enabled the most efficient particle size reduction, as well as a 
more homogeneous size distribution [15].

Recently, alternative materials to glass as mixing aids have been tested and found more 
 appropriate (see also Section 2.2.3). Even if glass beads have been the most applied mixing aid 
in DC [10, 15–19, 21, 28–32], and the minor amounts of glass particles found in the  preparation 
postprocessing was judged acceptable [15]; new findings reported in Section 2.2.3 show that 
even a small amount of glass abrasion will catalyze the degradation of PC. Thus, ceramic beads 
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made of zircon oxide stabilized with yttrium (ZY-beads) seem to be the material of choice. 
The higher density of the ZY-beads, as compared to glass beads, results in a smaller volume 
of ZY-beads necessary to support DC-homogenization. In addition, since the ZY-beads are 
heavier and available in very small diameters, the number of beads can be increased to gain the 
aimed bead-bead interactions needed for efficient size reduction, whereas keeping the bead 
volume constant. However, successful preparation of liposomes by DC was also demonstrated 
without any mixing aid present [13, 33, 34].

3.1.4. Drug entrapment efficiency

In general, entrapping water-soluble drugs into VPGs does not seem to affect the liposome 
vesicle sizes [10, 15, 18]. The water-soluble fluorescence dye calcein has been used in several 
studies to investigate the entrapment efficiency of water-soluble drugs into DC-manufactured 
liposomes [15, 16, 21]. These studies, as well as a study where the fluorescence dye 5,6-car-
boxyfluorescein (CF) was used [35], demonstrate that the DC-VPGs enable a high EE of hydro-
philic drugs compared to what is achievable with other techniques, and typically > 50% EE is 
reported. From the previous experience with VPGs made by HPH [36], the high EE of water-
soluble drugs in the VPGs made by DC is somewhat expected. However, EE of calcein into 
VPGs made by HPH was surprisingly lower than into VPGs made by DC-homogenization 
(56.0 ± 3.3% vs. 36.0 ± 3.2%) [15]. This difference might be explained by the bigger size of the 
liposomes produced by DC (60 ± 5 nm [DC] vs. 36 ± 4 nm [HPH], both number weighted), and 
the suggested advantages of having liposomes with higher number of lipid lamellar bilayers 
(see Section 2.1.). Also in accordance with the suggestions made in Section 2.1, a higher drug 
entrapment of water-soluble drugs with increased lipid content has been demonstrated in 
several studies. As an example, EE values for the anticancer drug cytarabin (Ara-C) were 31.7 
± 0.31% in 30% (w/v) VPGs and 72.1 ± 0.25% in 50% (w/v) VPGs, respectively [6].

Also more lipophilic drugs, such as chloramphenicol (CAM), have been entrapped into lipo-
somes by DC-homogenization and EE values close to 50% were found [18, 19]. When compar-
ing this value with EE values obtained with the conventional liposome production techniques, 
probe sonication and filter extrusion, when using the same lipids and CAM-to-lipid ratio, a 70% 
increase in EE was achieved by using DC, even though the resulting liposomes were smaller 
(282 ± 30 nm) compared to those getting from sonication (836 nm) or extrusion (667 nm). Thus, 
the higher EE values were suggested to be due to the increased lipid concentration and the less 
available aqueous media for the drug to diffuse into, as CAM will be in an equilibrium between 
the dissolved portion of the drug present in the aqueous phase and the portion located in the 
lipid bilayer [18]. This is in agreement with the previous suggestions, claiming that VPGs that 
contain drugs that tend to diffuse through and from the liposome bilayers into the aqueous 
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by DC is rather low compared to that of HPH, reflecting a homogeneous size distribution, 
and PI values <0.2 are frequently reported [19–21, 28, 30, 35]. However, PI increases when 
bigger liposomes are obtained due to the formulation and/or processing conditions selected 
[15, 18, 26]. Regarding the entrapping efficiency of drugs into liposomes, DC seems to be 
advantageous over other manufacturing techniques, independently of the charge or solu-
bility characteristics of the drug, and the DC method turned out to be robust and highly 
reproducible.

3.2. Batch sizes/sample capacity in DC

The batch sizes processed by DC homogenization depend on the capacity of the DC instru-
ment used. So far, the DC technology in liposome production has been demonstrated at the 
laboratory scale, and the development of this technology for industrial scale production of 
liposomes remains to be confirmed. However, some progress has been made lately, with the 
new DC prototype ZentriMix 380 R that has a higher capacity compared to the Speedmixer 
DAC 150 FVZ which has been used for the basic developments of DC-homogenization (com-
pared in Section 5 of this chapter). With the new ZentriMix 380 R, the maximum cargo has 
been substantially increased from 150 to 1000 g, but maybe more important, the number of the 
typically used 2 ml vials has been increased from 4 to 40.

The possibility of processing up to 40 samples with different compositions in the same run 
is a big advantage when conducting screening experiments, e.g., for comparing different 
liposome formulations. But also when using bigger vials, e.g., 10 ml injection vials for pre-
paring liposomes for potential human use, 10 vials can be prepared in parallel (see Table 1, 
Section 5).

Beside the advantages of DC processing of many small sample vials in one run, the possibility 
to prepare very small batches significantly helps to save costs, e.g., when doing experiments 
with expensive materials such as siRNA [10, 16], or when compounds to be entrapped or spe-
cial lipids are only available in small amounts [35, 37]. Thus, the typical batch sizes applied 
in the DC-homogenization are usually < 500 mg (2 ml vials), and batch sizes down to 20 mg 
[16] and 1–5 mg [37] have been reported as well. These small batch sizes significantly differ 
from the minimal batch sizes when using HPH. Even with one of the smallest HPH devices, 
the APV Micron Lab 40 lab-scale homogenizer, relatively huge amounts of lipids and drugs 
were necessary. Producing a VPG with a final lipid concentration of 40% would demand 16 g 
lipids and 24 g buffer to fill the 40 ml homogenization vessel [38]. Thus, with the sample mate-
rial for one HPH experiment, 400 DC experiments (á 100 mg) can be performed, which allows 
efficient screening of the optimal conditions.

However, one can discuss that small batch sizes will reduce EE values for water-soluble com-
pounds since such an effect was observed when siRNA was entrapped in conventional lipo-
somes. Reduction of the batch size from 60 to 20 mg VPG resulted in a reduction of siRNA 
entrapment from 71 to 55% [16]. The same effect was observed for siRNA in sterically stabi-
lized liposomes. Since it is known that nucleic acids have an affinity to polar glass surfaces, 
this batch size effect was explained by a possible unspecific binding of the siRNA to the vials 
surface [16]. Therefore, absorption of active ingredients onto the vial surface or to the surface 
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of the mixing aids (glass beads) might reduce EE values, especially when very small batches 
are processed. However, in the same study, entrapment of calcein, which has virtually no 
affinity to polar glass surfaces, was found not to be affected by the samples size [16].

Small batch sizes are also advantages when toxic materials, such as cytostatic or radioac-
tive compounds, are used as ingredients in liposomes formulation. Since the DC method 
also facilitates handling samples in the closed container, it is advantageous to the environ-
mental and personnel safety concerns. Thus, DC was the method of choice and enabled 
successful preparation of Ara-C containing VPGs for a local injection into the brain tissue, 
to provide a sustained drug release in treatment of gliomas, and in vivo studies in rat and 
mice models [26].

3.3. Gentleness of the DC method and advantages of closed container in DC

3.3.1. Temperature

All homogenization methods suitable for liposome size reduction are based on bring-
ing energy into the sample through applying shear forces, which also contribute to a 
temperature increase of the sample. Rise in temperature will accelerate any hydrolytic 
degradation processes and should be avoided to protect phospholipids and other con-
stituents from degradation. Since the Speedmixer DAC 150 FVZ has no cooling unit, the 
temperature and gentleness of the processing method were investigated carefully [15]. 
For comparison, VPGs were also prepared by the HPH performing 10 homogenization 
cycles at 700 bars. Both, DC- and HPH-liposomes were analyzed for phospholipid hydro-
lysis by measuring the content of the hydrolysis product, lyso-phosphatidylcholine (lyso-
PC). The results showed that there was only a slight increase in lyso-PC during the DC 
processing (<0.1%), whereas the liposomes processed by HPH had a lyso-PC increase 
of approximately 1% when autoclaved, which is necessary to get sterile formulations 
[15]. The temperature of the sample during the DC was also monitored and found not 
to exceed 50 ± 1°C during the 30 minutes processing time (6 × 5 minutes, interrupted by 
mandatory breaks for downcooling) [15].

When 40% (w/w) DC-VPGs, containing Ara-C and added sodium sulfite as a preservative, 
were autoclaved, no chemical degradation was noticed after autoclaving, as no degradation 
products neither for the Ara-C drug nor for the E80 lipids applied in the formulation were 
found. The only change observed was an improved viscosity [26]. These results are in accor-
dance with the earlier studies on autoclaving of VPGs made by HPH that was also proven 
stable during autoclaving [39].

The gentleness of the DC method opens new applications for VPGs and liposomes, namely, to 
incorporate highly sensitive drugs such as proteins, i.e., References [13, 28, 34]. As regards to 
the lack of a cooling unit, the short-run cycles are a common way to control the temperature 
rise, and Tian et al. [13] made 1.5 minutes of centrifugation steps interrupted by a cooling at 
2–8°C every 6–8 runs, which gave a successful incorporation of model protein erythropoietin 
(EPO) into the VPGs. However, the new DC device ZentriMix 380 R is equipped with a pow-
erful cooling unit, which allows also longer runtimes without cooling down breaks.
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3.3.2. Closed container

Since DC homogenization is carried out in closed container(s), the sample vial(s) can be flushed 
with inert gas to reduce oxidation of sensitive components. This is however not the normal 
praxis, but sealing of the vials under nitrogen prior to autoclaving of VPGs has been reported 
[26]. Others have stored DC vials prefilled with beads and lipids (lipid film) under argon at RT 
until use [17]. The concept of making a homogeneous lipid film (molecular dispersed lipid mix-
ture) directly in the DC vials for subsequent hydration and DC-homogenization has been dem-
onstrated and found highly useful to optimize the “in-vial” performance of the method, avoiding 
material transfer and possible material loss [18, 19]. This is contrary to other liposome processing 
methods such as the HPH, membrane extrusion, or sonication. The high material recovery has 
been demonstrated by phosphorous determination in the liposomes after DC-homogenization 
and removal of the nonentrapped drug by filtration and or/or dialysis [19]. These results show 
a lipid recovery of about 100% after the DC-homogenization, and a lipid loss of approximately 
13% after dialysis and filtration (0.22 μm filter). Thus, if acceptable EE values are obtained and a 
removal of nonentrapped drug is avoided, a close to 100% recovery is achievable.

The protection of light-sensitive drugs from light during liposome preparation is also possible 
by DC. In addition to the dark conditions provided in the locked DC machine, brown injection 
vials have been applied for extra protection during handling [15, 16, 18]. For comparison, when 
liposomes are prepared by the HPH, open handling is necessary to move the sample content 
from the receiver reservoir to the feeding reservoir in between every homogenization cycles 
(typically 10 cycles). Thus, to protect the sample from light during the processing, one would 
have to operate the instrument in the dark. Closed containers are also of advantage when toxic 
materials, such as cytostatic or radioactive compounds, are used as ingredients in liposomes 
formulation (environmental and personnel safety).

3.3.3. Bedside preparation

Since liposomal formulations contain water and since most low molecular weight drug molecules 
(e.g., conventional cytostatics) are able to diffuse through liposomal membranes from one aque-
ous compartment into the other, the liposome shelf life is limited to hours, days, or sometimes 
weeks. Furthermore, drug molecules sensitive to hydrolysis, like alkylants, might also hamper 
stability. Some drug molecules are also shown to promote phospholipid hydrolysis, like gem-
citabine [40] and camptothecin [41]. Taken together, shelf life is a major problem when developing 
liposomal formulations. Since DC-homogenization allows fast and straightforward preparation 
of liposomes in sterile containers, bedside liposome preparations for patient treatments might be 
one potential application of DC in the future [15]. Applying readymade kits—containing the dry 
lipid mixture, the drug molecule, and mixing aid— would make the liposome preparation easy, 
as only adding the aqueous media before the subsequent DC processing to form VPGs, remains. 
This strategy might facilitate personalized medicine and bedside preparation to take place with-
out any need for dedicated production rooms, as the DC method is performed with locked con-
tainers. Subsequent dilution (dispersion) of the VPGs and dosing of the resulting liposomes into 
an infusion bag would be one potential way of administering the drug, where the rapid infusion 
into the patient would complete the bedside preparations process. DC instruments are bench-top 
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machines, which fit into any hospital pharmacy, where the bedside preparation and the subse-
quent dosing can be performed. However, not only liposomes with a limited shelf life can be 
made assessable for the patients, also liposomal formulations carrying short living isotopes, e.g., 
PET tracers—for a better tumor visualization due to an improved tumor accumulation of the 
liposomes due to the EPR effect—might be a promising application for DC-homogenization. If 
necessary, the DC instruments are small enough to be placed into a sterile bench [15].

3.4. Cost-effectiveness of the DC-liposome technique

3.4.1. Easy and fast DC-homogenization

Many of the already mentioned advantages of the DC in liposome processing, such as high mate-
rial recovery [19], small sample sizes [35], and straightforward and fast procedure [19], will also 
save material cost and personnel expenses in the laboratory. As compared to the more time-con-
suming techniques such as the filter extrusion [42], HPH homogenization [36], and ultrasound 
[43], the relatively higher drug EE obtained with concentrated lipid dispersions (VPGs) may 
make the time-consuming separation step, removing nonentrapped drug from the liposome 
drug carrier, unnecessary before the administration [18]. Especially when drugs are entrapped 
into liposomes to be protected from degradation in the blood stream, one might argue that the 
resulting liposome dispersions with high entrapment might be administered without removing 
the nonentrapped drug, as the free drug will be destroyed immediately after administration into 
the blood stream [11]. An example is liposomal gemcitabine, where the free gemcitabine has a 
half-life of 9 minutes, while the liposomal gemcitabine has a half-life of 13 hours [40].

3.4.2. Device cleaning

It is not only the fast homogenization procedure that is saving time to the operator as com-
pared to other liposome techniques. With disposable and closed containers, the cleaning of 
the machine is avoided. This eliminates also the risk of cross contamination, which might hap-
pen during other methods resulting from a nonsufficient cleaning of the instrument (i.e., the 
probe applied in probe sonication—and instrumentation applied during extrusion—or HPH).

3.5. Mixing of liposomes into secondary vehicles

As DC is not only an “in-vial” homogenization tool but also an “in-vial” mixing or dispersion 
tool, DC machines are also suitable for dispersing the highly concentrated VPGs to normal 
liposomal dispersions. VPGs-dispersion in an aqueous media like a buffer can easily be per-
formed by simply adding the required volumes of aqueous media to the VPGs, using the 
same vials already used for DC-homogenization, and continuing the DC process for typically 
1–5 minutes [17, 28].

However, if topical liposome administration is the target application, there might be a need 
to disperse liposomes into more semisolid, viscous vehicles, such as hydrogels, to gain the 
wanted qualities of the product, such as texture, stability, drug release profile, and  bioadhesion 
[44–47]. The DC technique has been proven suitable for both liposome processing and further 
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mixing of the liposomes into hydrogels, and the topical preparations as liposome-in-hydro-
gels was reported to be homogeneous after DC for 5 minutes at 3500 rpm in the Speedmixer 
[18]. The DC technique has also been applied to prepare liposomes for further embedding into 
gelatin [21]. Here, the DC technique was useful for both the size reduction of the liposomes 
forming VPGs and for the direct dispersion of liposomes into gelatin. Solid matrix liposomes 
in gels are obtained from the gelatin-VPG mass after the cooling [21].

4. Dual centrifugation: current application in liposome research

Since DC-homogenization was first introduced as an innovative method for liposome prepa-
ration in 2008 [15], a number of publications have appeared reporting on this technology for 
different liposome applications. However, the most appreciated advantages of the method 
seem to be its gentleness, the unusual high EE values for water-soluble drug molecules, and 
the small batch sizes. Moreover, the majority of the publications concern the entrapment of 
heat labile peptides and proteins. These proteins and peptides have been entrapped into 
VPGs and liposomes for different routes of administration: oral [21, 30, 31], nasal [33], and 
iv injection [17, 20, 28, 29], or as VPG-depot formulations [13, 34, 48]. Various organs were 
targeted as therapeutic sites: cancerous tissue [10, 26, 35], the central nervous system (CNS) 
and brain [28, 32, 33], liver [31], and skin [18, 19].

The DC “in-vial” liposome technique has facilitated a straight forward preparation 
method for entrapment of siRNA under sterile and RNase-free conditions, with EE close 
to 50% EE [16, 49]. Targeting of the siRNA-liposomes to neuroblastoma cells through 
applying DC in a combination with a sterol-based postinsertion technique was demon-
strated in vitro [10].

Recently, the antitumor effect of anticancer drug cytarabin (Ara-C) loaded into VPGs was evalu-
ated in vivo in nude mice bearing U87-MG glioma cells, as compared to empty VPGs and free drug 
in solution. The formulations were injected subcutaneously around the tumor. For the same Ara-C-
VPG formulation, the in vivo drug release was studied in rat plasma and the in vivo biodistribution 
in rat brain evaluated for 28 days using the UPLC-ESI-MS/MS quantification assay [26]. Here, a 
sustained release of Ara-C from the VPGs was confirmed as the drug (Ara-C) administered as free 
drug in solution could be detected in rat plasma already after 7 hours postinjection into the brain, 
whereas no drug was detected after 7 days from the Ara-C-VPG formulation. Moreover, the thera-
peutic effect lasted at least for 28 days for the Ara-C loaded VPGs, and VPGs were thus suggested 
as a promising local delivery system for postsurgical sustained chemotherapy of gliomas [26].

The DC liposome technique has also been applied to explore new polymeric amphiphiles, so-
called polyether lipids or polymer-lipid conjugates, for obtaining multifunctional liposomes. 
Here, DC was offering the benefit of testing the rationally designed polymer architectures in 
a microscale [35, 50].

In a different study, a simple and reproducible method for preparing  immune-magneto-liposomes 
(ML-liposomes), with iron oxide particles (SPIOS) was developed applying the DC liposome 
 “in-vial” technique. After the liposomes were formed, antigen binding to the surface of the 
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liposomes was successfully carried out applying a postinsertion technique [17]. The antigen 
should facilitate targeting of the activated platelets in atherothrombosis, and thus form a 
contrast agent for timely detection and diagnosis [17].

The DC technique has also been proven useful in preparing so-called liposomes-in-hydrogel 
formulations intended for topical application for local deposition of active ingredients and for 
a sustained release into the skin [18, 19]. In this production procedure, not only the homog-
enization and size reduction of the liposomes but also the mixing of the liposomes into the 
hydrogel vehicle was facilitated by the DC [18].

5. Description and comparison of the dual centrifuges used for liposome 
preparation

Until now, two different DC devices have been used for liposome production (compared 
in Table 1 and Figure 8). The process of DC-homogenization was first discovered using the 

Speedmixer DAC 150 ZentriMix 380 R

Number of rotation units 1 2

Diameter of the rotation unit/usable area of the 
rotation unit

7.5 cm/44 cm2 14.7 cm/170 cm2

Distance between turning-point rotor and turning-
point rotation unit

4.5 cm 10.0 cm

Primary rotation (minimum−maximum) 300–3450 rpm 50–2500 rpm

Ratio of primary and secondary rotation ~4:1 ~3:1

Maximum centrifugal acceleration at the turning 
point of the rotation unit

600 × g 700 × g

Time to maximum speed (empty) ca. 5 seconds ca. 1 minutes

Maximum cargo (sample plus adapter) 150 g 1000 g (2 × 500 g)

Cooling unit (temperature range) Nonexistent Yes (−20 to 40°C)

Runtime 5 seconds–5 minutes 1 minutes–99 hours (30 
minutes recommended)

Dimension (width × depth × height; weight); d 27.5 × 49.5 × 41.0 cm; 25 kg 47.0 × 76.0 × 40.0 cm; 82 kg

Maximum number of samples

Twist top vials, 2 ml 4 40

Injection vials, 10 ml 1 10

Beakers, 150 ml 1 2

Centrifuge tubes, 15 or 50 ml 0* 6

*Tubes are too long for the diameter of the rotation unit.

Table 1. Properties of the dual centrifuges already used for liposome preparation.
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Speedmixer DAC 150 FVZ (Hauschild GmbH & Co KG, Hamm, Germany), which was pre-
dominantly constructed for the effective mixing of two-component dental filling materials as 
well as for other mixing tasks, e.g., in the field of printing inks. To better meet the requirements 
of DC-homogenization for the production of liposomes—which in particular are longer pro-
cessing times and the need for efficient temperature control—a new dual centrifuge has been 
developed, the ZentriMix 380 R (Andreas Hettich GmbH & Co KG, Tuttlingen, Germany).

5.1. Speedmixer DAC 150 FVZ

The Speedmixer is a so-called “dual asymmetric centrifuge” (DAC), meaning that the dual 
rotor is asymmetrically built and carries only one rotation unit. The resulting imbalance dur-
ing operation is compensated by a fix or by variable counter weights. Thus, the allowed total 
cargo is fixed at 5–150 g in predefined steps. In earlier versions of the Speedmixer, for each 
different sample type a special sample vial adapter had to be used which own weight plus the 
sample weight has to be 100–150 g. This type of construction is of advantage if the number of 
samples to be processed is only one. The diameter of the vial holder is approximately 7 cm 
which limits the number of 2 ml vials that can be processed in parallel to 4. Typical lab PP 
beakers with a volume of 150 ml can be processed easily, but not vials longer than 7 cm (e.g., 
15 or 50 ml disposable centrifuge tubes).

Due to its powerful engine and the rather low weight of the dual rotor, the Speedmixer needs 
only seconds to reach its maximum speed. The second rotation for the DC process and the 

Figure 8. Pictures of the two dual centrifuges: the Speedmixer DAC 150 FVZ (left) and the ZentriMix 380 R (right). Their 
respective rotors with typical vial holders are shown in the small pictures.

Liposomes22



Speedmixer DAC 150 FVZ (Hauschild GmbH & Co KG, Hamm, Germany), which was pre-
dominantly constructed for the effective mixing of two-component dental filling materials as 
well as for other mixing tasks, e.g., in the field of printing inks. To better meet the requirements 
of DC-homogenization for the production of liposomes—which in particular are longer pro-
cessing times and the need for efficient temperature control—a new dual centrifuge has been 
developed, the ZentriMix 380 R (Andreas Hettich GmbH & Co KG, Tuttlingen, Germany).

5.1. Speedmixer DAC 150 FVZ

The Speedmixer is a so-called “dual asymmetric centrifuge” (DAC), meaning that the dual 
rotor is asymmetrically built and carries only one rotation unit. The resulting imbalance dur-
ing operation is compensated by a fix or by variable counter weights. Thus, the allowed total 
cargo is fixed at 5–150 g in predefined steps. In earlier versions of the Speedmixer, for each 
different sample type a special sample vial adapter had to be used which own weight plus the 
sample weight has to be 100–150 g. This type of construction is of advantage if the number of 
samples to be processed is only one. The diameter of the vial holder is approximately 7 cm 
which limits the number of 2 ml vials that can be processed in parallel to 4. Typical lab PP 
beakers with a volume of 150 ml can be processed easily, but not vials longer than 7 cm (e.g., 
15 or 50 ml disposable centrifuge tubes).

Due to its powerful engine and the rather low weight of the dual rotor, the Speedmixer needs 
only seconds to reach its maximum speed. The second rotation for the DC process and the 
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respective rotors with typical vial holders are shown in the small pictures.
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main rotation are mechanically couplet by a v-belt, which has advantages in compensating 
the forces during acceleration, but also contributes to the rapid contamination of the rotor unit 
with rubbed-off parts of the v-belt.

The Speedmixer is constructed for rather short runs, and the effective mixing of the mentioned 
dental filling materials needs only 15 seconds. Longer runtimes resulted in a significant and 
rapid development of heat caused by the powerful engine and the used mechanic elements 
(v-belt mechanics and the bearings are deeply embedded in the rotor case). Since the heat pro-
duction is intense, and no cooling unit is implemented, the maximum allowed and adjustable 
runtime is 5 minutes. Thus, reaching a runtime of 20–30 minutes needed for making liposomes 
by DC-homogenization, the Speedmixer has to be restarted at least 4–6 times. If temperature-
sensitive samples have to be processed, it is necessary to patiently allow the Speedmixer as well 
as the samples to cool down between the 5-minute runs. For very sensitive samples, shorter runs 
have to be performed allowing intermediate downcooling of the Speedmixer and—more impor-
tant—the samples. Running the Speedmixer in a cool place (cooling chamber) is of advantage.

5.2. ZentriMix 380 R

To improve the in-vial homogenization process in terms of temperature control, longer process-
ing times and flexibility in the number, shape, and size of the sample vials, a new type of dual 
centrifuge (ZentriMix 380 R) was developed. In contrast to the Speedmixer, the ZentriMix is a 
symmetric dual centrifuge, meaning that the dual rotor carries two symmetrically placed rota-
tion units. However, the abbreviation of this type of dual centrifugation is simply DC, but one 
might discuss if DSC would be more appropriate—as the opposite of the abbreviation DAC.

The dual rotor of the ZentriMix is rather heavy (≈15 kg), very robust, and can process cargos 
from a few milligrams up to 1 kg (2 × 500 g). Due to its higher weight, acceleration of the 
ZentriMix rotor is comparable to that of a normal centrifuge.

The ZentriMix is superior for long runtimes, the technical limit being 99 hours. This was not 
only achieved through the robust rotor case but also by a very robust mechanical coupling 
between the rotation units and the main rotation. This coupling has been realized through 
cogwheels made of polyamide, which also keeps the operation noise in an acceptable range. 
Furthermore, accumulation of heat is almost entirely prevented by a powerful cooling unit. For 
an optimal heat transport, sample vial holders made of aluminum are available (sample vial 
holders are usually made of polyamide), which further helps to keep the sample temperatures 
in acceptable ranges for most applications, even when 40 samples were processed at once.

6. Conclusion

DC has proven to be a straightforward and reproducible method for the production of various 
types of liposomes carrying a broad variety of drugs/active compounds. The method allows the 
preparation of different batch sizes. Especially interesting is the possibility to produce sterile 
liposomes; it is attractive for the immediate preparation of liposomes for in vitro cell culture or 
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in vivo animal experiments. The new dual centrifuges with improved manufacturing features 
and ability to control the in-vial homogenization process (e.g., by temperature control) will 
further contribute to the success of DC in the field of liposome preparation.
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Abstract

Liposomes as cell‐mimetic system have attracted wide attention of researchers in various 
branches of the drug delivery topic as they can be highly functionalized and personalized, 
thus solving the major drawbacks of bioactive molecules linked to their low stability, lim-
ited membrane permeability, short half‐life and low bioavailability. The development 
of sustainable processes able to produce ad hoc liposomes in a rapid manner through 
the use of not‐laboured techniques, avoiding drastic conditions, is of great relevance 
for the industrial sector. In this chapter, two novel liposome production processes, the 
ultrasound‐assisted thin‐film hydration and the simil‐microfluidic techniques sharing 
the same size reduction/homogenization preparative step, are presented. The phenom-
enological aspects involved in vectors constitution through the duty cycle sonication 
process (bilayer rupture/vesicles formation mechanisms) and through the simil‐micro-
fluidic approach (intubated flows interdiffusion mechanisms) are described. Finally, two 
applications as case histories involving the use of the developed techniques for relevant 
classes of active molecule delivery are described. In particular, a pharmaceutical appli-
cation concerns the encapsulation of short‐interfering RNA (siRNA) molecule, used for 
gene therapy, inside cationic nanoliposomes, and a nutraceutical application consists in 
the production of ferrous sulphate anionic liposomal formulations with improved fea-
tures compared to those already present on the market.

Keywords: ultrasonic size reduction, simil‐microfluidic approach, nanoliposomes delivery 
systems, personalized carriers, cell‐mimetic system, gene therapy, nutraceuticals

1. Introduction

Liposomes are closed vesicular structures, constituted by one or more phospholipid bilay-
ers, which are formed when membrane lipids, such as phosphatidylcholine (PC) and 
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cholesterol (CHO), are dispersed in an excess of water. Liposomes are efficient delivery 
systems, which are able to ensure a controlled and targeted release of active molecules 
due to their high biocompatibility, stability, biodegradability, intrinsic toxicity and immu-
nogenicity [1]. Liposomes are also versatile systems in terms of dimensions and chemical 
modifications, they can be easily reduced in size and coated with different polymers and 
their surface can be chemically modified with specific ligands to give active targeting. These 
characteristics, together with their similarity to biological membranes, make them vectors 
of great interest when compared with other carriers. In particular, size and size distribution 
are key parameters determining liposomes performance as delivery systems. Compared 
with micrometre‐sized carriers, produced by traditional microencapsulation techniques, 
nanoparticles have a larger interfacial surface area and have the potential to improve the 
solubility, enhance the bioavailability and improve the controlled release of the bioactive 
principle [2]. In nutraceutical applications, liposomes of nanoscale dimensions can improve 
taste, flavour, stability, absorption and bioavailability of the bioactive compounds [3–6]. 
From a pharmaceutical point of view, nanoparticles are preferred for their elongated reten-
tion time in the small intestine when compared to the larger structures [7] and are particu-
larly desired due to the enhanced permeability and retention (EPR) effect [8]: liposomes 
with small dimensions can permeate through membrane fenestrations of diseased blood 
vessels penetrating into the tumour tissue [9].

Due to their favourable features, liposome‐based products to be used in pharmaceutical 
and nutraceutical field have risen together with the need of large‐scale and low‐envi-
ronmental impact techniques capable of producing significant amounts of liposomes in 
a short time and without the use of drastic conditions. Indeed, according to the Paris 
Agreement on climate change [10], innovation must go hand in hand with the developing 
of green products, improving the business processes and scaling up investments through 
greater energy and material efficiencies [11]. The energy efficiency and emissions reduc-
tion in the industrial sectors are the crucial point. All this constitutes the basis of the 
modern industrial manufacturing and the approach is referred as process intensification 
PI [12–14].

Nowadays, there are a wide set of possibilities to produce lipid‐based drug delivery systems 
through the use of conventional or more recently discovered techniques [15–17]. The mem-
brane contactor, the supercritical fluid and the microfluidic methods [18–20] are among the 
most recent.

However, despite the leaps and bounds made with the novel technologies in the last few 
years, the majority of these methods are characterized by high‐energy request, long times 
of process, the use of toxic solvents together with a low productivity. In particular, the most 
used techniques, such as the ethanol injection [21] or the thin‐film hydration (TFH) method, 
are bench‐scale methods characterized by bulk discontinuous processes. Microfluidics is a 
relatively new technology used for the production of liposomes on nanometric scale [22]. The 
latter gives the possibility to produce, in a continuous manner, small unilamellar liposomes 
(SUVs) with a precise control on liposomes dimensional features by modulating the flows at 
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micrometric scale; anyway the method is characterized by elevated costs of microfabrication 
and low‐product volumes in output.

To overcome these limitations, in this work, two novel versatile and reliable techniques for 
nanoliposomes production, based on the use of ultrasound as process intensification tool, 
have been presented. At first, in order to produce, in a versatile manner, nanometric structures 
with the desired dimension, an ultrasound‐assisted size reduction process was developed 
and coupled with the conventional thin‐film hydration method. Subsequently, due to its reli-
ability and versatility, the ultrasound‐assisted process generated was also used for liposomes 
homogenization operation during vesicles production through a simil‐microfluidic approach. 
In that regard, a semi‐continuous apparatus, based on microfluidic principles, was expressly 
designed and fabricated in order to produce higher volumes of lipid vectors, potentially on 
production scale, directly of nanometric size, overcoming the limitations of the small output 
volumes typical of the conventional bench‐scale techniques. The phenomenological aspects 
involved in vectors constitution were investigated and described for both the adopted setup. 
The two methods were finally adopted for short‐interfering RNA (siRNA) and ferrous sul-
phate encapsulation in ad hoc‐formulated nanoliposomes to be used in pharmaceutical and 
nutraceutical applications, respectively.

2. Novel developed techniques for liposomes production

2.1. Ultrasound‐assisted thin‐film hydration: layout, principles and phenomenological 
aspects

A versatile and reliable technique able to produce liposomes of different sizes to be used 
for disparate applications has been developed by coupling the conventional thin‐film hydra-
tion method [16], which produces micrometric structures, with an ultrasound‐assisted pro-
cess developed to prepare, in a versatile manner, nanometric structures with the desired 
dimensions. In particular, the size of liposomes is determined during the production process, 
decreasing due to the addition of ultrasound energy. The energy is used to break the lipid 
bilayer into smaller pieces, then these pieces close themselves in spherical structures as phe-
nomenologically detailed in Section 2.1.3.

2.1.1. Layout

Figure 1 shows a schematization of nanoliposomes production process through the ultra-
sound‐assisted TFH technique developed. The setup is composed by four main sections: a 
feeding section where solutions are stored, an evaporation section, constituted by a rotary 
evaporator (Heidolph, Laborota 4002 Control), where solvents are removed, a production sec-
tion composed of a tank where vesicles are formed and then homogenized through the use of 
an ultrasonic source (VCX 130 PB Ultrasonic Processors of Sonics & Materials Inc., CT, USA; 
maximum power of 130 W; frequency of 20 kHz), giving nanoliposomes as output product 
and, finally, a recovery section where vesicles are collected and characterized.
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Briefly, for liposomes production at nanometric scale, at first lipids are dissolved in 
organic solvents (chloroform/methanol) eventually containing the hydrophobic drug to 
be encapsulated; after mixing, the solution is vacuum‐dried. The dried lipid film, which is 
generated, is then hydrated at room temperature with water or other hydration solutions 
eventually containing the hydrophilic drug to be encapsulated and continuously stirred. 
A suspension containing multilamellar vesicles (MLVs) is produced, maintained at room 
temperature for several hours and then sonicated by applying a duty cycle purposely 
developed.

The duty cycle is a discontinuous process by which the liquid sample is sonicated in periodic 
time intervals followed by switch off in energy supply. It consists of few and short (in the 
order of seconds) irradiation rounds each followed by few and short pause in order to pre-
vent thermal vesicle disruption, thus obtaining large vesicles (LVs). The sample is stored over-
night at 4°C and protected from light in order to stabilize the produced LVs. Subsequently, in 
order to obtain SUVs, after the stabilization phase, the sample is sonicated again, up to more 

Figure 1. Nanoliposome production through the ultrasound‐assisted thin‐film hydration method; the main steps 
are reported: from Tank 1, the lipids/organic solvent solution (eventually containing the hydrophobic molecule to be 
encapsulated) is introduced in the evaporation section where, by means of a rotary evaporator, solvents are removed leading 
to the formation of a lipid film. This is then hydrated with a solution (eventually containing the hydrophilic molecule to 
be encapsulated) stored in Tank 2 of the feeding section. The suspension is homogenized through an ultrasound‐assisted 
process leading to the nanoliposome formation. Finally, the suspension is recovered and characterized.
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rounds. The process parameters influencing the sizing process are the ultrasonic amplitude 
(%), the power (W), the number of sonication cycles, the time of sample exposure to ultra-
sounds and the volume of the sample treated. As described in detail in Ref. [4] by using a 
45% amplitude (percentage of maximum‐deliverable power), treating 1‐ml volume and by 
applying the duty cycle, starting from MLVs, after several irradiation rounds, LUVs with 
1.416 ± 0.117‐μm diameter size are obtained. Subsequently, after more sonication rounds, 
SUVs with a mean diameter size of 86 ± 33 nm are produced. Finally, after more irradiation 
rounds, SUVs of 51 ± 28 nm and 49 ± 26 nm are obtained, respectively. In Figure 2, produced 
vesicles from micro‐ to nanoscale are shown. The duty cycle sonication protocol, coupled 
with the traditional thin‐film hydration method, gives several advantages over conventional 
liposome‐sizing processes as detailed in the next paragraph; first of all, there is the possibility 
to change liposome dimensions according to the application requirements, avoiding the fixed 
pore size of the membranes used in the extrusion method.

2.1.2. Principles of the ultrasound process and benefits

Ultrasound is a mechanical vibration phenomenon having a frequency above the range of 
human hearing (>20 KHz). When ultrasound is adsorbed by a medium, acoustic vibrations 
increase kinetic energy, producing instantaneous temperature and pressure rise. The explana-
tion of the process can be found in cavitation‐wave hypothesis, proposed in 1960. According 
to this hypothesis, when pressure changes, there is a formation of cavities at liquid–gas 
interface. The collapse of these cavities generates shock‐wave bubbles capable of resonance 
vibration and producing vigorous eddying or microstreaming. The stresses associated with 
the propagation of ultrasonic waves may be converted into thermal energy or into chemical 
energy. Ultrasound‐assisted processes can be used for disparate industrial applications, that 
is, to homogenize, atomize, disperse, deagglomerate and sizing particles, emulsify, disinte-
grate cells and extracting protein or enzymes from them, to increase reaction speed, to clean 
and to degas liquids. For example, ultrasonic atomization takes advantage by ultrasound 

Figure 2. Fluorescence microscopy images of lipid vesicles labelled with Rhodamine B dye (100× objective). Right: 
Vesicles on microscale not subjected to the size reduction process. Left: Vesicles on nanoscale after sonication in duty 
cycle.
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phenomenon to break up a liquid film into fine droplets. In this case, the phenomenology of 
the droplets formation process can be explained with cavitation‐wave hypothesis or with the 
capillary‐wave hypothesis [23] which analyse the behaviour of a liquid on the solid surface 
vibrating based on Taylor instability criteria [24]. When the vibration has a frequency of 30 
Hz, above a threshold value of amplitude, on the liquid surface capillary waves are formed 
consisting in crests and troughs. At higher values of amplitude, liquid droplets, separated 
from the wave crest, are formed [25].

In general, ultrasonication is an easy and scalable process which shows competitive energy 
costs, applicable in a vast range of fields and for disparate applications. Regarding the par-
ticle size reduction, it takes advantage from ultrasound process of the ability to break up 
lipid structures. In case of nanoliposomes production, the energy is used to break the lipid 
bilayer into smaller pieces; then these pieces close themselves in spherical structures produc-
ing SUVs. In comparison with other sizing techniques, the ultrasonic, which once shows great 
potential due to reduced time spent and easiness in use, is a simple and efficient method to 
reduce liposome dimension [26, 27]. Ultrasonic process does not require a number of pas-
sages of liposome suspension through a membrane such as extrusion method, and high pres-
sures are not required. Furthermore, the final dimensions of particles are not fixed to the pore 
size of the membrane, but it is possible to change the vesicle size according to the applica-
tion requirements. This is possible by controlling the duty cycle, the discontinuous process 
before described in which the liquid sample is sonicated in periodic time intervals followed 
by switch off in energy supply. Finally, due to the critical importance to have a sterile environ-
ment during loaded SUVs production, another advantage is that sonotrode tip is simpler to 
clean and sterilize [4].

2.1.3. Phenomenological aspects

As described in Ref. [28], from a thermodynamics point of view, the free energy of the lipo-
some membrane is mainly given by two contributions: the elastic energy due to membrane 
curvature and the tension energy due to the edge of the layer. Indeed, at the boundary of 
a bilayer, the polar heads have to be arranged as a semi‐circle, in order to connect the two 
monolayers [29]. The elastic energy has been estimated by Helfrich [30] as proportional to the 
second power of twice the mean surface curvature, 1/R [m−1], and to Gaussian surface curva-
ture, 1/R2 [m−2]; through the main elastic moduli, kc [J] and     k ¯¯    c    [J], the edge energy are assumed 
to be proportional to the length of the bilayer edge [30, 31], by the edge tension parameter, γ 
[J m−1]. On the basis of simple geometrical reasoning [31], a disc initially of radius ρD [m], with 
a surface area AD = πρD

2, which is (partially) bended towards forming a sphere (equivalent in 
area, then with a sphere radius RS [m] of RS = ρD /2), has an edge length equal to L = (2πρD

2) 
√1−(ρD

2/(4R2). Summarizing, for N vesicles with a mean curvature 1/R, the total free energy 
could be estimated by Eq. (1) [1]

  g = N  (   g  elastic   +  g  edge   )    = N  {    [    1 _ 2    (   k  c   +   1 _ 2      k ̄    c   )     
4π  ρ  D  2  

 _  R   2    ]    +   [  γ  (  2π  ρ  D   )    √ 
_

 1 −   
 ρ  D  2  

 _ 4  R   2      ]    }     (1)

Therefore, the thermodynamic of the process could be described once the number and the 
size of the starting discs, N and ρD, as well as the curvature of the vesicle, 1/R, are known; 
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after the estimation of the material parameters (2   k  
c
   +    k ¯¯    

c
   ) and γ. In general, when the energy is 

supplied to the system, the curvature decreases (the radius of curvature increases), meaning 
that the spherical vesicles start to open, and the number of liposomes remains constant: for the 
first second of the process, the supplied energy is used just to increase the free energy of the 
membrane. During the following 9 s, the radius of curvature remains constant on a very high 
value because the membrane is flat, the radius of the equivalent disc starts to decrease and the 
number of structures increases. Both these phenomena are due to the fact that the membrane 
is being disrupted by the ultrasound energy, thus the total free energy increases, being stored 
in the structures as edge energy. The magnitude of the phenomena, which happen during 
this phase, is also dictated by the value of the power parameter   g ̇   0 (the higher the power, the 
higher the number of discs produced and the smaller their size). During the following 20 s, 
the relaxation process starts, and the discs bend themselves towards the spherical configura-
tion, since the total free energy in that configuration is lower (the elastic contribution is lower 
than the edge contribution). During this phase (the bending phase), the radius of curvature 
decreases (the curvature increases) and the total free energy decreases, no more entities were 
produced and their size remains constant (N and ρD are constants). Subsequently, the cycle 
starts again. During the first seconds, the discs open (R increases), the entities do not change 
the number and size (N and ρD remain constants) and the total free energy increases. During 
the remaining of supply‐energy phase, the entities were flat discs, and then the energy was 
used to disrupt them: the curvature does not change, the number of entity increases and their 
size decreases. The total free energy still increases. Then, the relaxation phase takes place: the 
discs bend towards sphere, thus the radius of curvature decreases and the total free energy 
decreases too. The number and the size of entities remain constant.

2.2. Simil‐microfluidic method: layout, principles and phenomenological aspects

A simil‐microfluidic apparatus was expressly designed and fabricated in order to produce lipid 
vectors, potentially on production scale, directly on nanometric size, overcoming the limita-
tions of the thin‐film hydration technique (and other conventional production methods), which 
produces small output product volumes in a slow and discontinuous manner. Moreover, the 
method was developed to avoid the limitations related to the expensive devices needed and 
microfabrication costs of the microfluidic systems, by transposing their principles to a millimetre 
scale, drastically reducing the production costs and increasing the yields. With this aim, a new 
semi‐continuous bench‐scale apparatus was designed and developed and the ultrasonic energy 
was used again as an intensification tool for liposome homogenization. The protocol based on 
the simil‐microfluidic approach basically consists in the realization of a contact between two 
flows, lipids/ethanol and water solutions, inside a millimetric tubular device where interdiffu-
sion phenomena allow the formation of lipid vesicles as detailed in the subsequent paragraphs.

2.2.1. Layout

Figure 3 shows a schematization of the developed simil‐microfluidic apparatus. The setup is 
constituted by five main process sections: a feeding section, a pumping section, a production 
section, a homogenization section and a recovery section.
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In particular, the feeding section consists in two lines. The first one is made up by a stirred 
tank filled with lipids/ethanol solution (Tank 1 of Figure 3), in which a hydrophobic active 
molecule to be encapsulated, conveyed in a silicon tube with an internal diameter of about 2 
mm, is eventually dissolved. The second line includes a stirred tank filled with the hydration 
solution (Tank 2 of Figure 3), which can be pure water or an aqueous solution, eventually 
containing the hydrophilic active molecule to be encapsulated, conveyed in a flexible silicone 
tube with an internal diameter of few millimetres.

The pumping section is composed by two single‐head peristaltic pumps (Verderflex OEM 
mod. Au EZ) indicated as Pumps 1–2 in Figure 3.

The lipids/ethanol solution tube ends with several tenths of millimetres internal diameter 
needle inserted into a silicon tube, an extension of the water tube. This is the production sec-
tion sketched in Figure 3. In this section, an interdiffusion of the two pushed liquids occurs 
leading to the formation of liposomes on nanometric scale; the suspension is then collected 
inside a tank and subjected to a homogenization in order to optimize vesicles size distribu-
tion. The suspension is finally recovered and characterized.

Figure 3. Nanoliposome production through the simil‐microfluidic setup. The main sections are reported: feeding, 
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Briefly, the process starts when lipids/ethanol and water solutions are pushed through peri-
staltic pumps into the production section, where liposomal vesicles are formed directly on 
nanometric size (the phenomenology behind vesicles formation through a simil‐microflu-
idic approach will be discussed in the next paragraph). The formed hydroalcoholic solution 
is recovered and subjected to a homogenization process through the duty cycle sonication 
protocol, previously described for the ultrasound‐assisted thin‐film hydration method [28] 
(Section 2.1.1).

2.2.2. Phenomenological aspects

From a phenomenological point of view, liposome formation is governed by the molecular dif-
fusion between two phases: the organic solvent, in which the lipids are solubilized, and the 
water; the latter simultaneously diffuses into the organic solvent in order to reduce its concen-
tration below the critical value required for the lipid’s solubilization. During the diffusion pro-
cess, lipid vesicles on nanometric scale start to form through a mechanism called ‘self‐assembly', 
according to the theory by Lasic and Papahadjopoulos [32]: lipids dissolved in an organic sol-
vent are in the form of bilayer fragments (phospholipid bilayer fragments, BPFs), the interdif-
fusion of the water and the organic solvent reduces the solubility of the lipids in the solvent 
causing thermodynamic instability of BPF edges, inducing the curvature and the closure of 
bilayer fragments which allow the formation of liposomal vesicles [32]. In the simil‐microflu-
idic setup developed, through the use of constructive expedients (millimetric tubes, peristaltic 
pumps and injection needle), the reproduction of the laminar flow regime was possible, all the 
Hagen‐Poiseuille assumptions being satisfied, that is, the Reynolds number was found to be less 
than 2100 for all the volumetric flow rate conditions tested; the piping length in which the two 
phases interdiffuse was longer than the ‘entrance length’ required to obtain the parabolic profile 
[33]. In particular, for a microfluidic system and thus for a laminar flow, liposome formation 
occurs at the interfaces between the alcoholic and water phases, when they start to interdif-
fuse in a direction normal to the liquid flow stream. Changes in flow conditions result in size 
variations of the insertion section of the organic phase reflecting on the vesicles dimensional 
features. In particular, increasing the volumetric flow rates ratio, the size of the insertion section 
of the organic phase decreases; this leads to a major dilution of the organic phase limiting the 
formation of long BPFs, thus inducing the production of liposomal structures of small dimen-
sions. In general, it was shown that the variation in shear forces at the interface of the two fluids 
has no consequence on liposome structure. In particular, maintaining constant the volumetric 
flow rates ratio and changing both the buffer and the lipid alcoholic solutions volumetric flow 
rates, Jahn and collaborators have demonstrated that it is not the magnitude of the shear forces 
between the parallel‐layered stream in having significant impact on liposome’s size and size 
distribution but the stream width (which depends on the volumetric flow rates ratio) [20]. Due 
to the developed apparatus, the phenomenology connected to the vesicles formation through a 
microfluidic approach was achieved, exceeding the limit of the bulk methods where a driving 
force of entropic nature leads to the liposome formation. Local fluctuations of the lipid concen-
tration in a bulk solution make difficult to control the size and the polydispersity of the pro-
duced vesicles. On the contrary, the presence of intubated laminar flow with the relative matter 
diffusive transport allows to minimize the fluctuations of the lipid concentration inside the tubes 
and to modulate the size and the size distribution of the final vesicles.
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2.2.3. Influence of process parameters on liposome dimensional features

When using the simil‐microfluidic approach, the lipid concentration and the volumetric flow 
rate ratio [Vhs/Vls] have a great influence on liposome’s size distribution as described in Ref. 
[34] and also found by Jahn and collaborators for a microfluidic hydrodynamic‐focusing plat-
form [35]. In particular, increasing the ratio between the water volumetric flow rate to the 
lipids‐ethanol volumetric flow rate, the PDI value increases as shown in Figure 4B. On the 
contrary, the effect of the ultrasound‐assisted process in reducing PDI and thus in ameliorat-
ing their size distribution (homogenizing) can be observed (Figure 4B).

Another crucial parameter affecting nanoliposome’s dimensional features is the lipid con-
centration. In particular, as visible in Figure 5A, increasing lipid concentration, the liposome 
diameter also increases. This can be explained by the fact that at equal fluid dynamic condi-
tions, a greater number of lipids impact at the same alcohol/water interface area dissolving 
in the same water volume, thus joining to form larger vesicles. The sample seems to be better 
homogenized at the higher‐tested lipid concentration (Figure 5B).

Figure 5. Liposome diameter size (A) and polydispersity index (PDI) (B) before and after sonication treatments at 
different phosphatidylcholine (PC) concentrations in the hydroalcoholic solution [34].

Figure 4. Liposome diameter size (A) and polydispersity index (PDI) (B) before and after sonication treatments at 
different volumetric flow rates [34].
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3. Case histories

3.1. Pharmaceutical application: nanoliposome vectors for siRNAs delivery

The short‐interfering RNAs are double‐stranded RNA molecules able to target disease com-
ponents, at genetic level that are considered ‘undruggable’ with the conventional medicines; 
thus, their use in the development of innovative gene therapies is growing faster in recent 
years. Due to their low stability in physiological fluids, low‐membrane permeability and 
their short half‐life in the circulatory system, siRNAs are not useable in their naked form and 
require to be encapsulated in suitable carriers.

As described in Ref. [36], siRNA sequences directed against E2F1 transcription factor 
(siE2F1‐1324) were encapsulated inside positively charged vesicles purposely designed and 
produced to enhance the interaction with both the negatively charged siRNA, improving its 
encapsulation efficiency, and the cell‐plasmatic membrane, also negatively charged, improv-
ing siRNA incorporation in the target cells [37, 38]. It was demonstrated that E2F1 promotes 
the aggressiveness of human colorectal cancer by activating the ribonucleotide reductase 
small subunit M2 whose high expression induces cancer and contributes to tumour growth 
and invasion [39]. Due to the observed correlation, the inhibition of E2F1 expression was 
studied as a potential way to treat colorectal cancer by encapsulating siE2F1 in cationic nano-
liposomes suitably produced by the ultrasound‐assisted technique developed. The loaded 
nanoliposomes were then transfected in human cell lines and in intestinal human biopsy 
fragments (collected from IBD donors during lower endoscopy performed for colonic cancer 
screening) to investigate their in vitro and ex vivo silencing activity. In particular, siE2F1 
nanoliposomes were transfected in HT29 human colon adenocarcinoma cell line, where con-
ditions are more reproducible, and in cultured human biopsies, in which the cell‐cell interac-
tions, thus the human intestinal mucosa cytoarchitecture, are preserved unlike isolated cell 
cultures.

3.1.1. Materials and methods

Formulation: Nanoliposomes loaded with siRNA sequences for E2F1 expression inhibition 
were designed and produced by using cholesterol (CAS 57‐88‐5), l‐α‐phosphatidylcholine 
from egg yolk (CAS 8002‐43‐5) and dioleoyloxy propyl‐N,N,N‐trimethylammonium propane 
(DOTAP) (CAS 132172‐63‐1, >99 % pure), purchased from Sigma‐Aldrich (Milan, Italy). In 
designing the liposome bilayer, the cationic DOTAP phospholipid was chosen to electrostati-
cally interact with the negative siRNA molecules, promoting siRNA encapsulation inside 
the lipid vesicles, and to interact with the negative cell membrane. The charge ratio between 
DOTAP and siRNA sequences used was 8.5:1 (±), selected on the basis of previous work [40].

The siRNA sequence direct against E2F1, the siE2F1‐1324, was selected [41, 42]. siE2F1‐SUV 
complexes were produced using the thin‐film hydration method [16] followed by duty cycle 
sonication [28]. Briefly, PC, DOTAP and CHOL at 3:0.3:1 (mol:mol) ratio were dissolved in 
chloroform/methanol at 2:1 (vol/vol). The solvent was removed and the produced lipid film 
was hydrated with a phosphate buffer solution (PBS; potassium phosphate monobasic of 0.2 M,  
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sodium hydroxide of 0.2 M, pH 7.4) containing siE2F1‐1324 at 8 μM. siRNA‐positive and 
‐negative controls (scramble siRNA) were also encapsulated. Finally, the above‐described 
steps were followed also for unloaded liposome production with the only difference in 
the hydration solution which was pure PBS not containing siRNA sequences. By this way, 
multilamellar vesicles were achieved, maintained at room temperature for 2 h and then 
diluted obtaining an siRNA concentration of 4 μM for the loaded samples with a 1:260 
(w/w) siRNA/total lipid ratio.

Production: In order to obtain nanoliposomes, samples were subjected to the duty cycle sonica-
tion process through the developed ultrasound‐based size reduction method and previously 
described (Section 2.1.1).

Unloaded and siRNA‐loaded SUVs were morphologically characterized through an optical 
microscope, equipped with software to capture the images in the fluorescence field (Axioplan 
2‐ Image Zeiss, Jena, Germany). The size and zeta‐potential determinations were performed 
by using the ZetasizerNano ZS (Malvern, UK) with non‐invasive backscatter (NIBS) optics. 
The resulting particle size distribution was plotted as the number of liposomes versus size. The 
encapsulation efficiency (E.E.) by spectrophotometric (Lambda 25 UV/VIS Spectrophotometer, 
λ = 260 nm for RNA molecules) and electrophoretic assay (run on 1.5% agarose gel) was evalu-
ated. The E.E. was determined as the percentage of siRNA encapsulated into SUVs, calculated 
subtracting the amount of siRNA present in the supernatant of the centrifuged sample from 
the total amount of siRNA included in the formulation, to the initial amount of siRNA used.

In order to evaluate siRNA‐nanoliposome cytotoxicity and their potential in E2F1 silencing, 
the complexes were transfected at 200 nM in human colorectal adenocarcinoma cell lines 
HT29 and in human colon mucosa biopsies, isolated from donors during colonoscopy.

3.1.2. Results and discussion

The production process (formulation and manufacturing) is of crucial importance in prepar-
ing siRNA‐liposome complexes with the desired shape and size without damaging siRNA’s 
integrity. The shape of liposomes is the main factor affecting carrier’s entry in the cellular com-
partment. Spherical nanoparticle’s uptake in mammalian cells was demonstrated to be 3.75–5 
times more than rod‐shape nanoparticles, indicating that the carrier’s curvature can affect the 
entry in the plasma membrane [43]. In that regard, spherical SUVs were obtained through 
the ultrasound‐assisted method adopted which has been successfully used to produce stable 
siRNA‐SUV complexes on nanometric scale. The achieved siRNA‐liposomes, with a mean 
diameter size of 38 nm (Table 1), are useful for the EPR effect, which involves carrier’s extrava-
sation through tumour vascular fenestrations of 50–100‐nm range size. Another important fea-
ture is the surface charge of liposomes. Zeta‐potential (ζ) was investigated for both unloaded 
and SUVs encapsulating siRNA samples; the results are presented in Table 1. The positive 
zeta‐potential makes the produced liposomes applicable for the encapsulation of negative 
siRNA molecules and also promotes the fusion with the negatively charged cell membrane. 
The ζ‐value of the unloaded liposomes (27.90 ± 1.60) appears to be significantly higher than 
the zeta‐potential of the siE2F1‐1324‐SUV sample (18.02 ± 1.07 mV) suggesting that a strong 
complexation in addition to the siRNA core encapsulation occurred for the loaded structures.
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Considering the high degradability of siRNA molecules, thus the difficulty in preserving 
them during all production steps, one of the main goals was to produce liposomes on nano-
metric size ensuring the integrity of siRNA’s molecular structure at the end of the process as 
well as preserving their biological activity. siRNA sequences were encapsulated with a 100% 
E.E. showing the efficacy of both the production technique and the formulation adopted. 
Moreover, electrophoretic studies have showed the high complex stability, which is a very 
important parameter to take into account due to the high degradability and toxicity of free 
siRNA molecules. This result indicates the safety of the developed ultrasound‐assisted tech-
nique which allows preserving siRNA integrity since no evidence of nucleic acids degrada-
tion was visible through the electrophoretic assay.

Regarding the unspecific toxicity of SUVs, results have indicated that siRNA‐nanoliposome 
complexes are far less toxic than Lipofectamine®2000, a commonly used transfection agent 
which was also investigated in order to have a comparison with the developed liposomal 
vesicles. siE2F1‐SUVs were also able to significantly reduce the vitality of the HT29 colon 
carcinoma cells, thus proving the effectiveness of the complexes and their ability in siE2F1 
delivery, which finally down‐regulates cell growth. SUVs were able to enter the cell and 
release siE2F1 without any toxic effects. Finally, a successful uptake and an E2F1‐silencing 
effect were also observed in cultured human colon mucosa biopsy, achieving an E2F1 protein 
inhibition till 80.5%, with a patient‐dependent response. It can be stated that the size reduc-
tion process through sonication in duty cycle is a far less complex and more rapid method 
for liposome size reduction than the one usually adopted and is able to produce liposomes in 
the nanometric size range (which can thus take advantage of the EPR effect) with high degree 
of size homogeneity and 100% encapsulation efficiency, relevant feature that can guarantee a 
uniform behaviour in terms of delivery properties [36].

3.2. Nutraceutical application: nanoliposome vectors for ferrous sulphate delivery

Anaemia, caused by iron deficiencies, is one of the most widespread nutritional deficien-
cies, affecting globally two billion people [44]. Despite the success of iron food fortification, 
particularly in developing countries, the lack of a robust, simple and easy‐to‐transfer forti-
fication technology has limited this technology [45]. Moreover, the supplementary micro-
nutrient products present on market in the form of tablet or capsules have to be improved 
in quality and variety in order to increase their availability and access in the commercial 

Properties siE2F1‐1324 Unloaded SUVs

SUVs size [nm] ± SD 38.1 ± 5.6 24.9 ± 5.8

PDI ± SD 0.4 ± 0.02 0.26 ± 0.005

Zeta‐potential [mV] ± SD 18.0 ± 1.07 27.9 ± 1.60

Encapsulation efficiency [%] 100 –

Encapsulation efficiency (E.E.) for siRNA‐loaded nanoliposomes. Results are expressed as average of three determinations 
with SD as standard deviation [36].

Table 1. Size, PDI and zeta‐potential of unloaded and siE2F1‐1324‐loaded small unilamellar vesicles (SUVs) produced.
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sector [46]. In order to meliorate the supplementary iron products currently on the market, 
often composed by micrometric particles, sometimes containing the less absorbable ferric 
form of iron and obtained, in the most of the cases, by using ineffective production pro-
cesses and drastic conditions, ferrous sulphate nanoliposomes were produced by using the 
developed simil‐microfluidic apparatus.

3.2.1. Materials and methods

Formulation: l‐α‐phosphatidylcholine from soybean, Type II‐S, 14–23% choline basis (CAS n. 
8002‐43‐5), cholesterol (CAS n. 57‐88‐5), ferrous sulphate heptahydrate (CAS n. 7782‐63‐0), 
ascorbic acid (CAS n. 50‐81‐7) and ethanol of analytical grade (CAS n. 64‐17‐5) were purchased 
from Sigma‐Aldrich (Milan, Italy) and used for liposome production. Unloaded and ferrous 
sulphate‐loaded nanoliposomes were produced by using the simil‐microfluidic bench‐scale 
apparatus developed whose layout and main process steps are described in Section 2.2.1. In 
particular, a 10:1 (Vhs/Vls) volumetric flow rate ratio and a 5‐mg/ml lipid concentration in the 
final hydroalcoholic solution were used for liposome preparation.

Production: Briefly, a lipid/ethanol solution was obtained by dissolving PC and cholesterol in 
10 ml of ethanol. Cholesterol was used at 2.5:1 (mol/mol) PC/CHOL ratio which corresponds 
to the typical composition of the cell membrane, as suggested by Abbasi and Azari [47] and 
was added to the formulation in order to stabilize the loaded vesicles. Ferrous sulphate hep-
tahydrate and ascorbic acid were dissolved in 100 ml of deionized water, which was used as 
hydration solution. Ascorbic acid was added as an anti‐oxidant to preserve the ferrous ion 
against oxidation in a ferrous/ascorbic acid. It has been shown that the co‐addition of ascor-
bic acid and iron in a 2:1 molar ratio (6:1 weight ratio) increases iron absorption from foods 
twofold to threefold in adults and children [48–50]. In particular, different formulations were 
produced which differ from each other for the ferrous sulphate/total formulation components 
(lipids, ascorbic acids and ferrous sulphate) weight ratio (w/w) used. Starting from a 0.06 fer-
rous sulphate/total components weight ratio, selected from Xia and Xu [51], nanoliposomes 
were also produced by using a 0.02 ferrous sulphate/total components (w/w) ratio and main-
taining all the other chemical and adopted process parameters constant. In order to have a 
comparison with the ferrous sulphate‐loaded particles, unloaded nanoliposomes were pro-
duced by adoperating the same formulation and process conditions but using, as hydration 
solution, pure deionized water without the addition of ascorbic acid and iron.

Unloaded and ferrous sulphate‐loaded SUVs were at first characterized in terms of morphol-
ogy, size and zeta‐potential (ZetasizerNano ZS, Malvern, UK). The resulting particle size dis-
tribution was plotted as the number of liposomes versus size.

The encapsulation efficiency was determined as the percentage of ferrous sulphate encapsu-
lated in nanoliposomes to the initial amount of ferrous sulphate included in the formulation. 
Triton X100 at 1% (v/v) was used in order to lyse the nanoliposomes and analyse the encapsu-
lated ferrous sulphate. Iron determination was performed by the 1,10‐phenanthroline colori-
metric method through UV spectrophotometric assay (Lambda 25 UV/VIS Spectrophotometer, 
Perkin Elmer, Monza, Italy). A λ = 510 nm, typical of the 1,10‐phenanthroline‐Fe2+ ions com-
plex, was considered.
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3.2.2. Results and discussion

The simil‐microfluidic bench‐scale apparatus developed has allowed to successfully produce 
iron‐loaded nanoliposomes in the desired range size. The method has permitted to produce 
ferrous sulphate‐nanostructured vectors without the use of drastic conditions, such as solvents 
and/or high pressure, currently used in literature and also at industrial scale for iron particle 
manufacturing by using discontinuous and laborious processes such as reverse phase evapora-
tion, thin‐film hydration and homogenization freeze‐thawing production methods [47, 51–53]. 
A part of the drastic conditions used, limits in the output volumes of final product, usually rang-
ing from 10 to 60 mL with the above‐mentioned techniques, represents another crucial problems 
directly linked with high commercial costs of supplemental products which, for this reason, are 
not yet widely used as very proper therapies. With the simil‐microfluidic setup developed, by 
using the ultrasound as tool for the process intensification, it was possible to obtain a massive 
output with the minimum energy, costs and time by operating in a semi‐continuous manner. In 
particular, spherical liposomes were obtained in a nanometric range size as shown in Table 2.

Taking into account that the iron solubility is very dependent on the size and the shape of the 
iron particle complexes, characteristics which are governed by the manufacturing process 
[45], the simil‐microfluidic setup realized was successfully applied for ferrous sulphate nano-
liposomes production. In that regard, particles on nanometric scale are required to maintain 
the transparency of clear beverages during enrichment: carriers have to be small enough so as 
not to scatter light and be detected by naked eye [54].

The nanoscale plays a crucial role also for other forms of iron supplementation such as oral for-
mulations, the first choice to replace normal iron levels. In this case, the size of nanoparticle sys-
tems has a remarkable influence on carrier’s uptake after their administration: in many works, 
it has been proven that nanostructured delivery systems yield an increase in drug uptake, 
enhancing the intestinal absorption of the active principle [55, 56]. As shown in Table 2, vesicles 
of 48–65‐nm diameter range size have been successfully obtained through the developed setup 
with PDI values of 0.38 ′ 0.01 and 0.63 ′ 0.12, respectively, for the 0.06 and 0.02 (w/w) formula-
tions produced. Due to the presence of polyunsaturated fatty acids (linoleic and oleic acids) 
composing the phosphatidylcholine, vesicles presented negative zeta‐potential values (more 
negative for the 0.06, w/w formulation due to the presence of large amounts of ascorbic acid 
which decreases the pH of the sample) and an encapsulation efficiency that increases with 

Properties 0.06 (w/w) 0.02 (w/w)

SUVs size [nm] ± SD 47.80 ± 6.46 65.16 ± 15.48

PDI ± SD 0.38 ± 0.01 0.63 ± 0.12

Zeta‐potential [mV] ± SD −41.05 ± 0.7 −19 ± 0.55

Encapsulation efficiency [%] 22.33 ± 0.58 52.2 ± 1.41

Results are expressed as average of three determinations with SD as standard deviation.

Table 2. Size, PDI, zeta‐potential and encapsulation efficiency of loaded small unilamellar vesicles (SUVs) produced, 
obtained at different weight ratios of ferrous sulphate to the total formulation components.
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increasing of the lipid amount with respect to those of iron. In particular, as can be seen in 
Table 2, the encapsulation efficiency increases from about 22 to 52% when the weight ratio 
between ferrous sulphate and the total lipid decreases from 0.06 to 0.02 (w/w).

4. Conclusions

Based on the use of ultrasound as alternative energy resource, a solid particles size reduc-
tion/homogenization process was developed and coupled with the bench‐scale conventional 
thin‐film hydration method. The technique was developed in order to produce, in a versatile 
manner, nanometric structures, with the desired dimension.

Moreover, due to its easiness, reliability, versatility and its great potential in reducing time 
spent, the ultrasound intensification tool was also used for liposome homogenization opera-
tion during vesicles production through the developed simil‐microfluidic technique.

The phenomenology involved in liposome formation was described for both the methods; 
applications regarding the entrapment of active molecules were also described as case histories.

siRNA‐nanoliposome complexes (for gene therapy application) were produced for the inhi-
bition of E2F1 protein expression, studied as a potential way to treat colorectal cancer. By 
the ultrasound‐assisted thin‐film hydration technique, nanoliposomes with 33–38‐nm range 
size and 100% siRNA encapsulation efficiency were obtained. The produced loaded SUVs 
demonstrated a very low cytotoxicity in cells when compared with the commercial transfec-
tion agent Lipofectamine®2000 and an excellent uptake in the cultured human colon mucosa 
tissues. A remarkable effect on anti‐E2F1 expression  after a transfection of  siE2F1‐1324‐
SUV sample  has been demonstrated also in a dynamic human model such the colon tissue 
microenvironment.

For nutraceutical application, nanoliposomes loaded with ferrous sulphate with good dimen-
sional features (48–65 nm vesicles) and encapsulation efficiency were successfully produced 
using the developed simil‐microfluidic apparatus, avoiding the use of toxic solvents and dras-
tic conditions.

All the achieved positive results endorse the usefulness of both the formulative and the plant‐
engineering approaches adopted for nanostructured vectors production to be used in phar-
maceutical and nutraceutical applications.
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Abstract

A combination of lipid bilayer and cross-linked polymer network is the logical step 
in development of polymeric and liposomal nanoscopic systems to provide the 
natural level of functionality. From liposomal systems, lipobeads borrow the well-
developed methods for preparation, diversity of lipids to control the properties of a 
lipid bilayer, biocompatibility of the lipid bilayer, possibility to vary size and mor-
phology (passive targeting), availability of the external surface for attachment of 
various ligands (active targeting), encapsulation efficiency of both hydrophilic and 
hydrophobic molecules. Mechanical stability of the lipid bilayer and environmental 
responsiveness of the whole structure are the properties that hydrogel core brings to 
the new construct. The reports reviewed in this chapter demonstrate that lipobeads 
of nanometer and micrometer sizes can be prepared in different media, retain their 
stimuli responsiveness under physiological conditions, exhibit both reversible and 
irreversible aggregation, can be loaded with both small and high molecular weight 
molecules. As a platform for drug delivery systems, lipobeads have already been 
loaded with chemotherapeutics, malaria vaccine, and dermatological agent pro-
viding different controlled release profiles without leakage. Consecutive multistep 
triggering, new schemes of drug release, combined drug delivery, vesobeads, proteo-
lipobeads, enzyme-containing lipobeads, and hemi-lipobeads are the directions for 
their future development.

Keywords: liposomes, nanogels, supramolecular assembly, lipobeads, preparation, properties, 
application

1. Introduction: why lipobeads?

In accord with our understanding of complex biological mechanisms prevailing in situ, the 
arrangement of a lipid bilayer/hydrogel assembly—the lipid vesicles filled with polymeric 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



networks (Figure 1) achievable experimentally in laboratory—could be a logical step in the 
development of polymeric and liposomal-beaded nanoscopic systems.

In the last several decades, different terminology, such as supramolecular biovectors (SMBVs), 
lipid-coated microgels, lipobeads (LB), gel-filled vesicles, lipogels, gel core liposomes, micro-
gel-in-liposomes, hydrogel-supported lipid bilayer, and nanolipogels particles (nLG), has 
been utilized to describe these lipid membrane/hydrogel structures. In this chapter, we use 
the term “lipobeads” for the spherical bipartite structures made of a hydrogel core enclosed 
within a lipid bilayer.

Actually, the bicompartmental structure of lipobeads mimics natural arrangements of living 
cells. Just look at the cell envelopes for all three main domains of life (eubacteria, archaea, and 
eukaryotes). They represent a successive organization of the macromolecular networks (cyto-
plasm, cell wall, capsule, etc.) and lipid bilayers (cell bilayer membranes and internal mem-
brane system), which Nature uses to provide workability, multifunctionality, and dynamism 
of living cells of different types.

Evidently, the first synthetic lipid vesicles filled with hydrogel (lipobeads) were reported in 
1987, when a successful polymerization within liposomes had been accomplished [1] and micro-
spherules of agarose-gelatin gels filled with gold particles had been mixed with liposomes in 
the course of their preparation [2]. In 1989, a concept of supramolecular biovectors (SMBVs) 
was filed as a patent application [3]. The SMBV system was prepared from polysaccharide gel 
fragments obtained by disruption of a gel of chemically cross-linked maltodextrins and sub-
sequently phospholipidated. In 1994, the SMBVs were reported as new carriers of active sub-
stances, such as interleukin-2 (IL-2) [4]. In 1995, lipobeads with Ca-alginate hydrogel core were 
obtained as a byproduct of a method for the preparation of Ca-alginate hydrogel nanoparticles 
using the internal compartment of liposomes [5]. In 1996, the spherical hydrogel/lipid bilayer 
constructs for the first time were named as “lipobeads,” and it was shown that a lipid bilayer 
was formed on the surface of hydrogel polymer beads upon the addition of phospholipids, if 
their surface had been modified with the covalently attached fatty acids [6]. Lipobeads with 
an environmentally sensitive hydrogel core prepared by hydration of lipid films with micro-
gel suspension were described as drug delivery systems in 1998 [7]. In the early 2000s, photo-
polymerization within liposomes was used for preparation of the so-called synthetic polymer 
complements with imprinted recognition sites [8] and the environmentally responsive nanogels 
[9]. The latter work contributed toward the characterization of the compatibility of nanogels 

Figure 1. Schematic of a spherical lipid bilayer/hydrogel assembly (lipobead).
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using the internal compartment of liposomes [5]. In 1996, the spherical hydrogel/lipid bilayer 
constructs for the first time were named as “lipobeads,” and it was shown that a lipid bilayer 
was formed on the surface of hydrogel polymer beads upon the addition of phospholipids, if 
their surface had been modified with the covalently attached fatty acids [6]. Lipobeads with 
an environmentally sensitive hydrogel core prepared by hydration of lipid films with micro-
gel suspension were described as drug delivery systems in 1998 [7]. In the early 2000s, photo-
polymerization within liposomes was used for preparation of the so-called synthetic polymer 
complements with imprinted recognition sites [8] and the environmentally responsive nanogels 
[9]. The latter work contributed toward the characterization of the compatibility of nanogels 

Figure 1. Schematic of a spherical lipid bilayer/hydrogel assembly (lipobead).
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and phospholipid bilayer leading to spontaneous phospholipidation of nanogels [10]. Further 
studies on lipobeads development were devoted either to new methodologies including differ-
ent compositions of hydrogel core or different agents which could be loaded into the lipobeads.

The chapter has a comprehensive view on (1) synthetic feasibility, functionality and charac-
terization of lipobeads (Sections 2 and 3) and (2) their potential applications as precursors 
for novel encapsulated and combined drug delivery systems, as microbiochemical reactors, 
and as an experimental model to study the origin of life (Section 4). It is a useful source of 
references for the researchers from both academia and industry, who deal with the aforemen-
tioned areas of applications. It may be predicted that in the future, the demand in this infor-
mation will rise dramatically because of a growing interest, especially, in the encapsulated 
drug delivery systems with tiny bioscopic mechanisms of drug release.

2. Strategies of lipobeads preparation

Two general methods available to date for preparation of artificial bilayer-coated hydrogel 
particles (lipobeads, giant, or nano) are sketched in Figure 2.

The first one (Figure 2A) uses the liposomal interior as a chemical reactor for the formation of 
hydrogel by polymerization [1, 8–22]. In this method, lipid bilayer should be sealed enough 
to retain the concentration of pregel components and strong enough to withstand the steps 
preventing polymerization in the surrounding medium.

The second one (Figure 2B) is based on the formation of lipid layers around hydrogels after 
microgel/liposome mixing. In this case, lipid bilayer adsorption on the surface of hydrogel 
particles prepared separately was promoted via Coulombic attraction between the charged 
microgels and oppositely charged lipids [7, 23, 24], hydration of lipid films with micro- or 
nanogel suspension [2, 3], introduction of hydrophobic anchors at the microgel surface 
around which adsorbing lipids may assemble [6, 25–28], centrifugation of microgels onto a 
lipid film [29], microfluidic flowing [21], and emulsification [30–32].

In both cases, it is the stability, fluidity, and permeability that are the main properties of a 
lipid bilayer, which should be governed in the course of lipobeads engineering.

2.1. Effectors of the lipid bilayer fluidity, stability, and permeability

Stability and permeability of a lipid bilayer depend on its fluidity, which can vary with tem-
perature and phospholipid composition. Bilayers undergo a change from liquid to gel (solid) 
state at the so-called lipid (or order-disorder) phase transition temperature (Tt) characteristic 
to a phospholipid used (Figure 3).

Therein, the shorter the length of hydrocarbon chains, the lower is the Tt, a long hydrocar-
bon chain at sn-1 position and a short chain at sn-2 position on glycerol exhibit a lower Tt 
than that of a phospholipid with the opposite arrangement, presence, and position of double 
bonds in the hydrocarbon chain makes Tt lower than that of the saturated analogue; a bulky 
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head group confers the lipid a lower Tt than it would be with a smaller head group, the phos-
pholipids with negatively charged head groups favor a lower Tt than that of an uncharged 
phospholipid. Ionic conditions can modulate this effect, for example, presence of cations in 
the surrounding water increases Tt.

In the liquid-crystalline “disordered” state, the membrane is fluidic, namely: (i) both alkane chains 
and head groups of phospholipids are more flexible than in the solid “ordered” state, (ii) the area 
lipids occupy becomes greater by changing from a 0.48 nm2/head group to 0.7 nm2/head group, 
that is, bilayer expands, (iii) lateral diffusion of phospholipids in the plane of the bilayer and rota-
tion of lipid molecules around C─C bonds accelerate, and (iv) transverse “flip-flop” migration of 
lipids from one monolayer to the other side of the bilayer becomes more probable.

Figure 2. Two methods for lipobeads preparation: (A) formation of hydrogel core by polymerization within vesicle 
interior and (B) mixing of separately prepared lipid vesicles and hydrogel particles (microgels or nanogels).

Figure 3. Structure of lipid bilayer below and above the order-disorder transition temperature.
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The factors affecting the lipid phase transition temperature are crucial for lipobeads engineer-
ing. Indeed, one can expect the lipid bilayer to be more elastic (favorable for formation of unil-
amellar membrane) and less sealed (unfavorable for gelation within liposomal interior) above 
Tt than below Tt. It is known that stability and permeability of naturally occurred membranes 
can be varied by balancing composition of cholesterol and alcohols. Particularly, cholesterol 
strongly interacts with phospholipids and inhibits the passive permeability of lipid membrane 
to water and small electrolytes and nonelectrolytes. The extent of “sealing” directly depends on 
the amount of cholesterol present, up to moderate levels of cholesterol. However, at very high 
levels of cholesterol, pure cholesterol phase separates out and leads to an increased leakage 
through interfacial lipids and unstable aggregates of cholesterol. On the contrary, the insertion 
of anesthetic molecules, such as alcohols, into the membrane increases the membrane fluid-
ity at a given temperature by depression of the lipid order-disorder transition temperature. 
Additionally, sphingolipids are commonly believed to protect the cell surface against harmful 
environmental factors by forming a mechanically stable and chemically resistant outer leaflet 
of the plasma membrane.

2.2. Polymerization within liposomal nano-/microreactors

In general, preparation of lipobeads using vesicle interior as microreactors includes a number 
of crucial steps, as shown in Figure 2A.

First of all, encapsulation of hydrogel-forming components into liposomes can result from 
hydration of lipid cast film formed upon solvent evaporation [1, 2, 5, 9, 11, 13, 14, 16, 32], elec-
troformation [12, 22, 33, 34], or rapid phase evaporation [19, 20]. The size of liposomes ensures 
the final size of lipobeads. Depending on the size, lipobeads can be classified into two groups: 
nanolipobeads (<1000 nm) and giant lipobeads (>1 μm). Nanolipobeads should be used in 
realistic drug delivery systems, whereas giant lipogels permit a direct study of structural 
functionality of the hydrogel/lipid bilayer assemblies, cargo loading, and release mechanisms 
[12] using optical microscopy.

For 100-nm lipobeads, the liposomal formulations have to be sonicated [1, 9] or extruded 
through a nanopore filter of a needed pore size [5, 8, 11, 14, 16, 19, 32]. Another approach 
to control the size of pre-lipobeads is based on hydrodynamic focusing of a stream of the 
liposome precursor solution by the flow of a hydrogel-forming solution within a microflu-
idic device [21]. Although the microfluidic-directed approach and electroformation are very 
elegant methods, they are hardly suitable for a scaled production of lipobeads with regards 
to pharmaceutical applications.

If the ultimate goal was to engineer the giant lipobeads greater than 1 μm, the gentle hydra-
tion of a phospholipid cake [17, 36] or a hybrid agarose/lipid film [unpublished], electrofor-
mation [12, 22, 33, 34], emulsification [32], and reverse phase evaporation [1, 13, 30] were used 
without any agitation of the lipid formulations.

Typical lipid formulations for preparation of lipid vesicles filled with the hydrogel-forming 
solution are shown in Table 1.
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Second, when a suspension of vesicles filled with the hydrogel-forming solution is prepared, 
it is important to prevent cross-linking or polymerization outside those vesicles. This has 
been done by several methods, such as a 5- to 20-fold dilution [9, 11, 12, 14, 16, 22, 33, 34], gel  

Lipid formulation Method for 
prelipobead 
preparation

Size Ref.

Main phospholipid Tt Other components

EPC −10°C Cholesterol Reverse phase 
evaporation, 
sonication

~600 nm [1]

— Lipid film hydration, 
sonication

~150 nm [9]

— Detergent removal or 
extrusion

~200 nm [13]

— Emulsification 1–40 μm [32]

Cholesterol Reverse phase 
evaporation

~1–2 μm [30]

— Lipid film hydration, 
extrusion

~100 nm [14]

DOPC/cholesterol ~100 nm [19]

NH2-PEG-DSPE/
cholesterol

~120 nm [11]

Cholesterol 0.2–1 μm [8]

— 100–200 nm [37]

DOPC −22°C — Electroformation 10–30 μm [12]

0.2–100 μm [22, 34]

DPPC 42°C — Lipid film hydration, 
extrusion

~800 μm [5]

Cholesterol/DCP Hydrodynamic 
focusing in 
microfluidic device

150–300 nm [21]

SOPC, neutral 6°C DOTAP, positively 
charged

Lipid film hydration, 
extrusion

~350 nm [16]

Soybean polar lipid 
extract: PC (45.7%), 
PE (22.1%), PI 
(18.4%), PA (6.9%), 
others (6.9%)

? – Lipid film hydration 10–50 μm [17]

HSPC 52°C Cholesterol Lipid film hydration 2–200 μm [36]

Abbreviations: DCP: dihexadecyl phosphate, DOPC: 1-2 dioleoyl sn-glycero 3-phosphocholine, DOTAP: dioleoyl 
trimethylammoniumpropane (positively charged), DPPC: 1,2-dipalmotyl-snglycero-3-phosphatidylcholine, DSPE: 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, EPC: Egg chicken l-α-phosphotidylcholine, HSPC: Hydro Soy l-α-
phosphotidylcholine, PA: phosphatidic acid, PC: phosphocholine, PE: phosphatidylethanolamine, PEG: polyethylene 
glycol, PI: phosphatidylinositol, SOPC: 1-stearoyl-sn-glycero-3-phosphocholine.

Table 1. Lipid formulations used for preparation of lipobeads by polymerization within lipid vesicles.
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filtration [1, 21], centrifugation and dialysis [5, 13, 20, 30], or introduction of polymerization 
scavengers (e.g., ascorbic acid [19]) into the extravesicular space. In addition, hydrogel-form-
ing solution as well as cross-linker and initiator can be microinjected directly into the internal 
compartment of a giant unilamellar phospholipid vesicle (GUV) [17].

The third step is gelation of the hydrogel-forming solution entrapped within the closed lipid 
bilayer. Thermal and ionotropic cross-linking are the examples of physical cross-linking reac-
tions. Some hydrogel cores were made of polysaccharides when temperature changes [2, 5, 
32]. Indeed, agarose [5] and κ-carrageenan [32] are the temperature-sensitive polysaccharides 
which structure in aqueous solutions undergoes a transition from a random-coil conformation 
to the cross-linked double helixes upon cooling. Agarose is not biodegradable, but its combina-
tion with gelatin can bring biodegradability [38]. Gelatin is a thermoresponsive protein, form-
ing a reversible cross-linked network by cooling a water-based solution of the polymer below 
35°C. The hydrogel can be liquefied by heating it to physiological temperatures. Interestingly, 
κ-carrageenan, an anionic polysaccharide carrying one sulfate group, can be cross-linked both 
thermally (upon cooling) and ionotropically in the presence of divalent or monovalent cations 
[38]. Similar to alginate, the degradation of carrageenan hydrogels is driven by the exchange 
of ions with the surrounding fluids. In the course of ionic cross-linking within interior of 
vesicles, the sections of the polymer backbone carrying the charge bind with ions of opposite 
charge. For example, when multivalent cations (e.g., Ca2+) were added to a water-based algi-
nate [5] or poly(ethylene dioxythiophene)/poly(styrene sulfonate) [17] solutions, they bound 
adjacent polymer chains forming ionic interchain bridges that caused a cross-linking. The pH-
driven cross-linking inside liposome was carried out by lowering the pH of aqueous solution 
of poly(acrylic acid) carrying carboxyl groups [20, 30].

The greatest portion of works on gelation within liposomal reactor used photopolymeriza-
tion to generate a strong covalently cross-linked hydrogel [1, 9, 11, 14, 16, 22, 33, 34, 39]. The 
monomer and cross-linker depends on the hydrogel core properties required for different 
applications, as shown in Table 2.

Finally, the formulation has to be washed from unreacted chemicals using centrifugation and/
or dialysis. In the course of this step, the required medium external to the lipobeads can be 
introduced. For example, lipobeads could be dispersed in distilled water [13, 30, 36], buffers 
with pH varied from 7.0 to 7.8 [1, 8, 9, 11, 14, 16, 17, 19–21, 30], or aqueous solutions of sucrose 
[12, 24, 33, 34]. If necessary, the prepared lipobeads can be dried by gentle evaporation in 
temperature gradient to be stored at 4°C.

2.3. Hydrogel/liposome mixing

From the general scheme of hydrogel/liposome mixing (Figure 2B), one can conclude that 
hydrogel particles and liposomes should be prepared separately, therein the final size of 
lipobeads will be defined by the size of hydrogel particles prepared before mixing with 
liposomes. It has been demonstrated microscopically [40, 41] that hydrophobic modification 
of the nanogels is not required for spontaneous formation of the bilayer on their surface. 
Together with the other studies [42], these findings presume that hydrogel/lipid bilayer is an 
energetically favorable structure.
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Lipid formulations used for preparation of lipobeads by hydrogel/liposome mixing are sys-
temized in Table 3. Phospholipid with different Tt were employed to prepare conventional 
liposomes mostly by the lipid film hydration followed by sonication or extrusion in a variety 
of buffers at pH 7.0–7.6 and deionized water. Nonetheless, the experiments on giant lipobeads 
show [36, 41] that injection of ethanol solution of phospholipid into hot water is a promising 
method for preparation of lipidic formulations, which may allow one to exclude the time-
consuming steps of lipid film formation and hydration and reduce the time for the scaled 
fabrication of lipobeads from days to hours.

There are only a few reports (Table 4) that deal with nanogels to prepare lipobeads on the 
nanometer scale: one group employed a high pressure homogenizer to crash bulk poly-
saccharide hydrogel down to nanosized particles [39, 42], the other group used nanogels 
extracted from liposomal reactors [9, 10, 26, 27]. In principle, emulsion polymerization 

Monomer. Cross-linker Initiator Prevention of 
macroscale 
gelation

Property of hydrogel 
core

Ref.

PAAm MBA ACVA + TEMED GPC Not specified [1]

PSA BAA ACVA GPC Not specified [8]

Anchored and 
nonanchored 
PNIPA-VI

MBA DEAP Dilution 25-fold Temperature and pH 
sensitivity

[9]

Anchored PNIPA TEGDM DEAP Dialysis Temperature 
sensitivity (probably)

[13]

PNIPA or PAAm MBA DEAP Dilution 20-fold Temperature sensitive [14]

PNIPA MBA DEAP Gel filtration Temperature 
sensitivity

[21]

dex-HEMA HEMA IC2959 Dilution 10-fold Enzymatically 
degradable 
(dextranase)

[16]

PAA MBA IC2959 Radical 
scavenging by 
AA

pH sensitivity 
(probably)

[19]

PNIPA MBA DEAP Dilution Temperature, pH, pI 
sensitivity

[22, 33, 34]

PLA-PEG-PLA Diacrylate IC2959 Dilution 5-fold Biodegradable [11]

PAAm MBA DEAP Dilution 20-fold 
by glucose 
solution (2.8 M)

Enzymes entrapment, 
storage, protection, 
and release

[37]

Abbreviations: ACVA: 4,4′-azobis(4-cyanovaleric acid); BAA: bis-acrylamido acetate; DEAP: 2,2′-diethoxyacetophenone; 
dex-HEMA: dextran hydroxyethyl methacrylate; GPC: gel permeation chromatography; IC2959: Irgacure 2959; MBA: 
N,N-methylenebisacrylamide; PAA: polyacrylic acid; PAAm: polyacrylamide; PEG: polyethylene glycol; PLA: polylactide; 
PNIPA: poly(N-isopropylacrylamide); PSA: sorbitol acrylate; TEMED: N,N,N′,N′-tetramethylethylenediamine; TEGDM: 
tetraethylene glycol dimethacrylate; VI: 1-vinylimidazole.

Table 2. Composition and properties of hydrogel core of lipobeads prepared by polymerization within lipid vesicles.
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enables preparation of hydrogel particles with a diameter less than 150 nm. However, there 
is a problem of complete removal of the residual materials. In the absence of an added sur-
factant, the method is called precipitation polymerization. With the latter two methods, the 
lipobeads of 1-μm diameter are produced [2, 7, 23, 25, 28, 31]. To prepare giant lipobeads 
with a diameter up to 100 μm, the inverse suspension polymerization (ISP) method is com-
monly applied [6, 24, 35, 43–45].

Liposomes can be brought into contact with hydrogel particles by mixing hydrogel parti-
cles and liposomes, addition of hydrogel particles into dried lipid film before hydration or 

Lipid formulation Lipid vesicles preparation Medium (pH) Ref.

Main phospholipid Tt Other components

DOPC
DOPG

−22°C
−18°C

Cholesterol/triolein w/o emulsion, organic 
solvent evaporation

5% dextrose 
HEPES (pH 7.4)

[2]

EPC
DPPC

−10°C
42°C

Cholesterol Injection of ethanol 
solution of PL in water, 
homogenization

PBS (pH 7.4) [3, 
4, 
40]

EPC −10°C – Lipid film hydration, 
sonication or extrusion

HEPES (pH 7.4) [6]

DPPC/DPPG
SOPC/DOPG

42°C/41°C
6°C/−18°C

– Tris (pH 7.0) [7]

EPC/DMPE −10°C/50°C Cholesterol HEPES (pH 7.0) [44]

EPC −10°C PS/cholesterol HEN (pH 7.4) [45]

DMPC/DPPC 24°C/42°C – PBS (pH 7.4) [36]

EPC −10°C PS/cholesterol HEN (pH 8.0) [46]

PE 63°C Olein oil/cholesterol HEPES (pH 7.4) [47]

SOPC
SOPC
DOPE

6°C
6°C
−16°C

DOPA(−)
DOTAP(+)
DOTAP(+)

Water [23]

POPC −2°C – TRIS (pH 7.2) [28, 
48]

DOPC
DOPG

−22°C
−18°C

DOTAP(+) HEPES (pH 7.6) [24]

HSPC 52°C – w/o/w microemulsion Water [32]

HSPC 52°C Cholesterol Injection of ethanol 
solution of PL in hot water, 
sonication

Water [37, 
42]

Abbreviations: DMPC: 1,2-dimyristoyl-snglycero-3-phosphatidylcholine, DMPE: 1,2-Dimyristoyl-sn-glycero-3-
phosphoethanolamine, DOPA: dioleoyl glycerol phosphate (negatively charged), DOPC: 1-2 dioleoyl sn-glycero 
3-phosphocholine, DOPE: dioleoyl glycerol phosphoethanolamine (neutral), DOPG: dioleoylphosphatidylglycerol, 
DOTAP: dioleoyl trimethylammoniumpropane (positively charged), DPPC: 1,2-dipalmotyl-snglycero-3-
phosphatidylcholine, EPC: Egg chicken l-α-phosphotidylcholine, HSPC: Hydro Soy l-α-phosphotidylcholine, 
PE: phosphatidylethanolamine, PL: phospholipid, POPC: 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, PS – 
phosphatidylserine, SOPC: 1-stearoyl-sn-glycero-3-phosphocholine.

Table 3. Lipid formulations used for preparation of lipobeads by hydrogel/liposome mixing.
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hydration of the lipid film by aqueous suspension of hydrogel particles. The formation of 
lipid bilayer around hydrogel particles can be enhanced by shaking, vortexing, pipette agita-
tion, centrifugation, freezing-thawing, heating-cooling, or their combination. The fusion of 
liposomes will be more advanced at temperatures higher than the Tt of the phospholipid 
used. Moreover, depending on the electrostatic interaction between bilayer and hydrogel, 
the liposomes can adsorb on the particles surface, diffuse inside, or/and fuse on the surface 
with formation of lipobeads [24]. Usually, free liposomes are washed out by centrifugation or 
removed by ultrafiltration or dialysis. Finally, the lipobeads can be dispersed in a buffer with 
pH ranged from 7 to 8 or distilled water.

2.4. Modification of hydrogel core and lipid bilayer

To the great extent, the major methods for lipobeads’ synthesis (polymerization within lipo-
somal interior and liposome/hydrogel mixing) and further functionalization are analogous 
to those used for engineering their compartments—conventional nanogels and lipid bilayers.

Hydrogel bead composition Method of bead preparation Size Property of hydrogel beads Ref.

Agarose-gelatin cross-linked by 
cooling

Emulsification ~1–5 μm Degradable [2]

Cross-linked polysaccharide 
fragments

Extrusion in high-pressure 
homogenizer

30–60 nm Temperature, pH, pI: core/
bilayer interactions

[39]

Acylated PVA cross-linked by 
freeze-thaw

ISP 1–100 μm – [46]

PMAA-NPMA cross-linked by 
MBA

ISP ~6 μm pH sensitivity [7]

Anchored PDMAA cross-linked 
by E-BIS

ISP 5–600 μm –
Antibody-antigen 
interaction [45]

[35, 
43–45]

dex-HEMA-MAA (−) or dex-
HEMA-DMAEMA (+)

Emulsification 2–5 μm Degradable [23]

Acylated PVA cross-linked by 
freeze-thaw

ISP ~80–100 
μm

– [46]

Anchored PNIPA/P(NIPA-AA) 
core-shell cross-linked by MBA

Precipitation 
polymerization

~0.3–2 μm Temperature, pH sensitivity [25, 28]

Sodium hyaluronate-PEGDA Emulsification 1–15 μm Drying/wetting [31]
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2.4.1. Hydrogel core

Polymeric nanogels can be synthesized by three straightforward methods: (i) cross-linking 
polymer chains within already formed nanoparticles using, for example, emulsion polymer-
ization technique [47–49], (ii) polymerization within the liposomal interior followed by the 
lipid bilayer removal [9], and (iii) photolithographic fabrication of submicrometer hydrogel 
particles using the PRINT technique [50, 51] or step and flash imprint lithography (S-FIL) [52] 
as an alternative nanoimprint photolithographic approach.

To engineer the stimuli-responsive nanogels (Figure 4), a molecule of interest can be conju-
gated to the polymer network through a cleavable tether, so that when the tether is cleaved, 
the drug is allowed to diffuse into the nearby medium. Alternatively, if different molecules are 
trapped within an environmentally sensitive polymer network with or without environmen-
tally responsive cleavable linkers, the network either changes its volume (swells/shrinks) or 
degrades when the environmental conditions change, allowing the molecules to be released. 
For example [53], the doxorubicin-loaded, pH- and redox-sensitive poly(oligo(ethylene gly-
col) methacrylates-ss-acrylic acid) nanogels exhibited strong internalization by human hepa-
tocellular carcinoma cells (Bel7402) under reduced opsonization and phagocytosis. Herein, 
the intracellular glutathione (GSH) triggered the release of doxorubicin from the nanogels 
into cytosol for subsequent entering the nucleus.

Figure 4. A futuristic view on a stimuli-responsive nanogel with entrapped or/and tethered molecules of interest.
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2.4.2. Lipid bilayer

Specific functionality and entrapment of both hydrophilic and hydrophobic molecules into a 
liposomal interior are the two main objectives of the liposomal system development. Eventually, 
four types of liposomal systems can be distinguished (Figure 5), namely: classical “plain” lipo-
somes, “stealth” liposomes, ligand conjugated liposomes, and stimuli-sensitive liposomes.

The studies on “plain” (traditional) liposomes revealed the difficulty in loading of some types 
of molecules and leakage of contents from the liposomal interior [54–58]. The further devel-
opment of the “plain” liposome systems aimed at overcoming these obstacles. In particular, 
to reduce leakage from liposomes, phospholipids with a higher phase transition temperature 
[59] were used, and cholesterol [60] and sphingomyelin [61] were incorporated into the lipid 
bilayer to make it more solid at temperatures of application.

Loading and retention of molecules of interest within liposomes are the molecule dependent 
processes. For example, weak bases were loaded in response to pH gradients [62–66]. Some mol-
ecules, such as doxorubicin, exhibited good retention properties under conditions enhancing 
their precipitation inside liposomes [67–69], whereas retention of highly hydrophobic molecules, 
like paclitaxel, was still a challenge [70, 71] until they were converted into the weak bases [72].

Furthermore, the pharmaceutical studies revealed that (i) serum proteins effected on release 
of drug molecules entrapped into liposomes, (ii) liposomes were cleared very rapidly from  

Figure 5. Four evolutionary steps of lipid bilayer modification and functionalization.
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circulation by uptake into the cells of the mononuclear phagocyte system (MPS), predomi-
nantly in the liver and spleen [73, 74], and (iii) there existed both cellular and intracellular 
barriers to liposomal delivery [75]. The so-called “stealth” liposomes were developed by sta-
bilizing liposomes with protective polymers (e.g., polyethylene glycol, PEG) [76] in order 
to increase their circulation time within a biologically active environment, such as blood. 
In addition, the clearance of liposomes from the body was found [74, 80] to be slower, if 
they contained neutral or slightly negative phospholipids and their size was around 100 nm. 
Therefore, the rate of molecules’ release should be optimized [77–79].

Ligand-conjugated liposomes were built to target specific cells, intracellular organelles, tumor 
microenvironment, and/or facilitating receptor-mediated endocytosis (attachment of antibodies, 
folate, transferrin, tyrosine kinase, vascular endothelial growth factor, introduction of fusogenic 
lipids, and membrane-active peptides). In particular, three ways to facilitate the intracellular 
drug delivery include (i) introduction of fusogenic lipids or membrane active peptides into 
liposomal bilayer enhances fusion or even disruption of cell/organelle membrane and thereby 
improves cytoplasmic delivery of drug [81–85], (ii) utilization of macrophages for natural endo-
cytosis of drug-loaded liposomes [86], and (iii) receptor-mediated endocytosis of ligand-targeted 
liposomal drug carriers into the intracellular compartment (see reviews [87–90]).

The release of liposomal contents can be triggered either remotely by heat, radiation, and 
ultrasound or locally by pH, enzymes, and redox triggers (see review [91] and references 
therein). For these purposes, the lipid bilayer can be modified with stimuli-sensitive phos-
pholipids, polymers, cleavable tethers, and linkers, as shown in Figure 5. Recently, the lipid 
bilayer consisting of molecules of the temperature-sensitive phospholipid 1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (MSPC) and decorated with gold nanorods was shown 
to become more permeable for the pain blocking molecules (tetrodotoxin) without a tissue 
burn when exposed repeatedly to a low intensity near-infrared irradiance [92].

2.5. Encapsulation strategies

2.5.1. Loading during gelation within liposomal interior

Unfortunately, little work has been done so far to test loading capability of lipobeads pre-
pared by polymerization within the lipid vesicles [11, 14, 15, 20, 30]. Typically, a hydrophobic 
cargo was either incorporated within lipid bilayer at the step of lipid vesicle formation or 
copolymerized with hydrogel core as an anchor, whereas a hydrophilic cargo was added as 
a component of the hydrogel-forming solution and incorporated into the intravesicular space 
before gelation started [9, 11, 13].

The main challenge of the scheme when a load is introduced into the aqueous phase followed by 
rehydration of a lipid film and further polymerization within a liposomal reactor might be the 
damage to the loading molecules by toxic ingredients of the hydrogel-forming solution (if any) 
and/or high temperature and UV radiation initiating polymerization. This approach can be espe-
cially problematic for encapsulation of proteins, because of denaturation. Nonetheless, it has been 
reported that antigen model (BSA) [30] or combination of protein antigen (Pfs25) and oligonucle-
otide sequence (CpGODN) encapsulated into pH-cross-linked PAA hydrogel core of lipobeads 
remain intact and active [20]. Moreover, encapsulation efficiencies of lipobeads were shown to be 
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by 10% higher than those for liposomal carriers. A high encapsulation efficiency of lipobeads has 
been demonstrated also for hemoglobin [14, 15], which withstands the conditions of free radical 
polymerization and UV radiation. The other example of successful coencapsulation of hydrophilic 
proteins (IL-2) and small hydrophobic molecules (TGF-receptor-I inhibitor, SB505124) into the 
biodegradable hydrogel core of lipobeads has been presented in [11]: encapsulation efficiencies 
were 80 and 36%, respectively, and UV polymerization did not compromise bioactivity of both 
immunomodulators. Recently, PAAm lipobeads with a good encapsulation efficiency (37%) of 
enzymes (bovine Cu, Zn-superoxide dismutase, and bovine milk lactoperoxidase) were synthe-
sized to prove that the UV irradiation used for interior gelation did not cause any reduction in the 
enzymatic activity of the proteins [37].

2.5.2. Loading of lipobeads prepared by hydrogel/liposome mixing

In the case of lipobeads prepared by hydrogel/liposome mixing, hydrophilic cargos usually 
are introduced into the interior of hydrogel particles, whereas hydrophobic ones—into the 
lipid bilayer of liposomes before their mixing. Some molecules can penetrate through the 
lipid bilayer into the hydrogel core.

Back in 1987, the 200–600-nm agarose-gelatin nanogels were filled with colloidal gold par-
ticles prior to mixing with liposomes to form lipobeads [2]. Since colloidal gold particles 
are very adsorptive for proteins and peptides, their encapsulation into hydrogel core can 
increase the loading capacity of lipobeads. The cytokine Interleukin-2 (IL-2) plays an impor-
tant role as an immunostimulator and can be relevant as a treatment by itself for cancer and 
HIV. However, the difficulties faced today with IL-2 are its toxicity and short half-life. To 
resolve these problems, this protein was bound to the lipobeads (polysaccharide hydrogel 
nanoparticles coated with lipid bilayer) [4, 93]. In principle, the lipobeads can be loaded with 
a number of entities just by their incubation in the corresponding solutions, for example, 
Ca2+ ions and drug mimicking molecules [8], adenosine triphosphate (ATP) [35], and dextran 
(1.5–3.0 kDa) [44]. Herein, it was found that permeability of the lipid membrane was similar 
to the free bilayer. To incorporate transmembrane proteins into the peripheral membrane of 
lipobeads, the hydrogels core particles were mixed and incubated with liposomes containing 
the proteins of interest within their lipid bilayer [45].

The only chemotherapeutic drug—doxorubicin—was loaded into lipobeads [6, 43]. Encapsulation 
was performed before lipobeads formation by soaking the dry hydrogel particles in a drug-dis-
solved solution. The drug diffuses inside in the course of the polymer network swelling and 
mesh size increase. Further mixing of hydrogel particles with liposomes encapsulates the drug 
into the lipobeads. As a result, the unbelievably high doxorubicin concentration of ~2 M, which 
is 10-fold the concentration in liposomes [94], was achieved.

A lecithin-based microemusion method was proposed for fabrication and loading of single-core 
or multicore lipobeads [31]. The loading efficiency of caffeine into thus prepared sodium hyal-
uronate lipobeads was obtained to be 30%. A concentration of natural moisturizing factor close 
to the one present in corneocytes (15%) was encapsulated into the lipobeads, which acquire an 
enhanced water retention ability similar to corneocytes. This makes them potential for applica-
tions in cosmetics and dermatology.
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Encapsulation of a protein drug into hydrogel particles before lipobeads formation can be 
performed either by formation of a hydrogel particle in the presence of a protein drug or by 
incubation of the preformed hydrogel particles in a protein solution. The first approach again 
could be problematic due to a danger of protein denaturation. The second approach is limited 
by the size-exclusion effect resulting in a lower loading concentration of proteins. However, 
encapsulation of proteins into microgels is a promising tool to increase the amount of drug 
loaded in a prelipobead (loading capacity) by using the “intelligent” properties of polymer 
networks (swelling/shrinking ability in response to stimuli) [95].

3. Hydrogel core swelling/collapsing and lipobeads properties

The three-dimensional polymer network within a closed lipid bilayer (liposome) can be con-
sidered as a gigantic single molecule stabilized by chemical (covalent bonds) or/and physical 
(ionic bonds, entanglements, crystallites, charge complexes, hydrogen bonding, van der Waals, 
or hydrophobic interactions) cross-links. The hydrogel core is also an open container with semi-
permeable boundaries, across which water and solute molecules can move whereas charged 
(ionizable) groups fixed on the network chains cannot move (Figure 4). Herein, the network 
of cross-linked polymers exhibits both liquid-like and solid-like behavior [96–99]. Therefore, 
because of its high water content and elastic nature similar to natural tissue, hydrogel core 
within a liposome is solid enough to support lipid bilayers and liquid enough to keep the mem-
brane intact and functional.

Besides the mechanical stability that hydrogel core provides to the lipid bilayer, the stimuli-
sensitivity of the polymer network can be used for managing the environmental responsive-
ness of lipobeads.

3.1. A variety of possible hydrogel cores

Depending on the composition of a gel/solvent system, the polymer and cross-linking chem-
istry, nanogels swell or shrink discontinuously or continuously, reversibly or irreversibly in 
response to many different stimuli (temperature, pH, ion concentration, electric fields, light, 
reduction/oxidation, enzymatic activity, etc.) [47, 100–105]. In general, various types of hydro-
gels based upon either natural (e.g., hyaluronic acid, collagen, chondroitin sulfate, alginates, 
fibrin, and chitosan) and synthetic polymers made of neutral (e.g., 2-hydroxyethyl methacry-
late, N-alkylmethacrylamides, N-alkylacylamides, and N,N-dialkylacrylamides), acidic (e.g., 
acrylic acid, metacrylic acid, and 2-acrylamido-2-methyl propane sulfonic acid), or basic (e.g., 
N,N-dialkylaminoethyl methacrylate, 1-vinylimidasole, and methacryloyoloxyethyltrialkyl-
ammonium bromide) monomers have been prepared, studied, and used in numerous appli-
cations (bioseparation, tissue engineering, sensing and molecular recognition, drug and gene 
delivery, controlled release, artificial muscles, and flow control).

3.1.1. Temperature-sensitive volume change

Typically, the thermoresponsive hydrogels are classified as having either positive or negative 
volume phase transition with a characteristic temperature (TV) [106]. Hydrogels exhibiting 
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positive volume phase transition (“thermophilic” hydrogels) swell upon heating. In contrast, 
hydrogels exhibiting negative volume-phase transition (“thermophobic” hydrogels) collapse 
upon heating. The “thermophobic” hydrogels have been studied the most, and a popular 
example is poly(N-isopropylacrylamide) (PNIPA) [107]. In contrast, “thermophilic” behavior 
in water is not very common for synthetic polymeric materials and likely, because of that, lipo-
beads with a “thermophilic” hydrogel core have not been attempted yet. Nevertheless, a num-
ber of “thermophilic” hydrogels showing a positive thermosensitive volume change have been 
already fabricated [108–110]. Chitosan cross-linked with glutaraldehyde was found to exhibit 
the swelling behavior in aqueous media at physiological temperatures and pHs [111]. The graft 
copolymerization of mixtures of acrylamide (AAm) and acrylonitrile (AN) with Gum ghatti 
(Gg) and cross-linking with MBA resulted in a hydrogel capable of twofold swelling when tem-
perature raised from 30 to 40°C in distilled water [112]. The interpenetrating polymer networks 
(IPN) composed of poly(acrylic acid) (PAAc) and poly(acrylamide(AAm)-co-butyl methacry-
late (BMA), as well as the random poly(AAm-co-AAc-co-BMA) hydrogels cross-linked with 
MBA also increased their volume (~2.5-fold) within the 30–40°C range in water [113]. Positive 
thermosensitivity with a twofold swelling ability in the range from 30 to 45°C was reported 
for a nonionic chemically cross-linked gel made of N-acryloylglycinamide as a monomer 
and MBA as a cross-linker [109]. An abrupt increase in volume to the similar extent within 
the interval of 30–40°C was observed in the polyzwitterionic hydrogels consisting of N,N′-
dimethyl(methacroylethyl)ammonium propanesulfonate or N,N′-dimethyl(acrylamidopropyl) 
ammonium propanesulfonate cross-linked with EGDM [114]. The gels with positive volume 
transitions at physiological temperatures, pH and in the presence of salt can be useful in biolog-
ical or biomedical applications. However, in all abovementioned cases, under physiological pH 
and salt concentrations, the hydrogels either do not show thermophilic behavior at all or the 
transition temperature shifted to the nonphysiological values. Nonetheless, recently, hydro-
gels based on the cross-linked poly(allylurea-co-allylamine) (PAU) copolymers were prepared 
to unveil a fast and pronounced “thermophilic” increase in volume within the physiological 
ranges of temperature, pH, and concentration of salt [110].

Thus, first and foremost, a temperature range where the hydrogel shrinks or swells intrinsi-
cally depends on the chemical nature of the polymer constituting its network. Herein, the 
volume changes in a water-swollen hydrogel can be either continuous or discontinuous, as a 
function of environmental stimuli. If the system remains totally miscible at given thermody-
namic conditions, one can expect continuous volume transition. On the contrary, if changes in 
chemical nature of the polymer network, solvent quality, or environmental stimulus “push” 
the system into a two-phase (unstable) region of the solubility phase diagram, one can expect 
that properties of the hydrogel, most notably its volume, change discontinuously. In addition, 
the studies [115–117] show that increased cross-linking may significantly decrease swelling 
ability of hydrogel, especially, below TV, but has a little effect on the value of TV.

Figure 6 demonstrates that temperature-sensitive shrinking ability of hydrogels depends on 
their microstructure and method of preparation: the granular hydrogel (A) exhibits a con-
tinuous volume decrease with temperature, whereas the denser hydrogels (B and C) exhibit 
more abrupt changes in volume within the 35–45°C range. Interestingly, the granular struc-
ture of the PNIPA hydrogels prepared by thermal polymerization in water (A) can be broken 
down into separate submicroscopic domains by means of sonication (data not shown). On 
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the  contrary, sonication does not affect the structure of “dense” hydrogels prepared either 
by thermal polymerization in dimethyl sulfoxide (DMSO) (B) or by photopolymerization in 
water (C).

It has been shown [118] that incorporation of a small amount of ionizable groups into the 
nonionic gel network drives the volume phase transition from continuous volume changes 
toward discontinuous one (Figure 7). Moreover, an increase in the portion of sodium acrylate 
with carboxylic groups on the PNIPA network allowed one to vary the TV from 34 to 42°C 
with the increasing extent of swelling ability below the transition temperature.

Figure 6. Shrinking abilities SV and SEM images of the microstructures of PNIPA hydrogels prepared by thermal 
polymerization in water (A) or DMSO (B), and by UV polymerization in water (C) (scale bar = 5 μm).

Figure 7. The degree of swelling of the poly(N-isopropylacrylamade-co-sodium acrylate) gel in water as a function of 
temperature. Numbers are the molar fractions of sodium acrylate in the preparations. Data were adopted from [118].
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3.1.2. Ionic sensitivity of hydrogels

Figure 7 also suggests that incorporation of charged (anionic, cationic, or both) groups on the 
polymer network makes the volume transition temperature and degree of swelling dependent 
on pH and ionic strength. Indeed, the poly(N-isopropylacrylamide-co-methacrylic acid) (PNIPA-
MAA) microgel particles [119] at pH 3.4 exhibited a decrease in TV from 33.5 to 28°C with an 
increase in MAA content, whereas at pH 7.5, the higher MAA content resulted in the higher 
TV. In weakly charged PNIPA hydrogels, addition of ionizable groups on the polymer network 
pronounced the volume changes when temperature crossed TV [118, 120, 121]. The experimental 
studies [122] revealed that distribution of ionic groups in the network affects the temperature of 
volume change transition.

The type of ionizable groups on the polymer networks makes the maximum swelling ability of 
a gel strongly dependent on pH. For example, the anioic PNIPA-MAA microgels exhibited the 
maximum swelling in the range of pHs from 6.5 to 10 [119], whereas for the cationic PNIPA-VI 
nanogels, the maximum swelling ratio was observed in the range of pHs from 6 to 3.5 [123]. 
It becomes even more intriguing if the so-called polyampholyte hydrogels are designed [124] 
by addition of both cationic (VI) and anionic (AA) groups on the network. The polyampholyte 
gel was in a shrunken state near the isoelectric point (pH ~ pI), and it swelled at both higher 
and lower pHs. It is interesting that such designed polyampholyte gels can work like bioche-
momechanical systems in which the enzymatically induced pH changes control the volume of 
polyampholyte network or, in opposite direction, the pH sensitive volume changes control the 
activity of enzymes immobilized into the gel [125].

There are experimental evidences [126–130] that different monovalent (Li+, Na+, K+, and Cs+) 
and divalent (Ca2+, Mg2+, Sr2+, and Ba2+) ions are able to promote deswelling effects in hydrogels 
of different chemical nature. Interestingly, at the same molar ratios of divalent to monovalent 
cations (~1 mM/30 mM), the similar volume changes were observed in biological polyelectro-
lyte systems during physiological processes like nerve excitation, muscle contraction, and cell 
locomotion [131–137].

3.1.3. Surfactants as effectors of hydrogel volume change

The extensive theoretical and experimental [138–145] studies have shown that the addition 
of anionic, cationic, and nonionic surfactants to the solution containing a gel can also influ-
ence the TV and swelling degree of hydrogels depending on their hydrophobicity and charge 
of the polymer network. In general, addition of anionic or cationic surfactant to the solution 
of nonionic hydrogel increases TV as well as the swelling range, whereas the nonionic surfac-
tant does not affect TV or volume change. The surfactants with ionic head groups when bind 
to the nonionic polymer networks convert the neutral hydrogels to polyelectrolyte gels and 
elevate TV due to introduction of additional osmotic pressure by ionization. The changes in the 
volume phase transition are also dependent on the length of hydrophobic tail of ionic surfac-
tants and the critical concentration of micelle formation [142]. It was also found [144] that the 
amount of an ionic surfactant bound onto the swollen network of the nonionic PNIPA hydro-
gel was much greater than that to the collapsed one. On the contrary, the amount of nonionic  
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surfactant bound onto the collapsed network of the PNIPA gel was greater than that on the 
swollen one. Moreover, the changes in TV with the amount of the anionic surfactants (e.g., 
sodium dodecyl sulfonate) were more pronounced than for cationic ones (e.g., dodecylamine 
hydrochloride). Interestingly, the concentration of anionic surfactant (e.g., sodium dodecy-
lbenzene sulfate) bound within the PNIPA hydrogel was found to be higher in the vicinity 
of the gel surface, whereas a central region of the gel may not contain any bound surfactant 
molecules [145]. Thus, peripheral layers could be in a more swollen state with a higher TV in 
comparison to the central hydrogel core.

3.1.4. Light-sensitive hydrogels

Photosensitive hydrogels with incorporated photosensitive molecules into the gel network 
have been reported as well. For example, the gels with incorporated leucocyanide and leu-
cohydroxide [146] underwent volume changes upon irradiation and removal of ultraviolet 
light resulted from ionization reaction and internal osmotic pressure initiated by UV light. 
Significant volume changes in hydrogels were also induced by visible light [147]. However, 
the mechanism of volume transition was different—it was due to direct heating of the 
polymer network by light. Nevertheless, more recent reports [148] showed that a focused 
laser beam was able to induce reversible shrinking in polymer gels due to radiation forces, 
rather than local heating, modifying the weak interactions in the gels. Herein, gel shrinkage 
was observed up to several tens of micrometers away from the irradiation spot. The light-
induced contraction was also found in acrylamide gels, which are not temperature sensitive. 
In hydrogels with temperature-sensitive volume phase transitions, such as PNIPA gel, it was 
found that the radiation force of the laser beam not only induces the volume phase transition 
but also lowers the transition temperature TV by about 10°C at an irradiation power of 1.2 W 
(λ = 1064 nm).

The fact that the volume change initiated by light is extremely fast seems of great importance 
for the development of the light-sensitive lipobeads. One could predict that the photosensi-
tive hydrogel cores will also receive an increasing scientific and technological attention due 
to their capability of serving as the so-called shape-memory polymeric systems [149]. Being 
exposed to the light with lower wavelengths, the shape-memory materials become deformed 
and their temporary shape is fixed due to cross-linking. When irradiated with higher wave-
lengths, they recover their initial shape because of the cross-links cleavage.

3.1.5. Electrical field-induced volume change

Back in the 1950s, it was found that contraction, oscillation, and bending of polyelectrolyte 
gels can be induced electrically [150–152]. In particular, gels prepared from polymers and 
copolymers that contain ionizable groups exhibited remarkable contraction when placed 
between a pair of electrodes connected to a direct current source. Polymer gels containing 
no ionizable groups showed no volume change under electrical field applied. The extent 
and rate of volume change of the polyelectrolyte gels were shown to increase with increas-
ing electrical field [153]. An increase in the ionic strength (e.g., an addition of NaCl) also 
increases the rate of gel shrinkage, whereas an addition of organic solvent (e.g., acetone or 
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ethanol) decreases both the extent and the rate of shrinking. In different types of hydrogels, 
an electrically activated volume changes were associated with the induction of the medium 
pH change by the electric field [154], the electrically initiated volume phase transition [155], 
and the so-called electrokinetic phenomena—ion transport of counter-ions in the electric 
field [156].

3.2. Lipobeads by hydrogel/liposome mixing

Success in formation of lipobeads by hydrogel/liposome mixing (see references from Tables 3 
and 4) is an experimental confirmation of the main property of hydrogel and lipid bilayer—
their compatibility. Indeed, the phospholipid bilayer spontaneously self-assembled around a 
nanogel once extracted from a lipobead (Figure 8a) and mixed with liposomes (Figure 8b) to 
form a secondary lipobead (Figure 8c) [10].

Moreover, spontaneous formation of the lipid bilayer on the surface of nonanchored micro-
gels was shown microscopically for liposomes made of different phospholipids with or 
without cholesterol [36, 41]. Figure 9 represents both laser scanning confocal (Figure 9A, 
A′, A”) and scanning electron microscopy (Figure 9B, B´) images evidencing the fusion of 
liposomes on the hydrogel surface to form a lipid membrane around porous PNIPA-co-FA 
microgels.

Unilamellarity, continuity, and nonleakiness of the lipid bilayer formed upon microgel/liposome 
mixing were proven for the micrometer-sized, hydrophobically modified, pNIPAM/p(NIPAM-
co-AA) core-shell hydrogel spheres [25, 28]. It was also demonstrated by Dynamic Light 
Scattering (DLS) and Atomic Force Microscopy (AFM) [40] that hydrophobic modification of 
the nanogels is not required for spontaneous formation of the bilayer on their surface.

Interesting behavior of the lipobeads was observed when their hydrogel cores change its vol-
ume. It was shown (Figure 10) that a collapse of the hydrophobically modified PNIPA microgels 
within the lipid bilayer caused a shape change of the lipobeads from sphere (below TV) to a small 

Figure 8. Atomic force microscopy images (amplitude data) of a PNIPA-VI nanogel (a), EPC liposomes (b), and result of 
their mixture—lipobead flattened on mica surface. Scale bars = 100 nm.
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central core with high curvature protrusions (above TV), consisting of the excess lipid bilayer 
which still adjoin the lipid bilayer remaining bound to the hydrogel via hydrophobic anchors 
[25, 28]. Importantly, these changes were found to be reversible, and the bilayer remained intact 
and impermeable.

Figure 9. The bright field (A) and confocal laser scanning (A′, A″) microscopy images of PNIPA-co-FA hydrogel 
microspheres mixed with the liposomes made of HSPC with cholesterol (molar ratio 9:1): Green image (A′) originated 
from fluorescein-o-acrylate (FA) covalently attached to the PNIPA network within the core. Red image (A″) originated 
from rhodamine B covalently attached to the heads of PE. Scanning electron micrographs of the PNIPA-co-FA microgel 
before (B) and after (B′) mixing with liposomes (scale bars = 20 μm).

Figure 10. Fluorescence images of a giant anchored PNIPA lipobead below (left) and above (right) Tv. Red images 
originated from 0.05 mol% RhodB-PE component within the lipid bilayer. The images were adopted from [25, 28].
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3.3. Lipobeads by polymerization within liposomal interior

3.3.1. Lipobeads with hydrophobically modified nanogels

As shown by DLS, the size distribution of lipobeads with hydrophobically anchored PNIPA-VI 
nanogels became bimodal when temperature was raised to 40°C: the position of the first peak 
corresponded to the initial size of lipobeads at 25°C, while the second peak was assigned to 
the aggregates of lipobeads. The further cooling back to 25°C restored the original unimodal 
size distribution of lipobeads, indicating reversibility of anchored lipobeads aggregation. 
Figure 11 sketches the behavior of lipobeads resulted from the anchored hydrogel collapsing.

Presumably, the aggregation reduces the hydrophobic/hydrophilic imbalance caused by col-
lapsed nanogels within lipobeads. The reversible dissociation of the lipobead aggregates may 
evidence that anchored lipobeads do not fuse. The only explanation is that the hydrophobic 
chains of anchored PNIPA-VI nanogels penetrate into the lipid bilayer and stabilize the lipo-
somal membrane against fusion.

On the contrary to the hydrophobically modified giant lipobeads (Figure 10), the anchored 
PNIPA-VI nanolipobeads did not reveal a size change under temperature or pH variations, as 
shown by DLS [9]. Probably, on the nanometer scale, a highly curved lipid bilayer is too stiff 
to follow the collapse of the hydrogel core. This effect remains to be proven.

3.3.2. Lipobeads with nonmodified nanogels

In contrast to the hydrophobically modified lipobeads, the unanchored lipobeads exhibited 
the unimodal size distribution recorded by DLS at 40°C. The single peak was significantly 
shifted toward a greater average diameter than that at 25°C. This observation indicated that a 
more pronounced aggregation occurred in this case. After cooling back to 25°C, the bimodal 
size distribution of lipobeads was observed. The presence of two peaks indicated that not all 
aggregates of lipobeads did break up into elementary lipobeads. This pattern of the lipobeads 
behavior with temperature suggests that the aggregation of lipobeads at elevated tempera-
tures can be irreversible, if lipid bilayers fuse to form a “giant” lipobead containing several 
nanogels as sketched in Figure 12. Herein, the aggregation of unfused lipobeads is reversible 
(see processes 1 and 2).

Figure 11. Schematic presentation of the anchored lipobeads and their aggregation in the course of hydrogel core 
shrinking. AFM image (amplitude data) of an aggregate is shown in the insert. Scale bar = 100 nm. The anchored 
lipobeads reversibly disaggregate when hydrogel swells back.
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The effect of temperature on shape and size of lipobeads was studied [34] using the giant 
(not nano-) nonanchored PNIPA lipobeads prepared by polymerization within giant vesicles. 
As shown microscopically, the giant lipobeads retained their spherical shape when hydrogel 
core collapsed at high temperature and swelled back after cooling. Their size was found to 
change reversibly, so that after six cycles of heating/cooling around the volume transition 
temperature, the lipobeads remained undamaged. The authors postulated that the membrane 
was coupled to the gel during the volume change, although the study of mechanisms of the 
gel core/lipid membrane interactions are still in demand.

4. Special applications and new perspectives

4.1. Lipobead-based drug delivery systems

To figure out which properties make lipobeads attractive for the next generation of drug deliv-
ery systems, it is worthwhile to consider first their fate in the body once being administered.

4.1.1. From injection to internalization of lipobeads into the cells

Different administration routes including intravenous, intramuscular, pulmonary, and topical 
could be suitable to deliver drugs by lipobeads. However, the peripheral intravenous injection 
seems the most reliable and reproducible route for their administration. Once entering the 
bloodstream after intravenous injection, lipobeads, similar to liposomal or polymeric delivery 
systems, should withstand a number of environmental (physiological and physicochemical) 
attacks on the way to targeted organs. The bloodstream is a complex environment of the serum 
(proteins, electrolytes, etc.) and immune system (macrophages, proteins of complement sys-
tem, etc.) components, so that interaction of those components with lipobeads could result 
in either leakage of their content or their removal from the blood circulation as exogenous 
pathogens. As it was reported for liposomes, the proteins of complement system were able to 
produce lytic pores and enhance the release of liposomal content [157], whereas blood lipo-
proteins destabilized liposomes to enhance the leakage of their payload [158]. The opsonins 
and dysopsonins are another blood proteins, which could be responsible for recognition of 

Figure 12. Schematic presentation of the nonanchored PNIPA-VI lipobeads and their aggregation when hydrogel core 
shrinks. In the course of the liposomal membrane fusion, the collapsed nanogels can aggregate to form a giant lipobead. 
The processes 1 and 2 are reversible, whereas process 3 is the irreversible one. AFM image (amplitude data) of an 
aggregate is shown in the insert. Scale bar = 2 μm.
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lipobeads and their enhanced uptake by the mononuclear phagocyte system (MPS) cells (neu-
trophils, monocytes, and macrophages) [159–162].

The effect of physicochemical factors (size, charge, hydrophobicity, surface morphology, and 
composition) on lipobeads’ leakage in and clearance from blood is not known and should be 
the other target for the future study of lipobeads as a drug delivery system. Nonetheless, even 
just a few results available on the drug-encapsulated lipobeads (pegylated [11] or not [20]) 
have already demonstrated their noticeably better stability, biodistribution, nontoxicity, and 
therapeutic activity than those for liposomes.

Once reaching the heart, the blood with lipobeads is pumped up to organs. Undoubtedly, 
the mechanical stability of lipobeads in the blood flow will be higher than that of liposomes, 
since in this construct, a lipid bilayer is supported by hydrogel core and can be strength-
ened even more by anchoring. The capillaries with a diameter ranging from 2 to 10 μm 
constitute the first sieving constraint for the lipobead size. The particles of the size between 
0.4 and 3 μm would mainly be captured by the liver macrophages. The lipobeads greater 
than 200 nm [75] would preferentially be filtered by the spleen. The smaller limit comes 
from the fact that particles less than 40 nm [162] should undergo clearance through metabo-
lism in the liver and excretion through kidneys. Therefore, the diameter of lipobeads is 
supposed to be in a relatively narrow range from 50 to 180 nm for a longer retention in 
the bloodstream. Interestingly, it has been proven that formulations of lipobeads were the 
most reproducible in this range of sizes especially if prepared by polymerization within a 
liposomal reactor (see Table 2).

This range of sizes looks appropriate for lipobeads to exit systemic circulation. To reach 
interstitial space, lipobeads must cross a thin inner membrane of squamous endothelial 
cells provided by the capillaries. In normal capillaries, the endothelial cells form uninter-
rupted linings with typical gaps of 5–10 nm in size. In capillaries associated with patholo-
gies such as tumor and inflammation, the gaps between endothelial cells were reported 
to vary from 100 to 780 nm for different types of cancer [163]. Due to rapid and imbal-
anced vessel formation, the tumor neovasculature is chaotic, extremely heterogeneous and 
“leaky” [164]. The enhanced vascular permeability of the tumor capillaries is the first factor 
contributing to the phenomenon referred as the enhanced permeation and retention (EPR) 
effect [165, 166]. The second factor of the EPR effect, an enhanced retention of lipobeads in 
the interstitial space, can be expected due to a poor lymphatic drainage in the tumor tissue, 
which results in a slower clearance of drug carriers and their accumulation in the interstitial 
space [167]. Biodistribution experiments have already performed in mice bearing a distant 
subcutaneous tumor and in mice with metastatic lung melanoma to show accumulation 
of drug-loaded lipobeads both in the area surrounding the tumor and within the tumor 
itself [11]. Therein, the payload is evident in the interstitial spaces between the tumor cells 
outside the vasculature.

In the interstitial space, lipobeads passively or actively target the cellular surface. Strategies 
of active cell targeting which has been proposed for liposomal carriers [86–88] could be appli-
cable to lipobeads as well.
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The internalization of lipobeads into the cells can proceed via several mechanisms [168, 169] 
sketched in Figure 13. Phagocytosis provides the so-called “cell eating” mechanism by which 
larger lipobeads can be taken into and degraded within the cells. Using pinocytosis, the cells 
internalize the fluid surrounding the cell simultaneously with all substances (“cell drinking” 
mechanism), so that if lipobeads are in the fluid phase area of invagination, they would be 
taken up to form pinosomes inside. Different endocytic pathways can be distinguished in 
accord with the specific molecular regulators (not shown in Figure 13), such as the clathrin-
mediated endocytosis, dynamin-dependent and dynamin-independent mechanisms, as well 
as receptor-mediated endocytosis. In addition, the mutual fusion of cell membrane and lipid 
bilayer of lipobeads [170] can occur at the cell surface with internalization of just the drug-
loaded nanogels. Understanding the cellular entry of lipobeads, their intracellular trafficking, 
drug release, and therapeutic action mechanisms are the future topics for studies on lipo-
beadal drug delivery systems.

4.1.2. New mechanisms of drug release

A drug release profile (the amount of drug released into the bloodstream over time) depends on 
the properties of the drug itself and drug carrier system. Even a few available examples of drug-
encapsulated lipobeads showed that the additional element in their structure, the hydrogel core, 
significantly prolongs the release time for both high molecular weight (e.g., proteins) and small 
molecule (e.g., doxorubicin) drugs as compared to conventional liposomes and uncoated hydro-
gel particles. The characteristic time for release of 50% (D50) of BSA (Mw 66 kDa) from 1-μm 
lipobeads (~11 days) is 10-fold of that from 1-μm liposomes (~1 day) [20]. For a lighter protein 
interleukin-2 (IL-2, Mw 17 kDa) [22], D50 equals 8, 16, and 52 h for nanogels (∅150 nm), lipo-
somes (∅100 nm), and lipobeads (∅120 nm), respectively, indicating the slower release of the 
protein drugs from lipobeads. In comparison, the characteristic time (D50) for release of doxoru-
bicin from uncoated microgels (~∅6 μm) was estimated [6, 43] to be about 1.5 min, whereas the 
release of doxorubicin from lipobeads was not detected at all within this time scale.

Figure 13. Possible mechanisms of lipobeads’ internalization into the cell.
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Different applications require different release profiles, and bicompartmental structure of 
lipobeads brings more options to change the concentration profile of a released drug from a 
steep rise (burst release) and a cyclic variations (pulsatile release) to a gradual increase up to 
the value within the therapeutic window is reached (sustained or controlled release). Of par-
ticular importance is the capability of lipobeads to provide a better-sustained release, which 
is the most desirable but more difficult mode to achieve and maintain.

Let us consider the novelty the hydrogel core can bring with regard to drug release mechanisms. 
Undoubtedly, an advanced property of polymer networks is their responsiveness to environ-
mental stimuli. Depending on possible responses of the hydrogel core (swelling, contraction, and 
degradation), three mechanisms of drug release from lipobeads could be developed in the future.

In the “sponge-like” mechanism (Table 5), hydrogel core initially is in a swollen state. Nevertheless, 
encapsulated drug molecules release for a prolonged period as compared to conventional lipo-
somes. When the environment changes (temperature, pH, etc.), the polymer network shrinks, so 
that the hydrogel core, like a squeezed sponge, releases the loaded drug into the space between 
gel and lipid membrane, and the drug diffuses through the membrane outside the lipobead. This 
mechanism provides a slow gradual drug release in response to temperature change, for example. 
The characteristic time of the drug diffusion through the lipid bilayer could be projected to hours.

In the “poration” mechanism, the hydrogel core initially is a shrunken state, and drug molecules 
are trapped more tightly within the polymer network. Their release can be even more suppressed 

Mechanism Scheme Characteristic time

“Sponge-like” (diffusion) Hours

“Poration” Minutes

“Burst” Seconds

Table 5. Mechanisms of drug release from lipobeads with environmentally sensitive or degradable hydrogel core.
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in comparison with conventional liposomes. When the environment changes (temperature, pH, 
etc.), the polymer network swells so much that the volume of hydrogel core becomes greater 
than the space provided by the closed lipid bilayer. Therefore, a “growing” hydrogel core causes 
stretching of the lipid bilayer and pore formation (“poration”) resulting in the drug release 
through the pores. This mechanism provides a faster drug release in response to stimuli with the 
projected characteristic time of minutes.

The “exploding” lipobeads have been discovered [23] as a byproduct of biodegradation of 
microgels covered with phospholipid membrane. As schematically outlined in Table 5 (the 
bottom row), if a polymer network degrades (for example, the interchain cross-links can be 
cleaved by hydrolysis), the swelling pressure inside increases, because the degradation prod-
ucts are unable to diffuse through the lipid membrane even it stretches. At some point, the 
internal pressure becomes sufficient to break the membrane. As a result, encapsulated drug 
falls out of lipobeads with the maximal release rate (“burst” release with the characteristic 
time of seconds).

4.1.3. Drug combination within lipobeads

In the first example [20], a combination of protein (Pfs25) and oligonucleotide (CpGODN) has 
been simultaneously encapsulated into lipobeads. The recombinant protein Pfs25 expressed in 
Pichia pastoris is a leading antigen of blocking stage potential and can be used as a vaccine to 
block malaria transmission by mosquitoes. The antigen Pfs25 has a poor immunogenicity and 
needs an enhancer of immunological recognition. Unmethylated CpG oligodeoxynucleotide 
(CpGODN) is a strong stimulator of immune response in mammalian hosts and acts as the 
adjuvant improving immunogenicity of coadministered protein antigen as well as reducing the 
amount of protein required. CpGODN stimulates the immune system through a specific recep-
tor TLR9. The immune activity of CpG was monitored by following the levels of nonspecific and 
specific immunoglobulins, a variety of cytokines, gamma interferon (IFN-γ), and increased lytic 
activity (see [20] for references). The results of this study were impressive: (i) on the 90th day of 
storage at 4°C, the detected antigen leakage from lipobeads was significantly lower (5%) than 
from conventional liposomes (26%), (ii) like the conventional liposomes, no macroscopic sign 
of adverse reaction (redness, swelling, and formation of granulomas) at the site of intramuscu-
lar injection was observed for lipobeads, (iii) lipobead-encapsulated combination of Pfs25 and 
CpGODN showed the maximal immune response based on serum anti-Pfs25 profile of immu-
nized mice, (iv) significantly higher levels of interferon-γ and interleukin-2 were detected in the 
spleen if mice immunized with lipobeads carried the drug combination.

In the second scheme [11], hydrophilic protein (IL-2, 17 kDa) and hydrophobic small mol-
ecule drug (SB505124, SB, 335 Da) have been coencapsulated into the hydrogel core of 120-
nm lipobeads cross-linked by a free radical photopolymerization. The IL-2 belongs to the 
family of cytokines, soluble proteins that supposedly stimulate natural killer cells (NK) and 
enhance lytic activity against melanomas and renal cancer. However, efficiency of the IL-2 
as an immunotherapeutic agent may be significantly reduced by the ability of tumor cells 
to secret a number of immunosuppressive factors, such as the transforming growth factor-β 
(TGF-β) that decreases local immune responses. The SB is a TGF-β antagonist that inhibits 
TGF-β receptor. The study on coencapsulation into lipobeads and simultaneous sustained 
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delivery of the aforementioned drugs showed that no toxicity was observed on intravenously 
administrated mice. Biodistribution analysis of rhodamine-loaded lipobeads in healthy mice 
indicated that the lipobeads primarily accumulated in lungs, liver, and kidney, the heart and 
spleen were also reached though. In B16 lung metastatic animals, the highest accumulation of 
lipobeads and drug was found to occur in the lungs and liver. In comparison to other delivery 
systems including liposomal, a significantly greater reduction in both tumor growth rate and 
tumor mass was observed after one-week therapy of the B16/B6 mouse models of metastatic 
melanoma administered intravenously. It was found that the lipobead-delivered combination 
immunotherapy stimulated both innate and adaptive immune systems resulting in drastically 
increased survival.

4.1.4. Combined multifunctional drug containers

As per Figures 11 and 12, the nanogel core collapse at elevated temperature causes either 
reversible or irreversible aggregation of lipobeads depending on whether lipid bilayer fusion 
occurs or not. Reversible and irreversible aggregation of lipobeads is a key step for designing 
two types of combined multifunctional containers.

In the system made of anchored lipobeads, the initial formulation may consist of two dif-
ferent drugs entrapped in different lipobeads (Figure 14). Under switching condition 1, 
both drugs can be simultaneously delivered as one aggregate to the targeted organs in 
the body. At switching condition 2 or 3, either one or the other drug can be released in the 
desired order.

In the system based on irreversible aggregation of lipobeads (Figure 15), several nanogels 
loaded with different predrug reagents are trapped under the same lipid membrane (“giant 
lipobeads”) to react inside without damaging the surrounding organs and to be delivered to 
the targeted site in one “giant” container able to release the final product controllably.

Figure 14. The combined drug delivery system based on reversible aggregation of lipobeads.
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4.1.5. Remarks on lipobead-encapsulated anticancer drugs

Today, cancer is one of the most dangerous illnesses on Earth, because mortality in patients 
with solid malignant tumors is caused mainly by tumoral metastases, the appearance of 
new cancerous centers in another organs or different tissues. Administration of anticancer 
drugs by intravenous route (chemotherapy) is the main treatment aimed at destruction of 
primary tumor and reduction of the probability of formation of secondary tumors due to 
metastases. Since single metastatic cells cannot be localized, followed, and monitored so far, 
a high concentration of an anticancer drug should be systematically distributed throughout 
the entire human body to increase the probability of the cancer cells’ distraction. Being strong 
poisons and/or cancerogenic themselves, anticancer drugs destroy not only malignant cells 
but also normal ones giving rise to serious side effects of a chronic and irreversible origin 
and/or causing the formation of a new malignant tumor even without metastases of the pri-
mary one. Moreover, the high concentrations of anticancer drugs can induce a resistance 
of the malignant cells to these drugs. To reduce the toxicity of the anticancer drugs by con-
trolling their suitable concentrations and reaching the targeted cells without healthy cells 
being affected, numerous polymeric nanoparticles and liposomal drug delivery systems are 
under development or undergo clinical trials. However, only two polymer conjugates and 
six liposome-encapsulated anticancer drugs were approved to market as the most clinically 
successful liposomal anticancer products so far (for details, see [36] and references therein). 
Probably, loading drugs into the environmentally responsive hydrogel core covered with the 
lipid layer is the right way to the chemotherapy with superior tumor response and minimal 
side effects even at a greater loading concentration.

4.2. Prospective applications and perspectives

4.2.1. Hydrogel/lipid bilayer assembly: Mimicking cell membrane system

Recently developed technologies of using the liposome interior as a microreactor and the 
concept of lipobeads itself inspire the idea of artificial membrane system with controlled 
properties. The bottom-up approach to design “liposomes-within-giant vesicle” structures 
(vesosomes) [171, 172] includes a series of structures mimicking cell membrane systems such 
as shown in Figure 16 in the order of increase in their complexity: (a) giant vesicles with the 
size compared to the size of living cells (~5–200 μm), (b) large unilamellar vesicles with the 

Figure 15. The combined drug delivery system based on irreversible aggregation of lipobeads.
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nanometer scale size (<1000 nm), (c) a number of liposomes interior to the single membrane 
vesicle (cell analogue), (d) a double membrane vesicle with the inner membrane surface 
lesser than the outer membrane surface (nucleus analogue), and (e) a double membrane 
vesicle with the inner membrane surface greater than the outer membrane (mitochondrion 
analogue).

By analogy with vesosomes, it would be intriguing to design the so-called vesobeads—hydro-
gel/membrane structures of different combinations of liposomes, giant vesicles, nanogels, 
microgels, lipobeads, and giant lipobeads. Some of them shown in Figure 17 are: (a) giant 
vesicles with hydrogel core (“giant lipobeads”), (b) hydrogel inside liposomes with the size 
less than 1 μm, (c) structure that has many lipobeads inside of a giant vesicle, which can also 
be done by injection. By manipulating the hydrogel, one can cause the lipobeads to aggregate, 
as shown in structure (d). If the membranes of lipobeads fuse, the structure (e), a number of 
nanogels inside of a double membrane, can be engineered.

The aforementioned membrane/membrane and hydrogel/membrane structures comprise 
fusion/fission of LUVs and GUVs and can be served as a model system to study exo- and 
endocytosis, hydrogel/membrane compatibility, loading ability of the lipid bilayers, polymer 
networks, and interior of GUVs, and interactions between those assemblages when their sur-
faces are specifically modified.

Besides all the advantages of conventional lipobeads discussed in this chapter, the multicom-
partmental structure of vesobeads will provide additional protection against degradation 
and leakage in bloodstream and greater biocompatibility. Moreover, the structure of a veso-
bead resembles the structure of a macropinosome (Figure 13) and can provide simultaneous 
internalization of several lipobeads into the cell interior. Indeed, if an external lipid bilayer of 
vesobead fuses with the cellular plasma membrane, a bunch of loaded lipobeads are injected 
into cytoplasm.

Figure 17. Hydrogel/lipid bilayer assemblies.

Figure 16. Liposomes-within-giant vesicle structures.
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4.2.2. Proteo-lipobeads

The next step of lipobead functionalization is incorporation of proteins into their lipid bilay-
ers or/and loading of the hydrogel core with functional proteins. This type of hydrogel/mem-
brane structures has been already named as proteo-lipobeads.

4.2.2.1. Proteins within lipid bilayer

The first proteo-lipobeads were prepared when transmembrane receptors were reconstituted 
into the lipid bilayer of lipobeads [45]. It was found that the receptors retained their native-
specific binding. Recently, new proteo-lipobeads with the controlled orientation of the mem-
brane protein and enhanced stability have been developed by modifying agarose beads with 
linkers, binding membrane proteins to the linkers, and surface coverage with phospholipids 
[173]. The lipobead incorporated cytochrome c oxidase was shown to be functional in terms 
of antibody binding and proton transport modulation. The proteo-lipobeads, as alternatives 
of living cells for monitoring properties of membrane proteins and ion transport through 
ionic channels and transporters, did exhibit a higher stability, capability of uniform orienta-
tion, and functional activity of the membrane proteins in comparison with proteo-liposomes 
and polymersomes [174]. The further interplay between lipids and the lipobead-encapsulated 
proteins will allow one to remodel the dynamic cell membrane systems [175] and, despite the 
increase in complexity of a lipobead structure, will bring about new benefits, such as tiny liv-
ing cells mimicking mechanisms of drug release regulated by signaling.

If ionic channels (transmembrane proteins) incorporated into the lipid bilayer, it would be 
necessary to measure ionic transport through the membrane without rupturing the lipid 
bilayer. For these purposes, one can imagine a hemispherical configuration of the lipobead, 
which would allow an electrical access to the interior as shown in Figure 18. By the way, this 
device could be used as a biomimetic sensor and a cell analogue, which functional properties 
could be modeled and studied by changing the inner compartments of the probe.

Figure 18. Hemispherical lipobead with electrical access to the interior.
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4.2.2.2. Proteins inside hydrogel core

As it was mentioned in Section 2.5.1, so far the only test enzymes were loaded into the lipo-
beads interior to show retention of their enzymatic activity after release from the hydrogel 
core [37].

By analogy with the enzyme-containing lipid vesicles (liposomes) [176], one can predict that in 
turn the near-future development of enzyme-containing lipobeads will follow the same steps 
and directions, including the studies on (i) methods for adsorption of a variety of enzymes 
onto the interior or exterior site of the lipid bilayer and for their encapsulation within hydro-
gel core, (ii) enzyme encapsulation efficiencies, (iii) potential applications, especially, in the 
biotechnology (e.g., cheese production) and biomedical fields (e.g., enzyme-replacement 
therapy or for immunoassays). As in the case of liposomes, the enzyme-containing lipobeads 
could play a twofold role: enzyme carriers and enzymatic nanoreactors. In the first case, the 
enzyme molecules are expected to be controllably released from the lipobeads at the target 
site. In the second case, enzymes trapped inside the hydrogel matrix or interspace between 
the hydrogel core and lipid bilayer catalyze an enzymatic reaction either upon permeation 
of a substrate across the bilayer or by stimuli-responsive activation of the enzyme molecules.

Obviously, a deeper understanding and modeling of the catalytic activity of the entrapped 
enzyme molecules will be in demand. In this context, it is worthy to highlight the key prop-
erty which hydrogel core brings to the enzyme-containing lipobeads: the activity of the enzyme 
entrapped into the hydrogel can be affected by the 3D-polymeric network density. For example, 
the studies on activities of enzymes immobilized into the temperature-sensitive hydrogels explic-
itly indicated that their activity (e.g., urease [177], β-galactosidase [178], α-chymotrypsin [179]) 
decreased upon PNIPA hydrogel shrinking at elevated temperatures. Since the volume transition 
in the temperature-sensitive hydrogels is reversible (see Section 3.1.1 for details), the activities of 
the aforementioned enzymes were restored with temperature decrease beyond the TV of PNIPA.

There may be another case, when the activity of enzyme immobilized into the hydrogel matrix 
increases upon a polymer network collapse. In accord with the recently proposed model of 
electrochemical mechanics of bacterial spores [180], all bacterial spores have a lipobead-like 
structure consisting of layered protein network (coat), peptidoglycan cross-linked matrix 
(cortex) enclosed between two lipid membranes, and the spore core containing the genetic 
information. Some piece of evidence indicates that the co-called cortex lytic enzymes involved 
into the spore cortex degradation enhance their activity in response to the collapse of the 
peptidoglycan cortex where these enzymes are located. Note, in this case, the cortex matrix is 
a substrate for the enzymes, so that its collapse is equivalent to the increase in the substrate 
concentration, which in turn is responsible for the rate of the degradation reaction.

5. Closing remarks

The concept of lipobeads has been proposed about 30 years ago and the time has come to 
explore a combination of lipid bilayer and cross-linked polymer network as a logical step of 
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the development of polymeric and liposomal nanoscopic systems to provide the desired level 
of functionality, which Nature achieves in living cells. Two general approaches to preparation 
of lipobeads (polymerization within lipid vesicle interior and mixing of separately prepared 
lipid vesicles and hydrogel particles) actually are the modified methods for fabrication of 
liposomes or nanogels. Besides attractive properties from both liposomal and polymeric sys-
tems, the mechanical stability of the lipid bilayer and environmental responsiveness of the 
total structure are the two important properties that hydrogel core brings about to the new 
construct. Bicompartmental structure of lipobeads predefines their numerous future applica-
tions in biotechnology and bioengineering, tissue engineering, sensing and molecular recog-
nition, drug and gene delivery, controlled release, artificial muscles, flow control, and so on.

As a platform for drug delivery systems, lipobeads have already been loaded with chemother-
apeutics (doxorubicin, a combination of immunotherapeutic agent and inhibitor of growth 
factor receptor), malaria vaccine (a combination of stage potential blocker and immunostimu-
lator), and dermatological agent (natural moisturizing factor). In animal experiment, the lipo-
bead-delivered combination chemotherapy demonstrated a drastically increased survival.

Further development of the hydrogel/lipid bilayer assemblies may include vesobeads (e.g., 
many dispersed lipobeads or their aggregate inside of a giant vesicle, a number of nanogels 
inside of a double membrane), proteo-lipobeads (lipobeads with functional proteins incor-
porated into lipid bilayers or/and hydrogel core), enzyme-containing lipobeads (a particu-
lar case of proteo-lipobeads with controllable enzymatic activity), and hemi-lipobeads (a cell 
analogue probe with electrical access to its interior).

This chapter shows that additional technological expenses on production of lipobeads will 
not be a high cost for the aforementioned advantages of their use in the following Era of the 
Bioscopic Systems.
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Abstract

The liposomes are well-known lipid aggregates. The lipid composition and size of the
liposomes can be controlled. The method of preparation, lipid composition, temperature,
and pH have an influence on the liposome size and bilayer structure. The physicochemical
properties of liposomes allow them to various applications. Nuclear magnetic resonance
(NMR) is one of the methods used to study liposome properties. The abilities of the method
are the high sensitivity and high resolution. Moreover, it provides information about
dynamics and structure of molecules. 1H and 31P NMR are most convenient methods to
study liposomes, because liposomes are typically formed from phospholipids. Additionally,
two-dimensional NMR spectroscopy reveals information about the nature of intermolecular
and intramolecular interactions (scalar and dipole-dipole interactions) that makes easier to
interpret the structure of molecules. The chapter aims to introduce the NMR phenomenon,
interactions between spins in magnetic field, dynamics of molecules and physical parame-
ters of NMR spectra, and the necessary information for analyzing and interpreting high-
resolution NMR spectra. It also aims to show how various changes in the bilayer structure
or dynamics of lipid molecules are visible in the NMR spectra.

Keywords: liposomes, nuclear magnetic resonance, dynamics, half-width of signal,
signal splitting, 1H NMR, 31P NMR, 2D NMR

1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy provides information about the structure and
dynamics at the molecular level. The knowledge about the peculiarity of NMR phenomenon and
about the physical parameters of NMR spectra would help in analyzing obtained results.
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1.1. The magnetic properties and magnetic moment of nuclei

Studies of the atomic structure of discrete spectra have shown that, similar to electrons, nuclei
have momentum, which is called nuclear spin. Nuclear spin is directly connected to a given

magnetic moment. The values of these magnetic moments can vary. The magnetic moment μ! is

proportional to momentum Κ
!
(spin) [1]:

μ!¼ γ Κ
! ð1Þ

where γ is the gyromagnetic ratio, characteristic for a given nucleus (Table 1)

1.2. Resonance condition

A given nucleus with its magnetic moment and spin will precess in intense static magnetic
field B0 with frequency ω0:

ω0 ¼ 2πν: ð2Þ

The value of the frequency is proportional to γ and to the B0 field [1]:

ω0 ¼ γB0: ð3Þ

The frequency of precession in the B0 field is known as Larmor frequency. In precession, the
nuclear dipoles move around a cone in the B0 field at frequency ω0. The precessing nuclei
transverse magnetic field B1, which is a linearly oscillating magnetic field along the x-axis, and
they then submit to the combined action of both the B0 and B1 fields [1]. If B1 field oscillates at the
Larmor frequency, the nuclear magnetic resonance phenomenon will be observed, according to
resonance condition as follows:

ω1 ¼ ω0 ¼ γB0: ð4Þ

Nuclei Nuclear spin Gyromagnetic ratio [T-1.s-1] Resonance frequency in B0 ¼ 14.092 T [MHz]

1H 1/2 2.6752 � 108 600

13C 1/2 6.7266 � 107 150.9

15N 1/2 �2.7108 � 107 60.8

17O 5/2 �3.6267 � 108 81.4

19F 1/2 2.5167 � 108 564.5

25Mg 5/2 �1.6371 � 107 36.7

31P 1/2 1.0829 � 108 243.9

33S 3/2 2.0518 � 107 46

35Cl 3/2 2.6213 � 107 58.8

39K 3/2 1.2482 � 107 28

Table 1. The values of nuclear spin (Κ
!
), gyromagnetic ratio (γ), and resonance frequency (ω0) [1, 3].
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1.3. Nuclear magnetic relaxation

The nuclear magnetic relaxation phenomenon is connected to the interaction between the

magnetization vector M
!

(equilibrium magnetization) and the B0 field. The M
!

vector is the
sum of the magnetic moments of the given nuclei:

M
!¼

Xn

i¼1

μi
!
: ð5Þ

The value of magnetization is equal to zero when the nuclei are not in the B0 field. Then, the μ!

moments of the nuclei are oriented chaotically in accordance with statistical distribution. In the

B0 field, the μ! vectors are ordered, which results in thermodynamic equilibrium. The time in
which the equilibrium is set depends on the type of sample and the temperature [2]. In the

equilibrium state, more μ! moments are oriented parallel to the B0 field than are antiparallel to
it. It is in agreement with the normal Boltzmann equilibrium between the spin states. Thus, the

M
!

vector is also oriented along the direction of the B0 field (Figure 1).

The μ! moments are not coherent in precession; thus, there is no gain in the transverse magne-

tizationMxy
�!

. When the B1 field interacts with the precessing spins at the Larmor frequency, the

Mxy
�!

vector gains (Figure 2) [2].

Figure 1. Equilibrium magnetization M
!

in B0 field.
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After switching off the B1 field at time τ, the M
!

vector will emerge at angle α ¼ γB1 τ with

respect to the z-axis. Then, the M
!

vector begins to precess around the direction of B0 field,

which is now active [1]. Thus, the transverse Mxy
!

will lose at time T2 (transverse relaxation
time or spin-spin relaxation time) (Figure 3).

1.3.1. Spin-lattice relaxation process

The orientation of the μ! in magnetic field B0 depends on the value of the interaction energy

between μ! and B0 field [3]:

Figure 2. The M
!

vector emerged at angle α with respect to the z-axis and the transverse Mxy
!

.

Figure 3. The loss of transverse Mxy
!

vector at time T2.
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E ¼ � μ! B0 ¼ �mγB0, ð6Þ

where m is the magnetic quantum number.

In the equilibrium, the nuclei at every energetic level are in accordance with the normal
Boltzmann equilibrium law [3]:

N1

N2
¼ exp

ΔE
RT

≈ 1þ γℏB0

kTL
, ð7Þ

where N1 is the nucleus population on the energy state, which is less than ΔE energy in
comparison to the N2 population, TL is the sample temperature, and ℏ ¼ h=2π where h is
Planck constant.

The B1 field induces the transition between quantum states, which gives rise to the NMR
signal. The equalization of Boltzmann populations (extinction of NMR signal) in the quantum
states, known as saturation phenomenon, is accompanied by an increase in the spin tempera-
ture TS. At the same moment, the sample temperature TL does not change. The condition in
which TS > TLmeans that the equilibrium state has not been archived; however, after switching
off the B1 field, the TS temperature will equalize with TL (lattice) temperature. The spin existing
in the excited quantum state cannot return to the ground state spontaneously. Thus, forced
emission is one way that the spins lose energy [4]. This type of emission is possible only
throughout spin-lattice interactions. The transitions between the spin states can be enforced
only via the local magnetic field Bloc at the Larmor frequency. Fluctuations of Bloc field are
generated by the thermal motion of the atoms and molecules from which a network is
formed [1, 2]. Each magnetic moment that participates in random rotational or translational
Brownian motion causes a fluctuation of the Bloc field, which causes a Fourier's frequency
spectrum for those fields. For the spin ½ nuclei 1H, 13C, and 31P, the dominant mechanism of

relaxation is a dipole-dipole interaction, which is a result of the interaction between μ! and Bloc

that is generated by neighboring magnetic moments. Thus, for the spin ½ nuclei, the dominant
mechanism of relaxation is the interaction between the gradient of the electric field generated
at the location of the observed nucleus by its electrical surroundings and nuclear electric
quadrupole moment [4–6].

The simplest way to describe dipole-dipole interaction is by using the system of two spins. If

the spin I μI
!� �

is near the second spin S μS
!� �

, then the Bloc field created by the nucleus S at the

position of nucleus I is equal to [1–3]

Bloc ¼ �μS

RIS
!

!
3cos2θ� 1
� �

, ð8Þ

where θ is the angle between the B0 field and the RIS
!

vector, and RIS
!

vector is the distance
between spin I and spin S (Figure 4).

If spins S and I are from the same molecule, then the RIS
!

is constant, and fluctuations in the Bloc

will be associated with random changes in the angle. This mechanism of relaxation is known
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as rotational or intermolecular relaxation. If spin I and spin S are not from the same molecule,

then the Bloc field fluctuations will depend on changes in both angle and the length of the RIS
!

[2].
This is called as translational or intramolecular mechanism of relaxation, which primarily relates
to a liquid. In fact, in the spin I position, the Bloc field is produced by more than one spin S;
however, if a system has more than two spins, the calculation of relaxation time rate is limited
and the additivity of the effects is assumed. Then, the rate of the spin-lattice relaxation time T1

can be expressed as the sum of the probabilities of the transitions between spin energy levels [6]:

1
T1

¼

X
MM0

WMM0 EM � EM0ð Þ2
X
M

E2
M

, ð9Þ

where WMM0 is the probability of the transition between energy level EM and level EM'.

In the case in which the two protons will be taken into consideration, for example, in an H2O
molecule, then the rate of T1 can be summarized as follows [2]:

1
T1

¼ 2 W1 þW2ð Þ, ð10Þ

where w1 is the probability of a single spin-flip transition, and w2 is the probability of a double
spin-flip transition.

Figure 4. The system of two spins in magnetic field.
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In a system of AX spins, for example, in a CH group, the cross-relaxation effect occurs. In such
a case, it is necessary to use the proton-decoupling method to prevent the splitting of signals
(multiplets) caused by the spin-spin couplings. Then, the rate of T1 can be expressed by the
formula [2]:

1
T1

¼ W0 þ 2W1 þW2, ð11Þ

where w0, w1, and w2 represent the probabilities of the two-spin system (Figure 5).

After determining the transition probabilities and the perturbation Hamiltonian, it is possible
to write the T1 relaxation time for the homonuclear spins (II) and heteronuclear spins (IS) as
follows [5]:

1
T1

¼ 3
10

γ4
I ℏ

2R�6
II

τc
1þ ω2

I τ
2
c
þ 4τc
1þ 4ω2

I τ
2
c

" #
ð12Þ

and

1
T1

¼ 1
10

γ2
I γ

2
Sℏ

2R�6
IS

τc
1þ ωS � ωIð Þ2τ2c

þ 3τc
1þ ω2

I τ
2
c
þ 6τc
1þ ωS þ ωIð Þ2τ2c

" #
, ð13Þ

where τc is the correlation time.

The time T1 is very sensitive to the length of RIS
!

between near spins, as directly proportional to
its sixth power [7].

The high-temperature approximation is fulfilled, ω2
0τ

2
c ≪ 1, for liquids, thus the rate of T1 is

independent of the frequency and Eqs. (12) and (13) are simplified to the following
forms [2]:

Figure 5. The unlimited transitions in two spin system.
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1
T1

¼ 3
2
γ4
I ℏ

2

R6
II

! τc ð14Þ

and

1
T1

¼ 3
2
γ2
I γ

2
Sℏ

2

R6
II

! τc: ð15Þ

As a result of the high-temperature approximation, the rate of T1 increases as the temperature
increases.

In general, the total rate of T1 for protons is the sum of the rates of relaxation times caused by
intermolecular and intramolecular factors [2]:

1
T1

¼ 1
T1

� �

intra
þ 1

T1

� �

inter
, ð16Þ

where the rate of relaxation time, denoted as intramolecular (1/T1)intra, fulfills relation (14).

The calculation of the rate of relaxation time caused by the intermolecular factors was
presented in reference [8]. The (1/T1)inter is directly proportional to the population of spins N1,
and it is inversely proportional to the translational diffusion coefficient D:

1
T1

� �

inter
¼ 17

30
πγ4

I ℏN1

aD
, ð17Þ

where a is the closest possible distance between two spins belonging to two molecules (a is
usually equal to the particle diameter).

Thus, D can be obtained directly while measuring viscosity based on the Stokes-Einstein
relationship:

D ¼ 6πηa: ð18Þ

The τc obtained by measuring the rates of T1 for each chemical group in the molecule should
have the same value when the molecule is subjected to isotropic rotation. In fact, various
correlation time values can be observed, and this proves the existence of internal motions in
the molecule [4–6].

1.3.2. The Lipari-Szabo model-free approach

In liquids, molecules are subject to rotational motion around the symmetry axis, and individ-
ual groups of molecules demonstrate internal movement. A correlation function for this com-

plex motion of the RIS
!

vector was derived in reference [9]. The model assumed that the total
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rate of the rotational movements is equal to the sum of the rates of the entire molecule (overall
rotation—isotropic rotation) and internal rotations:

1
τi

¼ 1
τiall

þ 1
τiinter

, ð19Þ

where τiall is the time of isotropic rotation of the entire molecule, and τiinter is the time of the
internal isotropic rotation.

According to this model, the rate of T1 is dependent on the complex motion coefficient C1[9]:

C1 ¼ 1� 3
4

sin4βþ sin22β
� �� �

, ð20Þ

where β is the angle between the axis of rotation and the vector RIS
!

.

The coefficient C1 can take any value between 0 and 1 (0> C1> 1). When C1 ¼ 1, there is no

internal movement, when C1 <1, the vector RIS
!

is subject to the movement [9].

1.3.3. Spin-spin relaxation process

The spin-spin relaxation process is associated with losing the phase coherence via the nuclear

spin system, which leads to the loss of the Mxy
!

vector. The effectiveness of the process depends
on the rate of the molecular reorientations. In viscous liquids and solids, molecular reorientation
is slow, it either takes a few microseconds or it does not occur at all [2]. The strength of magnetic

field comes from the μ! moments, decreases as the distance between the spins increases. Thus,
only the nearest nuclei have a significant contribution to the Blocfield. Therefore, from the
position of the individual spins, the strength of B0 field in which they exist differs in the range
of Bloc, and it may increase by several Gauss. The consequence of this phenomenon is that the
resonance frequency of the spins will also be different [1]. Spins can transfer absorbed energy to
other spins that are located at a lower state of energy. The rate of T2 time determines a spin’s
lifetime at a given energy state. This phenomenon is associated with the broadening of quantum
states, which is explained via the Heisenberg uncertainty principle [3]:

Δεte ≥
ℏ
2
: ð21Þ

The shorter is the spin’s lifetime, the greater the broadening of the quantum states. Therefore,
the transverse relaxation time is related to the width of the resonance signal [1, 3]. The
dependency of the half-width of the resonance signal 1/2 and the relaxation time T2 is

Δν1
2
¼ 1

2πT2
: ð22Þ

The values of the T2 relaxation times in liquids are similar to the values of the T1 times and they
are relatively long; however, T2 cannot be greater than T1[1].
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1.4. Spin-spin couplings

The interaction between μ! moments, located in the magnetic field B0, is known as spin-spin
coupling J (scalar coupling). Each nucleus interacts with every other nucleus through their
valence electrons, and the value of the coupling J depends on the gyromagnetic ratio and the
distance between the coupling nuclei (number of bonds). The consequence of the interaction

(attraction or repulsion of the moments ì
!
) is the splitting of the quantum states (discrete

spectrum). Thus, a given multiplet is found on the spectrum and the distance between the split
signals is equal to J. In general, if the proton n is coupled with the other protons, then (n þ 1)
signals are obtained in the multiplet [1]. Thus, the methyl protons (CH3) coupled with the two
protons of the CH2 group cause the splitting of the resonance signal on (2 þ 1) peaks. In
multiplet, the intensity of the signals can differ, and this can be determined using Pascal's
triangle. These rules go into effect only if the differences between the chemical shift ranges and
the value of spin coupling J are sufficiently large [3].

The spin-spin coupling J of spin Y and spin X can provide a relaxation mechanism for spin Y if
spin X undergoes relaxation with time T1. Spin Y is subjected to a fluctuating field due to the
rapid spin X reorientation [1].

1.4.1. Amplifying the signals via polarization transfer

In NMR, the polarization transfer method, or the spin population transfer, is used to amplify
the weak resonance signals, for example, in the 13C spectra. The intensity of the signal is
directly proportional to the difference between the N1 and N2 spin populations at energy
levels. The N1/N2 ratio fulfils the normal Boltzmann equilibrium between the spin states. The
greater the B0 field, the greater the difference between the spin populations, and this depends
on the ratio of the γ of the spins [10]. The nuclei 1H and 31P have large values, hence, the
resonance signals are easier to observe than a signal from 13C nuclei. The use of selective pulses
of B1 field might increase signal intensity of the spins in coupled systems. In the case of
a system in which a sensitive nuclei A (proton) is coupled with an insensitive nuclei X (13C)
in 13C spectra, signals with a coupling value of J(C, H) ¼ 209 Hz (e.g., for 13CHCl3) are
obtained [10].

Amplifying the parameter signal p may be represented as follows [10]:

p ¼ 1þ γA

γX
∨ p ¼ 1� γA

γX
: ð23Þ

1.4.2. Nuclear Overhauser effect (NOE)

The nuclear Overhauser effect is a double-coupled nuclei resonance, which results in a
change in the signal intensity (typically an increase). Intramolecular and intermolecular
factors have an impact on the value of signal amplification [11]. The theoretical maximum
value of the signal amplification, in the case of coupling of 1H and 13C nuclei and dipole-
dipole relaxation, is 2.989. In fact, the value can change from 1 (which means no gain) to a
maximum theoretical value [10]. Because dipole-dipole relaxation is the major relaxation
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pathway for protons and the carbons that are directly bonded with protons, the intensity of
resonance signals corresponding to themwill be more than the intensity from other nuclei. Thus,
the spectrum will show signals with various intensities [3]. Therefore, the proton-decoupled
resonance technique is used for 13C nuclei. The application of the proton-decoupling method
and the NOE effect makes it possible to amplify the signal by up to 200% [10].

The NOE effect can also be observed in the 1H NMR spectroscopy, when two protons, Hα and
Hβ, are not directly bonded, but they are sufficiently close to each other. If the signal fromHα is
gained, then the intensity of the signal corresponding to Hβ will also increase about 45% [10].
Two mechanisms are responsible for the amplification of the signal, which causes the transfer
of polarization:

• dipole-dipole interaction through space and

• chemical exchange (in the two spins system AX, the nucleus A is polarized and then the
polarization is transferred from A to X with the exchange constant k).

1.5. Detection of NMR spectra and NMR spectra parameters

After the discovery of the phenomenon of NMR in solids, it was found that this phenomenon
can also be observed by treating the sample with a sequence of short pulses of B1 field at
resonance frequency [12]. After that, the sample can induce alternating voltage with frequency
ω0 in the coil. An increase in the coil-alternating current is observed as a signal of free
induction decay (FID).

The pulse duration is given by the following formula [1]:

ti ¼ θ
γB1

: ð24Þ

The selected pulse rotates M
!

vector by a given angle θ. The most commonly used pulses are

the ones that rotate theM
!

vector about 90o (π/2) or 180� (π) (Figure 6). The duration time of the
pulses ranges from 1 to 100 μs [3].

The shape of the FID signal is a fading oscillation curve as a function of time. This function is
archived in the acquisition time of approximately 1 s. Then, using Fourier transformation, the
periodic changes in time are converted to the frequency spectrum. The advantage of using this
method is that it enables the fast recording of the spectrum as well as accumulation and
averaging, which increases the signal-to-noise ratio [1].

1.5.1. Chemical shift

The chemical shift is the most common parameter analyzed in the 1H NMR spectra. This is
due to the fact that the distribution of electrons in the molecule is varied, so the different
chemical groups of the same molecule have a different screening constant [1, 3]. Conse-
quently, the same nuclei require a different B0 field to achieve a resonance condition at a
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predetermined frequency ω0.In this situation, the resonance condition must take the follow-
ing form [1]:

Bef ofsample
� � ¼ Bst ofstandardð Þ ð25Þ

Figure 6. The B1 field pulses rotate the M
!

vector about (B) 90
�
(π/2) and (C) 180� (π); (A) the equilibrium state; the

evaluation of the M
!

vector and return to the equilibrium state in (D) the case (B) and (E) the case (C).
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Thus, the effective field acting on the nucleus must satisfy the following equation [1]:

Bef ¼ B0 1� κð Þ, ð26Þ

where κ is the screening constant that is a measure of the density of the electron cloud around
the nucleus.

Substituting formula (26) to (25), we get

B0 1� κð Þ ¼ Bst 1� κstð Þ: ð27Þ

Assuming, that 1� κð Þ ≈ 0, because κ is the order of 10-6–10-2, so κ≪ 1, we then get

Bst � B0

Bst
≈κst � κ ¼ σ, ð28Þ

where σ is the chemical shift.

However, in the given B0 field the frequency changes ω0, and then σ can be presented in the
following form [3]:

σ ¼ ν� νst
νst

� 106 ppm
� �

: ð29Þ

As the physical parameter used to analyze 1H NMR spectra, σ is defined as the difference
between the positions of the sample and standard signals [1]:

σ ¼ ν� νstð Þ � 106 ppm
� �

: ð30Þ

The measurement range for hydrogen nuclei is about 15 ppm, which is about 3–10% of the
spectroscopic range of other magnetic nuclei.

1.5.2. Presence of paramagnetic ions as a factor affecting a value of σ

During the interaction between metals, such as Eu3þ or Pr3þ, and molecules containing oxygen
or nitrogen atoms, metal ions increase their coordination number and form unstable associa-
tions [1]. This changes the chemical environment of the protons as well as the dipolar interac-
tions between the unpaired electrons of the metal ions and the protons. This causes a change in
the chemical shifts of hydrogen. The value of σ depends on the distance between the proton
and the paramagnetic ion, and the value decreases as the distance increases [1].

Paramagnetic ions are used to distinguish the signals assigned to the choline groups of phos-
pholipids. The most frequently used ions are those from the lanthanide group [13]. The
concentration of paramagnetic ions added to the external environment of liposomes varies
and is unique to each ion. If the concentration is too great, it could broaden all NMR spectra
due to the dominant paramagnetic interactions [14].
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1.5.3. Intensity of the signal

The intensity of the signals in the 1H NMR spectra is a measure of adsorption, and it is
proportional to the number of protons that induced the signal [1]:

I ¼ 1þ γ2B2
1T1T2

� �1
2: ð31Þ

The above formula takes into consideration the relaxation times of different protons in the
molecule, and the strength of B1 field. The physicochemical analysis of the NMR spectrum
assumed that the area under the obtained signal is proportional to the number of protons
inducing the signals [3]. Therefore, based on the measured area under the signal, the relative
number of the protons in the molecule can be determined. Sometimes, the determined relative
number of the protons in the molecule is not equal to the number of the protons resulting from
the molecular formula. This usually occurs when oxygen, nitrogen, or sulfur are present in a
molecular structure; in such a case, the proton may be exchanged for deuterium from the
deuterated solvent [3].

1.5.4. Chemical shift anisotropy (CSA)

The 31P lineshape is directly related to the CSA tensor and to the orientation of lipid molecule
(relative to the B0 field) [15]. The value of CSA depends on the phosphate group motion and
the temperature. The 31P spectra exhibit a characteristic narrow peak (σ⊥—high-field maxi-
mum; isotropic part) and a low-field shoulder (σ∥—anisotropic part). The CSA can be calcu-
lated using the fallowing formula [16]:

Δσ ¼ 3 σ∥ þ σ⊥
� �

, ð32Þ

where σ∥ and σ⊥ are the values of 31P shielding of the lipid molecules, oriented parallel or
perpendicular relative to the magnetic field.

The value of CSA for multilamellar vesicles (MLVs) is about 40–50 ppm, and depends from the
size of liposome. For small unilamellar vesicles (SUVs), the CSA value may decrease to 10
ppm [15].

1.6. Two-dimensional (2D) NMR spectra

The two-dimensional NMR experiments are most often used to determine the third and fourth
structure of macromolecules.

1.6.1. Two-dimensional correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY)

The 2D homonuclear (H,H)-COSY experiment showed that the spectra with 1H chemical shifts
along the axes were correlated with each other [10, 17]. The pulse sequence of the COSY
experiment is shown in Figure 7A. In the COSY spectra, the diagonal and cross peaks are
visible and they always differ by 90o.
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1T1T2

� �1
2: ð31Þ
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When the system of two spins corrects the phase, the absorption signal appears as the cross peak,
while the dispersion signal (incorrect phases) appears as the diagonal peak. The cross peaks in the
horizontal and vertical directions are the absorption signals with positive and negative ampli-
tudes [10]. When a proton is coupled with more than one proton, the diagonal peak is seen in the
corner and it occupiesmore thanone square. This simple rule of spectrumanalysismakes theCOSY
techniquean ideal tool for evaluating the 1Hspectra.TheCOSYspectra reveal informationabout the
scalar coupling of protons within a few bonds [10, 17]. One disadvantage of the COSY method is
that the cross peaks overlap with the diagonal signal when the chemical shift differences between
the coupled nuclei are too small [10]. The 2D homonuclear (H,H)-TOCSY experiment is similar to
the COSY experiment, but it exhibits the peaks from all scalar-coupled protons from the spin
system [10, 17]. The pulse sequence of the TOCSYexperiment is shown in Figure 7B. The method
used to analyze the TOCSYspectra is similar to themethod used to analyze the COSYspectra.

1.6.2. Rotating frame nuclear Overhauser enhancement spectroscopy (ROESY)

The nuclear Overhauser enhancement spectroscopy (NOESY) and ROESY techniques reveal
information about the dipole-dipole-coupled protons and the transfer of polarization (the
cross-polarization effect) [10, 17]. Usually, the ROESY experiment is used when the studied
molecules are large. Then, the dipole-dipole relaxation is less effective because the rotation of
the molecule is slow (long τc time), which extends the T1 time [10]. Thus, the ROESY method is
more convenient, because it ensures that the NOE effect will be positive [18, 19]. The pulse
sequence of the ROESY experiment is shown in Figure 8.

Figure 7. The pulse sequence of (A) the COSYexperiment and (B) the TOCSYexperiment; t1 is a time between pulses; t2 is
an acquisition time; π and π/2 are pulses; spin-lock is a time of the spin states mixing.
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Both processes, that is, dipole-dipole interaction through space and cross-polarization, influence the
relaxation pathway. The mechanism of magnetization transfer is schematically shown in Figure 9.

Dipole-dipole interactions strongly depend on the distance between the coupled protons.
Thus, the cross peaks differ in size. The ability to detect the interactions through space and to

Figure 8. The pulse sequence of the ROESYexperiment; t1 is a time between pulses; t2 is an acquisition time; π and π/2 are
pulses; Δ is internal fixed time.

Figure 9. The evaluation of the magnetization vector MA (black arrow) belonging to A protons and magnetization vector
MX (gray arrow) belonging to X protons. Spins A and X are close enough to interact through space. The diagrams from A
to F show evaluation of the MA and MX vectors after two gradient pulses (π/2). The small contreating arrows superposed
at the ends of the vectors represent the portion of the magnetization that is transferred from the nuclei of the other sort by
cross-polarization during mixing time Δ.
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obtain general information about the distance between interacting protons provides valuable
data about the stereochemistry of a molecule [10].

2. NMR studies of liposomes

The NMR spectra of liposomes differ from typical solution-NMR spectra. It is due to the
specificity of lipid aggregates. The size of liposomes, hydration level, and the packing regime
of lipid molecules in such structures have an influence on the NMR spectra.

2.1. Analysis of the 1H NMR spectra

MLVs are not suitable for measurements using 1H NMR method due to the large number of
lipid bilayers and the large size of the liposomes. In this case, the signals in the 1H NMR
spectra are drastically broadened, and it is impossible to analyze any of the physical parame-
ters of the spectrum. Even the signals on the spectrum of SUV/LUVare slightly broadened, and
the broadening is not great enough to preclude spectrum analysis. This is due to the fact that
liposomes are a kind of lipid aggregate, which distinguishes them from any substance which is
soluble in water. From the physical point of view, this kind of sample is neither a homogeneous
liquid nor a solid. The diffusion of water molecules and various ions through the lipid bilayer
is the basic phenomenon that can be examined by the 1H NMR spectra. The observation of this
process is possible, thanks to the use of paramagnetic ions. It changes the chemical environ-
ment and the screening constant of each proton from the outer layer, which changes the σ
values. Consequently, the choline group signal is split (δ) into two signals and it is assigned to
the protons from the outer and inner layers of the liposome (Figure 10).

The type and concentration of used lanthanide ions is crucial, for example, if it is too great, the
concentration of Eu3þ ions may exhibit as broadened 1H spectra or they may even destroy the
membrane structure. This effect is associated with the properties of the Eu3þ ions, which interact
to the same extent with the hydrophilic and hydrophobic part of the liposome membrane.
Moreover, the signal corresponded to water is broadened, which means that the Eu3þ ions also
interact with the water molecules from the hydration shell of the liposome [14]. Thus, Pr3þ ions
are most often used, which can split the choline signals within a few ppms without the effect of
broadening the signals. The preferred concentration of Pr3þ ions ranges from 4 to 7 mM [20].

The split signals showed the different intensities. Since the area under a signal is directly
proportional to the number of protons that induce the signal, a more intense signal is assigned
to the protons from the outer layer and the lower intensity signal is assigned to the protons
from the inner layer. This phenomenon is related to the asymmetric distribution of the lipid
molecules in each layer. The splitting of the choline group signal creates new possibilities for
research. The ratio of the area under the signal corresponds to the outer layer and the area
under the signal corresponds to the inner layer (Io/Ii); this provides information about the size
of liposomes (Figure 11) [13, 20].

The splitting of the choline signal also offers the possibility to observe the ion transport
through the membrane, since every change in the chemical environment of the protons from
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Figure 10. The characteristic 1H spectra of egg-lecithin SUV (A) before and (B) after addition of 5 mM Pr3þions.
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the outer layer and the inner layer will be visible as a change in the σ of the signals. The value
of the δ increases as the difference between the chemical environment of the protons from the
inner and the outer layer increases [20, 21]. It is very important to maintain a constant
temperature and pH for the sample during this kind of experiment because the binding of
metal cations is dependent on both of these parameters [22]. The effect is clearly seen in the
1H spectra of PE/PS/PC (phosphatidylethanolamine/phosphatidylserine/phosphatidylcholine)
SUV (Figure 12).

The splitting of the choline groups is caused by 5 mM of the Pr3þ ions. Because the Pr3þ is
associated only with the outer layer of a liposome, it is easy to observe the changes caused by
the diffusion of Ca2þions in the distance between the splitting signals and the intensity. The
value of δ decreased as the concentration of the Ca2þ ions increased inside the liposome [21].
The intensity of the signals assigned to the choline groups changed because the fusion process
occurred in the SUVs. Ca2þ ions are a well-known fusogenic reagent. The fusion process of
vesicles caused the increase in their size. Thus, the difference in the intensity of the signals
assigned to the choline groups decreased. The fusion process also had an impact on the
increase in the concentration of the Ca2þ ions in the liposome [21]. In a similar way, it is
possible to conduct the experiment with compounds that are adsorbed on the surface of
liposomes. Studying the area under each signal may also provide information about the
processes that occur in the hydrophilic part of the lipid bilayer.

The half-width of the signal is another parameter that can be analyzed in the 1H NMR spectra
(Figure 13). The Δν1/2 of the signal is closely related to the dynamics of the chemical groups.
The slower the movement, the greater the Δν1/2 of the signal.

Figure 11. The measure of the area under the signals (integral of the signal) assigned to the protons from the choline
groups.

Application of Nuclear Magnetic Resonance Spectroscopy (NMR) to Study the Properties of Liposomes
http://dx.doi.org/10.5772/intechopen.68522

113



The processes that occur on the surface of the liposomes can cause the choline head to either
become rigid or become more fluid, thereby slowing down/speeding up the rotational
motion, which results in an increase/decrease in the Δν1/2 of the signal. Additionally, choles-
terol, antioxidants, and drugs contained in the liposomal membrane also may increase/
decrease the fluidity of the membrane. For instance, the presence of azithromycin molecules
increased the fluidity of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes
decrease of Δν1/2 below the main phase transition temperature. However, amphotericin B
rigidified the hydrophilic part (increase of Δν1/2) of phospholipid bilayer, which increased
the fluidity (decrease of Δν1/2) of the hydrophobic core of PC membrane [16]. The opposite
effect can be observed in the 1H spectra of PC liposomes in the presence of polysialic acid

Figure 12. The time-dependent changes of 1H resonance signals assigned to choline groups of PE/PS/PC SUVs after
addition of 5.0 mM Pr3þ ions in the presence of Ca2þ/PS molar ratio of 2.0.
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(Figure 14). The interaction of well-hydrated and anionic polysialic acid with the PC head-
groups increased the fluidity of the hydrophilic part of the membrane and rigidified the hydro-
phobic core of the PC bilayer [23, 24].

The effect manifested as a decrease in the Δν1/2 of the signal assigned to the choline groups
from the outer layer of the liposome and as an increase in the Δν1/2 of the signal assigned to the
choline groups from the inner layer and to the –(CH2)n and –CH3 groups from the fatty acid
chains. In fact, the observed effect is connected to the restricted motion of lipid molecules in the
bilayer structure. The increase of the fluidity of the headgroups is connected to the increase
of their rotational motion, their reorientation, and better hydration [17, 24]. The motion of the
headgroups is restricted by the hydrophobic interactions, hydrogen bonding, and the inter-
molecular force between the lipid molecules. Thus, the presence of polysialic acid indicates
that the strength of the PO4

- and Nþ(CH3)3 interactions is weakened. The increase of hydration
(unrestricted motion) of headgroups and their reorientation causes the hydrocarbon chains to
be more exposed to water molecules. Thus, the membrane polar-apolar interface is more
hydrophobic [25].

Studies of liposomes using 1H-NMR can also be conducted with various physical parameters,
including temperature. The influence of temperature on the 1H spectra manifests as an increase
in the σ values of all the signals (Figure 15).

The resonance signals shift toward the direction of the lower magnetic field. This effect is typical
for lipid bilayers [26]. The increase in temperature has an impact on the increase in the fluidity of
the membrane. It manifests as a decrease of the Δν1/2 of the signals. The

1H NMR temperature-
dependent studies may be used to analyze the properties of temperature-sensitive liposomes.

Figure 13. The Δν1/2 of the signals from
1H spectrum of egg-lecithin SUVs.
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The concept of using temperature-sensitive liposomes as drug carriers in local hyperthermia is
based on the increase in their therapeutic effect, the ability to reduce drug toxicity for normal
cells, and the increase in the permeability of the lipid bilayer at the proper temperature [26, 27].
The release rate of a drug depends on the temperature changes and the serum compounds
(lipoproteins); thus, liposomes should be stable in serum and they should release drugs slowly
under a proper temperature [28]. The 1H spectra of PC and PC/octadecylamine liposomes
(positively charged LUV) showed a narrowing of the resonance signals (decrease in the Δν1/2)
assigned to –Nþ(CH3)3, -(CH2)n, and –CH3(Figure 16). The largest changes in the Δν1/2 were
observed for the signal corresponding to the fatty acid chains, –(CH2)ngroups [26]. The effect was
observed in temperatures ranging from 5 to 50

�
C.

Studies on changes of the splitting and intensity of signals assigned to choline groups revealed
that the size of the liposomes increases [26]. In fact, the size of PC liposomes changed from 20–
30 nm to 1 μm. Thus, as the temperature increases, the size of the PC liposome also increases.
Additionally, when the temperature ranges from 30 to 40

�
C, the structure of the liposome

Figure 14. The effect of polysialic acid on changes of the PC SUVs membrane fluidity (the Δν1/2 changes). (A) The 1H
NMR spectra of PC SUVs and (B) in the presence of polysialic acid.
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membrane is damaged; this makes the PC liposomes completely unstable and useless as
thermosensitive drug carriers [26]. Quite the opposite effect was observed in the case of the
PC/octadecylamine liposomes. The temperature had a smaller influence on the liposome size
changes (from 20 to 60 nm), and the size was changed slowly. The PC/octadecylamine lipo-
somes also seemed to be stable at temperatures ranging from 40 to 50

�
C [26]. At higher

temperatures, the temperature-sensitive liposomes may aggregate or fuse, which makes it
possible to transfer the drug to cells by fusion or via an endocytosis process in hyperther-
mia [26, 29].

2.2. Analysis of the 31P NMR spectra

Liposomes can be composed of one or more kinds of phospholipids. Their molecular structure
contains phosphorus atoms, which makes the 31P NMR method extremely useful for studying
them. Both MLVs and LUVs/SUVs can be studied using that method. In MLVs, the signal
assigned to the phosphate groups is drastically broadened, and its shape is not like the
Lorentzian function, unlike the SUVs/LUVs. The 31P NMR spectra are mainly used to study
the thermotropic properties of liposomes. The various phases change the structure of mem-
brane, and there are specific transition temperatures for each lipid.

Figure 15. The influence of temperature on the 1H resonance signals shifting. The 1H NMR spectra of PC SUVs at (A)
room temperature and (B) 308 K.
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The 31P spectra of PC/Ch MLVs exhibited changes in the lineshape in the temperature range of
10–40

�
C. The characteristic 31P lineshape of the Lα phase was observed before the phase

transition. The monitoring of 31P spectra at short temperature intervals led to observing the
intermediate lineshapes between those characteristics for the Lα and HII phases [21]. Sub-
stances that are either added to liposome membrane or are found in the liposomal environ-
ment can increase/decrease the phase transition temperature. For instance, this can be seen in
the effect of the change of phase transition temperature caused by various drugs. The 31P
spectra of DPPC MLVs used in various concentrations of Piracetam showed that an additional
narrow signal was assigned to the drug [30]. As the concentration of Piracetam increases, the
intensity of the signal assigned to that drug also increases. The temperature studies showed
that the main phase transition temperature of DPPC MLVs decreased in the presence of
Piracetam. The results suggest that hydrophilic Piracetam molecules are associated with the
hydrophilic part of the liposome membrane, which increases the fluidity of the membrane.
Thus, the temperature of the main phase transition decreases [30].

The 31P NMR method reveals information about the mobility of phosphate groups and about
local order. Various substances impact the dynamics of the hydrophilic and hydrophobic part
of the lipid bilayer. The number of narrow peaks in the 31P spectra depends on the number of
phospholipid types used to form the liposomes [31]. The effect is due to differences in the
chemical surroundings of the phosphate groups in each type of phospholipid molecule. In the

Figure 16. The 1H NMR spectra of PC/octadecylamine liposomes at (A) room temperature and (B) 318 K.
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31P spectra, the splitting between the signals depends more on the averaged CSA motions than
on an isotropic chemical shift [31]. It influences the value of chemical shift, and it may be
difficult to assign the signals.

As previously mentioned, the effect of azithromycin on DPPC MLVs [16] was studied. Tem-
peratures ranging between 35 and 45

�
C did not change the position of the narrow peak and

CSA value, but the 31P lineshape in the low-field shoulder was changed, and the presence of
azithromycin in the external environment of the liposome decreased the CSA value. In fact,
above 40

�
C, only a narrow peak stays in the spectrum because the CSA value is averaged to

zero. The azithromycin caused an increase in the fluidity of the DPPC membrane below the
temperature of the main phase transition [16].

When hydrophobic β-carotene is added to a lipid membrane, changes in DPPC membrane
fluidity can also be observed. In temperatures above the main phase transition, β-carotene
increases the fluidity of the DPPC MLV membrane, and in temperatures below the main phase
transition, it decreases the fluidity of that membrane [32].

The opposite effect may be observed for PCMLVs in the presence of polysialic acid (Figure 17).
In the temperature range of 10–30

�
C, the 31P spectra show a narrowing of the isotropic part

and broadening of the anisotropic part (increase in the CSA value) [23]. The increase of well-
hydrated polysialic acid in the membrane increased the fluidity of the headgroups; this
resulted in a decrease in the hydrophobic core fluidity.

The 31P NMR spectra also are used to study the fusion process that occurs between liposomes.
These types of experiments use fusogenic factors. The 31P NMR is the best method for

Figure 17. The effect of polysialic acid on 31P NMR spectra of PC MLVs at room temperature. The 31P spectra (A) before
and (B) after addition of polysialic acid.

Application of Nuclear Magnetic Resonance Spectroscopy (NMR) to Study the Properties of Liposomes
http://dx.doi.org/10.5772/intechopen.68522

119



examining the fusion process because it has been proven that the fusion of two vesicles is
accompanied by a transient structure, that is, the inverse hexagonal phase [29, 33].

The 31P lineshape of PE/PS/PC MLVs showed changes with an increased molar ratio of Ca2þ

ions (Figure 18). In fact, the Ca2þ ions are a well-known fusogenic factor. The characteristic
lineshape for the HII phase was obtained when the molar ratio of Ca2þ/PS was 2.0 [21]. It
means that when the molar ratio of Ca2þ/PS is 2.0, the fusion process occurs.

The monitoring of changes in the 31P spectra of PE/PS/PC SUVs after the addition of Ca2þ and Pr3þ

ions showed that the signals were assigned to the choline groups from the inner and outer layers of
the membrane. The obtained results revealed the decrease of δ-value and the intensity equalization
of the signals corresponded to the choline groups [21]. The Pr3þ ions are only associated with the

Figure 18. The 31P NMR spectra of PE/PS/PC liposomes; (A) the characteristic 31P lineshape of MLVs in the Lα and HII

phase, (B) the time-dependent changes of LUVs after addition of 5.0 mM Pr3þ ions in the presence of Ca2þ/PS molar ratio
of 2.0.
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outer layer of a liposome, while the Ca2þ ions are not (they can diffuse through the membrane).
Thus, the obtained results suggest that during the transient phase (inversed micelle) the fusion
process, the lipid molecule transition from the outer to the inner layer and the size of the liposome,
increases [21]. These results also confirmed the topological model of the fusion.

2.3. Two-dimensional NMR spectroscopy

2D NMR spectroscopy is the most convenient technique for studying scalar and dipole-dipole
couplings. The results obtained using the method are used to study the structure and stereo-
chemistry of molecules [10].

2.3.1. COSY and TOCSY spectra

In the COSY spectra of the PC/octadecylamine SUVs, the signals from the protons coupled
within a few of the chemical bonds are visible. The diagonal peaks corresponded to each
proton cross-correlated with every other proton from spin system [17, 26]. Figure 19 depicts
the method used to analyze the COSY spectra.

Figure 19. The COSY spectra of PC/octadecylamine SUVs. The cross peaks of scalar-coupled protons from the PC and
octadecylamine molecules, and between protons from the PC/octadecylamine and water molecules (unsigned) are
depicted in gray.
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On comparing the TOCSY and COSY spectra of PC/octadecylamine SUVs, it is possible to
determine the differences between them (Figure 20). In the TOCSYspectra, all the scalar-coupled
protons in the PCmolecule can be seen [17]. Both spectra also exhibit the cross peaks between the
fatty acid chain groups from the hydrophobic core of the membrane and the water molecules.
This is characteristic of well-hydrated membranes in the liquid crystalline phases [17, 26].

2.3.2. ROESY spectra

The ROESY spectra of the PC/octadecylamine SUVs reveal information about the protons
coupled through space. Now, the diagonal peaks exhibit dipole-dipole interactions. The
observed interactions may occur within one molecule or between neighboring PC molecules.
The results also show the interactions between the hydrophilic part (headgroups) and the
hydrophobic part (fatty acid chains) of the membrane (Figure 21) [17, 26]. The size of the
cross-peak is directly proportional to the distance between the coupled protons. This depen-
dency is clearly visible on the ROESY spectra of the PC/octadecylamine liposomes.

The 2D NMR technique is most often used to study the interactions between lipid molecules
and substances added to the liposome membrane or to the external environment of liposome.
To examine the nature of the interaction (either scalar coupling or through space), COSY/

Figure 20. The TOCSY spectra of PC/octadecylamine SUVs. Only new cross peaks are depicted in gray.
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TOCSY or NOESY/ROESY experiments should be used, respectively. An example of this could
be the ROESY spectra of PC/octadecylamine SUVs in the presence of sialic acid [17]. When
comparing the ROESY spectra of sialic acid and PC/octadecylamine liposomes with PC/
octadecylamine SUVs in the presence of sialic acid, it is easy to identify the new cross peaks
due to interactions of the protons from the PC/octadecylamine and sialic acid molecules. While
the interaction of sialic acid with the PC membrane has a considerable impact on membrane
fluidity, the ROESY results only showed one cross peak between sialic acid and the PC
molecules [17]. It is interesting to note that the dipole-dipole interaction occurs between the
protons from the acyl group of sialic acid and the (-CH2)n groups of the PC fatty chains. This
result suggests that the other functional groups of sialic acid are well hydrated and, perhaps,
the hydrophilic part of the membrane and sialic acid molecule interacts between their hydra-
tion shells. The obtained result also explains the strong influence that sialic acid has on
decreasing the fluidity of the hydrophobic core of the membrane [17, 26].
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Abstract

Liposomes, a kind of bilayered vesicles formed by self-assembly of phospholipid mol-
ecules in an aqueous medium, are widely used as a vehicle for delivering various thera-
peutic agents due to their high biocompatibility, diverse and high-loading capacity, and 
relative ease for preparation and surface decoration to engender multifunctional features. 
Also, liposomes are a useful carrier for delivering vaccine antigens forming a versatile vac-
cine adjuvant-delivery system (VADS), which can efficiently fulfill both functions of adju-
vancy and delivery when the liposomes are modified with specific functional molecules, 
such as lipoidal immunopotentiators, antigen-presenting cell (APC) targeting ligands, ste-
ric stabilization polymers and charged lipids. In this chapter, liposomes used as a VADS 
are introduced, including the preparation processes for liposomes, the evaluation meth-
ods toward different immunological responses, and also the measures for tracking in vivo 
of the vaccine-carrying liposomes, to provide reader with wide information as a reference 
related to the liposomal VADS.

Keywords: lipid vesicle, bilayer membrane, vaccine adjuvant-delivery system, 
vaccination, immune response, mucosal immunity, humoral immunity, cellular 
immunity, toll-like receptor, pathogen-associated molecular pattern

1. Introduction

Vaccination proves to be the most cost effective and best prophylactic strategy against many 
types of diseases, such as pathogenic infections, cancerous lesions, and even rheumatoid arthri-
tis [1]. The vaccine concept was first introduced in the late eighteenth century by Edward Jenner, 
an English physician and scientist who was the pioneer in development of the world's first 
smallpox vaccine against the fatal virus [1, 2]. All living organisms are continuously exposed to 
substances including those called pathogens, which may invade, reside in, and eventually dam-
age the organisms as their hosts. Fortunately, the invading pathogens can be prevented by the 
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organisms in several ways: with physical barriers, for example, or with chemicals that repel or 
kill invaders; moreover, in vertebrates (the animals with backbones), mammals and, especially, 
primates (including humans), the pathogens can be further controlled by a more advanced 
protective system called immune system, which is a complex network of organs containing 
different types of cells, such as T cells, B cells and antigen-presenting cells (APCs) [includ-
ing mainly dendritic cells (DCs) and macrophages (MPs)] [2, 3]. Generally, the specific surface 
structures called antigens (Ags) on the pathogens are first recognized by APCs, which are spe-
cialized in uptake and processing the pathogens into fragments to present Ags bound to MHC 
molecules on APC surface as an epitope, which can interact with and stimulate T cells and B 
cells into cytotoxic T lymphocytes (CTLs) and plasma cells, respectively [4]. While the plasma 
cells can secret the Ag-specific antibodies in a substantial amount to neutralize the pathogens 
into harmless non-infectious organisms, CTLs release the cytotoxins, perforin, granzymes and 
granulysin, which work together to trigger a series of the caspase cascade and cause apoptosis 
(programmed cell death) of the pathogen-infected cells, erasing finally the cell-hidden patho-
gens. This process for pathogen defense will also imprint Ag features in immune system setting 
up so-called immune memory, which allows the pathogen-experienced survivors to rapidly 
initiate the immune response toward, and thus erase, the reencountered pathogens bear-
ing the identical Ags [2]. Such ability of immune system obtained after experience to defend 
pathogens defines the concept of immunity, which underlies the fundamental mechanisms for 
the Ag-based vaccines to be developed and employed for prophylaxis of various pathogens, 
including the alien microbes such as viruses, bacteria, fungi, parasites, and even treatment of 
the neoplasma and cancerous lesions in the body [2].

The conventional vaccines are mainly used for prophylaxis of the infectious diseases and are 
usually made of live attenuated or inactivated pathogenic organisms, which, after admin-
istration, can effectively stimulate the body immune systems to set up robust immunity in 
recipients against the related microbes [5]. However, the vaccines based on the live attenuated 
pathogens possess, per se, the potential to cause detrimental infections due to the possible 
mutation occurrence in the engineered organisms and thus may lead to severe outcomes; while 
the vaccines made of inactivated microorganisms may stimulate the rather weak and even 
target-deviated immune response. To enhance the potency of the inactivated microorganism-
based vaccines, the products are often added with alum, which were introduced as a vaccine 
adjuvant in the second decade of last century by Glenny and colleagues [6, 7]. Though alum, 
together with the undefined complex components, can enhance the efficacy of certain vac-
cines, it often causes adverse stimulus reactions and even, gives rise to serious side effects. To 
erase these drawbacks associated with the whole pathogen-based vaccines, researchers have 
recently developed the subunit vaccines, which contain only the essential antigens with the 
well-defined components and, thus, are anticipated to be a safe product without the potential 
risks confronted by the conventional vaccines [8]. Unfortunately, due to lack of other micro-
bial components, which may not only protect the antigens but also be a pathogen-associated 
molecular pattern (PAMP) for mammalian immune systems, the subunit vaccines are usually 
unstable and often induce insufficient immune responses against pathogens [9, 10]. To over-
come these weaknesses of subunit vaccines, numerous types of nanoparticles with composi-
tion mimicking the components of pathogenic organisms have been developed as a vaccine 
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carrier forming the so-called vaccine adjuvant-delivery systems (VADSs), which can protect 
antigens from the environmental damage, deliver ingredients to specific lymphocytes, and 
even enhance, as an adjuvant, the initiation of Ag-specific immune responses [8, 11–14].

Recently, among different types of vaccine carriers, such as emulsions,  poly(lactic-co-glycolic 
acid) (PLGA) particles, silico nanocarriers and virus-like particles (VLPs), liposomes, the 
vesicles made up of lipid bilayers, were first described by Bangham et al. under an electron 
microscope in the early 1960s [15], and have ever since attracted much research interests in the 
development of novel drug delivery system (DDS) or VADS, due to their high biocompatibil-
ity, diverse and high loading capacity, and the ease for preparation and surface decoration to 
engender unique structures bearing the desired functions [16]. In fact, owing to their ability 
to entrap water- and lipid-soluble molecules in their aqueous and lipid phases, respectively, 
liposomes have been used since 1970 as a delivery system in therapeutics for a great variety of 
pharmacologically active agents, including antimicrobial and anticancer therapeutics, vaccines, 
metal detoxification chemicals, DNA/RNA fragments, enzymes and hormones [17]. As confirmed 
by researchers, agent delivery with liposomes can circumvent many of the problems associated 
with direct drug use, for instance, toxicity as a result of indiscriminate drug action, premature 
drug inactivation or excretion, and inability of drugs to reach the target intracellularly. For 
medical application, liposomes have proved able to be safely administered by various routes, 
including the intravenous, intramuscular, subcutaneous, intrathecal, intratracheal, oral, intra-
nasal, and topical (skin and a variety of mucosal tissues) routes, having met with considerable 
success with several liposome-based products, including several vaccines, already licensed for 
clinical use in different countries [18].

Particularly, as a vaccine carrier, liposomes have the intrinsic adjuvant properties, which were 
established as early as 1974 by Gregoriadis and coworkers when strong humoral immune 
responses to liposome-entrapped diphtheria toxoid were observed after injection into mice, 
while, unlike other adjuvants, no granulomas at the site of injection were noticed [19–21]. 
Moreover, there were no hypersensitivity reactions in preimmunized animals when the anti-
gen was entrapped in liposomes and given by intravenous or intra-foot pad injection [20]. 
In the ensuing years, extensive work in this laboratory and elsewhere has shown that lipo-
somal adjuvanticity applies to a wide variety of bacterial, viral, protozoan, tumor, and other 
antigens [19, 22]. Now it is generally accepted that liposome can always function the role of 
adjuvanticity regardless of the type of association of the antigen with liposomes, such as being 
entrapped within the vesicles, attached onto their surface, and even simply mixed together 
[23, 24]. To be efficiently recognized and thus taken up by antigen-presenting cells (APCs), 
liposomes have been explored to be decorated with PAMP molecules and/or the molecules 
as ligands matching the receptors expressed on the surface of the aimed immunocytes, thus 
forming a multifunctional targeting VADS [11, 12, 25–27]. To date, various multifunctional 
liposomes have been developed as a novel VADS targeting APCs to enhance vaccine immuno-
stimulating capacity by utilizing the specific binding affinities between functional molecules 
on the carrier and special features expressed or engendered by the immune cells. For exam-
ple, recently, multifunctional liposomes have been successfully constructed being anchored 
with a toll-like receptor (TLR) ligands, including lipid A for TLR4, CpG-ODN for TLR9, and 
the synthetic molecules with a distal of mannose group for the C-type receptors on APCs, 
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such as dendritic cells (DCs), macrophages (MPs), and even been fabricated into microneedles 
for penetration of skin and mucosa to further enhance delivery efficiency [24]. These kinds 
of multifunctional liposomes as a VADS proved highly effective in both targeting delivery of 
vaccine to APCs and enhancing antigen presentation of APCs to T-cells fulfilling a dual func-
tion of delivery and adjuvancy for vaccines [11, 24, 25, 27, 28].

2. The components and structure of liposomes used for delivery of 
vaccines

Common liposomes are the vesicles made up of one or more concentric lipid bilayers alter-
nating with aqueous spaces [17, 21]. The components of liposomes are mainly amphiphilic 
lipids and include phospholipids such as phosphatidylcholine (PC), phosphatidylserine (PS), 
phosphatidylglycerol (PG), sphingomyelin (SM), or other lipidic amphiphilies such as poly-
sorbate 80 (SPAN80, nonionic surfactants), often supplemented with cholesterol (CHO) and 
other charged lipids such as stearylamine (SA), N[1-(2,3-dioleyloxy) propyl]-N,N,N-triethyl-
ammonium (DOTMA), 1,2-dioleyloxy-3-(trimethylamonium propane) (DOTAP), and 3 (N,N,-
dimethylaminoethane)-carbamyl cholesterol (DMACHO). Figure 1 shows the molecular 
structure of some representative lipids.

At ambient temperature, depending on the nature of the lipids, the liposome bilayers may be in a 
“fluid” or “rigid” state: the fluid state is manifested when liposomes are made with amphiphilic 
lipids that have a gel-liquid crystalline transition temperature (Tc)— the temperature at which 
the acyl chains melt—below ambient temperature, whereas the rigid state requires liposomes to 
be made of amphiphilic lipids with a Tc above ambient temperature [21]. Although liposomes as 

Figure 1. The molecular structure of typical lipids most often used for preparing liposomes. Abbreviations: DOPC, 
1,2-dioleoyl-sn-glycero-3-phosphocholine; DSPS, 1,2-distearoyl-sn-glycero-3-phospho-L-serine; DOTAP, 1,2-dioleyloxy-
3-(trimethylamonium propane); DOTMA, N[1-(2,3-dioleyloxy) propyl]-N,N,N-triethylammonium; CHO, cholesterol; 
DMACHO, 3(N,N,-dimethylaminoethane)-carbamyl cholesterol.
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an agent carrier bear a common weakness of instability, the pegylation (modification with PEG) 
to produce a steric stabilization effect, charging with ionic lipids to engender an electrostatic 
repulsion, and/or lyophilization to form a dry entity renders the liposome-based VADS the sta-
bility completely satisfying the shelf-life requirements for a medicinal product [29].

To date, various types of liposomes have been developed for delivery of drugs or vaccines, 
including unilamellar vesicles, multilamellar vesicles (MLVs), multivesicular liposomes 
(MVLs) (Figure 2) and the liposomes with special structural features, such as cochleates [25, 30], 
bilosomes [31], niosomes [32], the inorganic nanoparticle-cored liposomes such as phospholipid 
bilayer-coated aluminum nanoparticles (PLANs) [28], and the interbilayer-crosslinked multila-
mellar vesicles (ICMVs) [33]. Unilamellar liposomes are a spherical chamber/vesicle, bounded 
by a single bilayer of an amphiphilic lipid or a mixture of such lipids, containing aqueous 
solution inside the chamber. Small unilamellar liposomes/vesicles (SUVs) have sizes up to 100 
nm; large unilamellar liposomes/vesicles (LUVs) may have sizes more than 100 nm up to few 
micrometers (µm), and SUVs or LUVs are often used for specific site-targeting delivery of drugs 
or vaccines. Multilamellar liposomes (MLVs) consist of many Concentric amphiphilic lipid 
bilayers analogous to onion layers, and MLVs may be of variable sizes up to several microm-
eters, while multivesicular liposomes (MVLs) are characterized by their unique structure of 
multiple nonconcentric aqueous chambers surrounded by a network of lipid membranes. Both 
MLVs and MVLs, with multilayers and multi sub-spherules, respectively, can be employed 
for sustained delivery of small chemical drugs or other biological agents, e.g. the MVL-based 
techniques have been developed into a platform of so called DepoFoam for manufacturing the 
extended-release medicinal products, which may release drugs over a desired period of time 
from 1 to 30 days [34]. Notably, DepoFoam has already been used in the FDA-approved com-
mercial products, including DepoCyte® (cytarabine liposome injection), DepoDur (morphine 

Figure 2. Schematic structure of different types of liposomes. Abbreviations: SUV, small unilamellar vesicles; LUV, large 
unilamellar vesicles; MLV, multilamellar vesicles; MVL, multivesicular liposomes.
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sulfate extended-release liposome injection), and EXPAREL® (bupivacaine liposome injectable 
suspension) [18].

3. Preparation and characterization of Ag-loaded liposomes

Since first discovery of liposomes, researchers are always trying to set up different ways for 
preparation of the liposomes that meet the therapeutic demands [35]. Indeed, a variety of 
methods for production of the drug/vaccine delivery liposomes have been developed and are 
now so great that no one laboratory has hands-on experience with all of them [21]. Notably, 
different methods fit different liposomes for entrapping different agents, and, indeed, none of 
them should be regarded as a versatile procedure that can be employed once and for all to pre-
pare any types of liposomes for entrapping drugs [36]. Moreover, certain agents such as the 
small compounds that are neutral and nonionizable can hardly be encapsulated in liposomes 
with a high efficiency by any one of the established processes. Summarily, liposomes used for 
vaccine delivery can be prepared with high encapsulation efficiency (EE) for Ags by exploiting 
two strategies: using unique procedures such as emulsification-evaporation or -lyophiliza-
tion, and constituting special carriers such as charged vesicles. Herein, the method of thin 
film dispersion-extrusion and the method of emulsification-evaporation or -lyophilization are 
introduced because they can be safely used to encapsulate Ags without causing chemical/
mechanical damage to labile biological agents [11, 36–39].

The method of thin film dispersion-extrusion is regarded as the simplest way to prepare the 
liposomes with a control size and can be used for entrapping almost all categories of agents if a 
high EE is not required [15, 36]. This method involves several steps including dissolving lipids 
organic solvents in a round-bottom flask, removing organic solvent by rotation and evaporation 
to make a thin lipid film lining the inside walls of flask, rehydration with an aqueous medium 
of the lipids for dispersion by agitation to engender heterogeneous liposomes, and extrusion 
several times of the coarse liposomes through a series of polycarbonate membranes with size-
defined pores, just obtaining the homogeneous liposomes with a size similar to that of the final 
membrane pores.

3.1. Materials and equipment used for preparation and characterization of Ag-loaded 
liposomes

The main materials include sterile ultrapure water, chloroform, phosphate-buffered saline 
(PBS: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4 in 1000 mL distilled H2O, pH 
of 7.4 adjusted with 0.1 M HCl), the PBS sterilized by autoclaving, soy phosphatidylcholine 
(SPC, molecular weight of 775.04, Avanti Polar Lipids, Inc., Alabaster, Alabama, USA), cho-
lesterol (CHO, molecular weight of 386.65), OVA (ovalbumin) or other Ags, 10 mg/mL of SPC 
stock solution in chloroform, and 10 mg/mL of CHO stock solution in chloroform, and 2 mg/
mL OVA (or other Ags) in PBS containing, or not, 50 mM sucrose, N2 gas tank, liquid nitrogen, 
Triton-X100,: Sephadex G-50 (medium) gel (Pharmacia Company), Coomassie Brilliant blue 
G-250 (Sigma-Aldrich), Bradford reagent: Dissolve 50 mg of Coomassie Brilliant Blue G-250 
in 50 mL ethanol, add 100 mL 85% (w/v) phosphoric acid (H3PO4). For charged or stealth 
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liposomes to be used for carrying Ags, 1,2-dioleyloxy-3-(trimethylammonium propane) 
(DOTAP, a cationic lipid), soy phosphatidylserine (SPS, an anionic lipid), and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)2000 (DSPE-PEG2000) may 
be included.

The equipment and apparatus include 50-mL round-bottom flask, vortex mixer, 10-ml LIPEX® 
Extruders (Transferra Nanosciences Inc., Burnaby, B.C. Canada), membranes with the pore 
sizes of 400, 200, 100, and 50nm (Avestin, Ottawa, ON, Canada), a rotary evaporator, a probe 
or water bath sonicator with working frequency of 20 kHz, a vacuum desiccator, and a freeze-
dryer, Malvern Zetasizer Nano ZS90 (Malvern instruments Ltd., Malvern, Worcestershire, 
UK), A FEI Tecnai G2 Spirit—transmission electron microscope (FEI Company, Hillsboro, 
Oregon, USA) and Vitrobot™ Cryo-TEM sample preparation instrument, a Micro CS150NX 
Ultracentrifuge (Hitachi, Japan) or other equivalent, 8453 UV-Vis spectrophotometer (Agilent 
Technologies, Inc., Santa Clara, California, USA) or other equivalent.

3.2. Preparation of Ag-loaded liposomes by thin film dispersion-extrusion method

1. To prepare 2 mL SPC/CHO liposomes (1:1, molar ratio) with lipid concentration of 10 mg/
mL, 1330 µL of 10 mg/mL SPC stock solution and 670 µL of 10 mg/mL cholesterol stock 
solution are mixed in a 50-mL round-bottom flask in a chemical hood, and then organic 
solvent is removed on a rotary evaporator linked to a recycling water vacuum pump with 
flask dipped in a water bath at 35–40°C under reduced pressure. (For charged liposomes 
used for vaccine delivery, the lipid components can be replaced with SPC/CHO/DOTAP 
(4.5:4.5:1, molar ratio), or SPC/CHO/SPS (4.5:4.5:1, molar ratio); for stealth liposomes, the 
lipid components may be SPC/CHO/DSPE-PEG2000 (9.5:9.5:1, molar ratio), or other combi-
nations depending on the carriers to be used.)

2. The opening of the lipid film-adhering flask is covered with a piece of stretched parafilm 
to prevent the entry of dusts or contaminants and poke few small holes in the parafilm by 
a needle, and then the lipid film-adhering flask is put in a vacuum desiccator overnight to 
remove organic solvent residue.

3. Then 2 mL of PBS containing 2 mg/mL OVA (model Ag) is added to the dry lipid film-
containing flask, which is vortexed repeatedly for 10 s on maximum speed until the lipid 
materials are all suspended in the solution.

4. The sample is sonicated for 5 min at the power of <100 W to disperse all visible precipitates 
and obtain milky crude liposome sample of mostly MLVs.

5. Repeatedly, the liposome sample is extruded with high pressure N2 gas to pass through 
the 400 nm-pore polycarbonate membranes 11 times using the Extruder, which is then 
re-equipped with polycarbonate membranes of the pore size, in sequence, of 200, 100, and 
50 nm, each followed by the due 11-cycle extrusion, and, consequently, resulting in the 
liposomes with a size of about 420, 220, 120, and 60 nm after each of the 11-cycle extrusion 
through the corresponding membranes.

6. The liposome preparation is stored in a vial filled with N2 gas at 4°C in the dark.
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3.3. Preparation of Ag-loaded liposomes by emulsification-evaporation/lyophilization 
method

1. To prepare 2 mL of SPC/CHO liposomes (1:1, molar ratio) with lipid concentration of 10 
mg/mL, 1330 µL of 10 mg/mL SPC stock solution and 670 µL of 10 mg/mL cholesterol stock 
solution are mixed in a 20-mL ample, which contains 4 mL cyclohexane resulting in 6 mL 
of lipids dissolved in cyclohexane/chloroform (3:1, v/v) to be used as oil phase (O).

2. And 6 mL of O is mixed with 2 mL of 2 mg/mL OVA PBS with (for emulsification-lyophi-
lization method) or without (for emulsification-evaporation method) 50 mM sucrose as 
water phase (W), and then using an ice/water bath to control the temperature under 30°C, 
the mixture is emulsified with a sonicator with work frequency of 20 kHz at the power of 
50 W to make a W/O type emulsion.

3. By emulsification-evaporation method, the W/O emulsion is evaporated at 35–40°C under a 
slightly reduced pressure to remove slowly all the organic solvents, and then sample is sup-
plemented with appropriate amount of PBS to obtain finally 2 mL of liposome preparations; 
otherwise, by emulsification-lyophilization method, the following steps should be completed.

4. The obtained 8 mL of W/O emulsions are mixed with 12 mL of PBS containing 50 mM 
sucrose and mildly emulsified using homomixer at 5000 rpm for 1 min to form a W1/O/
W2 double emulsion, which is quickly subdivided and filled into 5-mL freeze-drying vials 
with a fill volume of 1 mL per vial.

5. The emulsion-containing vials are immediately put into an ultra-low temperature refrig-
erator and frozen at −85°C for 4 h, and then transferred into a freeze-dryer and lyophilized 
with a program as follows: primary drying at −45 and −20°C for 2 h periods, respectively; 
and secondary drying at 20°C for 4 h.

6. After lyophilization, the vials are immediately filled with nitrogen gas, sealed, and stored 
at 4°C in the dark.

7. For use, an appropriate amount (0.1–1 mL) of water is added into the dry powder-contain-
ing vial, resulting in the Ag-loaded liposomes with lipid concentration of 10–1 mg/mL.

3.4. Characterization of the Ag-loaded liposomes

3.4.1. Test of size and zeta potential

The Ag-loaded liposomes may be characterized in size (mean diameter), zeta potential (ζ), 
morphology, and structure.

The size (mean diameter) and surface charge (zeta potential, ζ) of the multifunctional 
liposomes with or without antigen are tested using a Malvern Zetasizer ZS90 (Malvern, 
Worcestershire, UK) referring to the user manual.

Test of liposome size by DLS (dynamic light scattering) is usually performed using samples 
with lipid concentration of 1 mg/mL. Thus, 0.2 mL of the prepared liposomes is diluted with 
1.8 mL of PBS (with or without sucrose) in a polyacrylate or quartz cuvette and placed in 
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Zetasizer ZS90, and the particle size is determined by photon correlation spectroscopy (PCS) 
at 25°C at an angel of 90°, to give the intensity, number or volume mode, which can be used to 
evaluate the particle size distribution profile which is automatically summarized as parameter 
of polydispersity index (PDI), while the size is often presented with the average one plus PDI.

For ζ test by electrophoretic light scattering (ELS), 0.7–1 mL of the diluted sample is pipetted into 
the polyacrylate or quartz cuvette, which is then carefully inserted with the “Dip” cell bearing 
electrode pair, placed in Zetasizer ZS90 and determined by PCS at 25°C at an angel of 90°.

3.4.2. Cryo-TEM of multifunctional liposomes

The electron microscope is a type of microscope that uses a beam of electrons to create an image 
of the specimen and has up-to-date the greatest resolving power, allowing it to see nano-sized 
objects in fine detail [40]. It is large, expensive pieces of equipment, generally standing alone in 
a small, specially designed room and requiring trained personnel for operation. Recently, the 
cryo-transmission electron microscopy (cryo-TEM) has gained great development and allows 
the observation of specimens that have not been stained or fixed in any way, just showing them 
in their native environment at, notably, even near-atomic resolution [40]. Since early 1990s, the 
cryo-TEM has been more and more employed by researchers to observe the morphology and 
structure of the agent-loaded liposomes. Since the liposome surface is always hydrophilic, the 
hydrophobic carbon grid that used to carry liposomes should be first converted to hydrophilic 
nature by glow discharge. For cryo-TEM, the sample-holding grid is usually freezed in liquid 
nitrogen at −196°C for 10 min and transferred to a cryo-holder, which is maintained at ultralow 
temperature using a liquid nitrogen storage box, and then inserted in the microscope for imaging 
in the ultralow temperature [39].

The following protocol may apply to observation of the Ag-loaded liposomes by cryo-TEM [39].

1.  Using a pipette, 3 µL of the sample is applied to an EM grid that has been converted to 
hydrophilic nature by glow discharge.

2. After being blotted with filter paper to remove excess sample, the grid is plunged into 
liquid nitrogen at −196°C for 10 min, and then transferred to a cryo-holder, which can be 
maintained at ultralow temperature using a liquid nitrogen storage box.

3. Then the cryo-holder is inserted into the EM column that is maintained at liquid nitrogen 
temperature (77 K), and the liposome sample is imaged at the ultralow temperature.

3.4.3. Determination of EE of the Ag-loaded liposomes

The EE of the Ag-loaded liposomes may be estimated by the following Eq. (1).

  EE   (  % )    =   
Total Ag − Free Ag

  ______________ Total Ag   × 100%  (1)

Free Ag may be separated from Ag-associated liposomes by ultracentrifugation and quantita-
tively determined with the classical Bradford protein assay method [41]. For free Ag separation, 
the liposome sample is centrifuged at 100,000 × g in an ultracentrifuge for 1 h, and then after 
collection of the free Ag-containing supernatant, the liposomal pellet is suspended with PBS for 
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washing and centrifuged again. The supernatants are mixed together to adjust protein concen-
tration at a range of 0.1–25 µg/mL, and Ag quantification may be carried out by the following 
procedure.

1. Five standard solutions (1 mL each) containing 0, 0.1, 0.4, 1.6, 6.4, and 25.6 µg/mL BSA are 
prepared.

2. And 800 µL of each standard and sample solution (containing for < 25 µg/mL protein) is 
pipetted into a clean, dry test tube. Protein solutions are normally assayed in duplicate or 
triplicate.

3. Then 200 µL of Bradford dye reagent concentrate is added to each tube followed by vortex 
for mixing.

4. The tubes are incubated at room temperature for at least 5 min. Absorbance will increase 
and changed nonlineally over time, and samples should be incubated at room temperature 
for not more than 1 h.

5. The standard and sample solutions are transferred into cuvette and measured immediately 
of the absorbance at 595 nm.

6. The standard curve is obtained and used to quantify free Ags.

3.4.4. Assay of Ag integrity in liposomes using SDS-PAGE

During incorporation in liposomes, the Ag may be damaged due to its possible confronta-
tion of the organic solvents and intense mechanic sonication and therefore should be scru-
tinized of the integrity. Usually, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) is used to test the integrity of the Ags entrapped in liposomes that are freshly 
prepared or have been stored in certain conditions for some time for evaluating the stability 
of the products [42]. The protocol of SDS-PAGE test of the Ags loaded in vaccine carriers has 
been described in detail in an open access book chapter and is suggested as a reference for 
investigators [39].

4. In vitro and in vivo evaluation of the Ag-loaded liposomes

4.1. Materials and equipment used for evaluation of the Ag-loaded liposomes

For assay of the immunity elicited in vitro and in vivo by vaccination with Ag-loaded lipo-
somes, the following materials should be at hand: HyClone Roswell Park Memorial Institute 
(RPMI) 1640 medium and fetal calf serum (FCS) by Thermo Fisher Scientific (Waltham, 
MA, USA), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) and TMB 
(3,3,5- tetramethylbenzidine) by Sigma-Aldrich (St. Louis, MO, USA); LysoTracker-red and 
(4’,6-diamidino-2-phenylindole) DAPI (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 
label cellular organelles of lysosome and nucleus, respectively; and the biological agents for 
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4. In vitro and in vivo evaluation of the Ag-loaded liposomes

4.1. Materials and equipment used for evaluation of the Ag-loaded liposomes

For assay of the immunity elicited in vitro and in vivo by vaccination with Ag-loaded lipo-
somes, the following materials should be at hand: HyClone Roswell Park Memorial Institute 
(RPMI) 1640 medium and fetal calf serum (FCS) by Thermo Fisher Scientific (Waltham, 
MA, USA), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) and TMB 
(3,3,5- tetramethylbenzidine) by Sigma-Aldrich (St. Louis, MO, USA); LysoTracker-red and 
(4’,6-diamidino-2-phenylindole) DAPI (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 
label cellular organelles of lysosome and nucleus, respectively; and the biological agents for 
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assay of immunoglobulins and cytokines, such as IFN-γ and IL-4 assay kits; goat anti-mouse 
IgG-horse radish peroxidase (HRP), IgG1-HRP, IgG2a-HRP (or IgG2c, if C57BL/6 mice are 
used) and IgA-HRP with sales package of 200 µg per 0.5 mL, PE-conjugated anti-mouse CD8+ 
mAb (monoclonal antibody) and FITC-conjugated anti-mouse CD4+ mAb and other fluores-
cently labeled immunological agents for assay by eBioscience (San Diego, USA), BioLedend 
(San Diego, USA), or Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA).

For assay of the immunity elicited in vitro and in vivo by vaccination with Ag-loaded lipo-
somes, the following equipment will be used: a microplate reader (µQuantTM, BioTek 
Instruments, Inc., Vermont, USA), a fluorescent microscope (Olympus IX83, Japan) or other 
equivalent, a laser scanning confocal microscope (LSCM) (Leica TCS SP5, Wetzlar, Germany) 
or other equivalent, flow cytometry (BD FACSVerse™, San Jose, CA, USA) or other equiva-
lent, and the flow cytometry data analysis software of FlowJo (Tree Star, Ashland, OR, USA).

4.2. In vitro evaluation of vaccine adjuvancy and delivery ability of the Ag-loaded 
liposomes through cellular experiments

It is believed that after antigen uptake, APCs with normal functions will evolve from immature, 
antigen-capturing cells to mature, antigen-presenting and T cell-priming cells, and meanwhile 
able to convert antigens into immunogen epitope and express molecules such as cytokines, che-
mokines, costimulatory molecules and proteases to initiate an immune response. Thus, the abil-
ity of delivery of Ag to APCs is one of the main functions designed to the liposomal carriers and 
is usually evaluated through assaying enhancement of cellular uptake of the fluorescent agent/
Ag-loaded liposomes using mouse bone marrow-derived macrophages (BMMPs) and dendritic 
cells (BMDCs), both of which are confirmed to be ideal APCs to evaluate vaccine adjuvancy and 
delivery efficiencies and can be generated from bone marrow precursors as follows [43, 44].

1. The femur bones are first isolated from the euthanized mouse, and then immersed in 75% 
ethanol for 2 min for disinfection

2. After rinsing thrice with sterile PBS, both ends of femur bones are removed, and bone 
marrow is flushed out with ice-cold PBS using a hypodermic needle attached to a syringe.

3. The leukocytes obtained are washed thrice with PBS and then transferred into bacteriologi-
cal petri dishes and cultured in 10 mL of complete RPMI containing 10% heat-inactivated 
FBS and in the presence of 50 µM 2-mercaptomethanol and 20 ng/mL GM-CSF for 3 days 
in a cell culture chamber.

4. On days 4 and 6, the culture medium is replaced with the fresh one containing identical 
ingredients.

5. On day 8, the nonadherent cells in culture medium are used as BMDCs.

Similarly, BMMPs can be obtained using the above protocol with a little modification in Step 
4 by replacing GM-CSF with M-CSF, and in Step 5, and, notably, the adherent cells instead of 
nonadherent cells in culture medium are collected as BMMPs.
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The cellular uptake of the fluorescent agent/Ag-loaded liposomes may be assayed by follow-
ing processes.

1. APCs (BMDCs or BMMPs) are seeded in a 24-well plate with 1 mL of 105 cells/well and 
incubated in a cell culture chamber with 5% CO2 at 37°C for 24 h.

2. Then each cell well is supplemented with 50 µL of calcein (1 mM)/Ag-loaded liposomes, 
mixed homogeneously, and incubated continuously in a cell culture chamber at 37°C for 
various times.

3. After the incubation and removal of the unassociated agents or liposomes through cen-
trifuge at 800 g for 5 min and washing thrice with PBS, the cocultured cells (105 cells/mL) 
are analyzed by flow cytometry for uptake of liposomes with data analysis using FlowJo 
software; otherwise, a fraction of the cells is imaged using a fluorescent microscope; or to 
observe the intracellular localization of the agents delivered by liposomes in APCs, the fol-
lowing steps are carried out

4. The cocultured cells are isolated and incubated for 30 min in pre-warmed media (37°C) 
containing 50 nm LysoTracker-red and DAPI to identify lysosome and nuclei, respectively.

5. After washing thrice, the APCs are observed in a LSCM, and the dissociation of green dots 
(calcein-liposomes) from red dots, with blue nuclei for cell localization, is considered as the 
hallmark of lysosome escape by agents delivered by liposomes.

APC activation and maturation induced by the Ag-loaded liposomes can be evaluated by 
assay of the immunological cytokines and the surface biomarkers secreted or expressed by the 
APCs in the activated states. The secretion of cytokines, such as tumor necrosis factor (TNF), 
various interleukins (ILs), IFN-γ and even nitric oxide (NO), is usually enhanced or altered 
to different degrees by the activated APCs for induction of the subsequent specific immune 
responses, whereas CD40, CD80, and CD86 are known to be expressed at an enhanced level 
on the activated APCs and involved in, through binding receptors on T cell surface, providing 
costimulatory signals necessary for T cell activation and survival, and therefore may be used 
as markers for evaluating APC activation state. The levels of CDs on surfaces of the activated 
APCs may be assayed by several steps as follows:

1. The cells seeded in a 24-well plate with 1 mL of 106 cells per well are supplemented with 
50 µL of soluble Ags (as a control), Ag-loaded liposomes at the dose of 20 µg Ag for up to 
30 h for stimulation.

2. After stimulation, the cells are labeled with different color fluorochrome-conjugated Abs 
against surface biomarkers, such as CD40, CD80, and CD86, at 37°C for 30 min.

3. The cells are quantitatively assayed of the CD levels by flow cytometry.

The levels of cytokines, such as TNF, various ILs and IFN-γ, secreted in culture medium by 
the activated APCs are first separated in the supernatants by centrifugation and quantified 
with enzyme-linked immunosorbent assay (ELISA) kits according to product performance 
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guidance, while the level of secreted NO in cell culture supernatants is usually measured by 
colorimetric assay with Griess reagents, which react with nitrite forming a colorimetric com-
pound which in turn reflects NO amount in samples [45].

The antigen presentation profile of the liposome-activated APC with MHC-I or -II is usually 
determined by measuring APC-primed CD8+ and CD4+ T cell proliferation using Ag-specific 
T cells as the following protocol.

1. To obtain Ag-specific T cells, C57BL/6 mice are immunized subcutaneously in the scruff of 
the neck with daily dose of 100 µg OVA plus 10 µg Poly (I:C) at injection volume of 100 µL 
[46], and mice are repeatedly immunized at the same site, at approximately 24-h intervals 
for 4 consecutive days.

2. Seven days after the first immunization, Ag-specific CD8+ T cells are negatively selected 
from the spleen of Ag/Poly (I:C)-immunized mice by magnetic bead adsorption using 
MagniSort® isolation kit.

3. The isolated CD8+ T cells are prelabeled with CFSE (1 µM final concentration for 106 cells) 
at 37°C for 5 min, and then cocultured with the Ag-loaded APCs that are generated by 
stimulation with free Ag (used as a control) or Ag-loaded liposomes at the ratio of T cell 
to APC of 10:1, at 37°C for 48 h [47, 48]. To determine MHC II antigen presentation ability 
of APCs, CD8-depleted splenocytes are prelabeled with CFSE and cocultured with OVA-
loaded APCs at the ratio of T cells to APCs at 10:1 at 37°C for 48 h.

4. The proliferation of CD8+ T cells and CD4+ T cells, which, respectively, reflected the MHC I 
and MHC II antigen presentation by APCs, is determined by measuring the fraction of live 
cells with decreased CFSE intensity (CFSElow cells) using flow cytometry.

4.3. In vivo evaluation of vaccine adjuvancy-delivery ability of the Ag-loaded liposomes 
through vaccination experiments

4.3.1. Animal vaccination with the Ag-loaded liposomes

The experimental animals, such as mice, rats, rabbits and dogs, can be used as a vaccination 
model for Ag-loaded liposomes. Though rats, rabbits and dogs can be used for vaccination of 
Ag-loaded liposomes, mice are a preferred model due to their relatively low price, small body 
saving liposome samples, and, most importantly, their immune system bearing much-known 
backgrounds [49]. The vaccination routes are diverse and can be summarized into two ways: 
injection and noninjection, and the former includes intradermal, intramuscular, intramucosa and 
intravenous injection, while the later includes intraoral cavity, intravaginal, oral-uptake adminis-
tration. Notably, intramucosa is a newly developed pathway and has been investigated only for 
vaccination of the microneedle vaccines, which have also been invented only recently but devel-
oped rapidly to show big advantages over the conventional liquid vaccines in the several aspects 
including the administration convenience, dosage saving, and, especially, efficient delivery of 
Ags [12–14, 24, 26, 27, 50–52]. The Ag dose given to mice in the formulation of liposomes is often 
in the range of 0.5–20 µg for injection, but of 5–100 µg for intracavity administration.

Liposomes Used as a Vaccine Adjuvant-Delivery System
http://dx.doi.org/10.5772/intechopen.68521

141



4.3.2. Sample collection

Collection of samples, including blood, secreted fluids in reproductive ducts and respira-
tory tracts, and even contents in digestive lumen and cavities from mice vaccinated with the 
Ag-loaded liposomes is necessary to obtain the data on a wide range of parameters, such as 
immunoglobulins, interferons, interleukins and cytokines, to evaluate humoral and cellular 
immune responses to vaccines. The sample collection from the vaccinated mice is suggested 
to be carried out 2–4 weeks after vaccination, when the immune responses are thought to be 
in a prime period. The protocols for collection of various samples, including blood, saliva, 
pulmonary, respiratory, vaginal and intestinal secretions, are described in detail in an open 
access book chapter recently published by Springer and suggested here as a reference and 
guide to performing the corresponding experiments [26].

4.3.3. Isolation of splenocytes from mouse spleen

Proliferation profile of the immunocytes from treated mice reflects the level of the immune 
responses to a liposomal vaccine and can be sketched using the different types of immuno-
cytes and their fractions in lymphoid tissues, such as spleen, lymph nodes (LNs) and thymus 
to show the pathways along which the immune responses elicited by a liposomal vaccine 
have progressed and developed. Therefore, isolation and assay of immune cells from lym-
phoid tissues are often carried out as one of the fundamental mechanisms underlying the 
immunological efficacy of certain types of vaccines. Usually, organ, tissue, or cell isolation 
should be performed with aseptic manipulation in a sterile cabinet or under a sterile condi-
tion to avoid contamination for keeping cells alive.

Isolation of mouse splenocytes from spleen is described as follows:

1. The spleen from the abdomen-anatomically opened mouse is isolated using a small pair 
of hemostatic forceps, and transferred into the cell strainer (200-mesh with pore size of 70 
µm) in the Petri dish containing 2 mL sterile PBS.

2. The spleen is ground slightly with the plunger of a 2-mL syringe by grinding circular 
movements to release the splenocytes into the Petri dish through passing the strainer.

3. Periodically, liquid from outside the strainer is pipetted to wash out the cells from within 
the strainer. Continuously, the spleen is slightly mashed until all that remains is the white 
connective tissue of the outer membrane.

4. The splenocyte suspensions are collected, filtered through the strainer twice if necessary, 
and transferred into a 5-mL tube, and the Petri dish may be washed out with 1-mL PBS 
twice to maximize the cell recovery.

5. The splenocyte suspensions are centrifuged at 800 × g for 5 min at room temperature and 
discard the supernatant by decant.

6. The splenocyte pellet is fully resuspended in 1-mL red blood cell lysing solution (containing 
155-mM NH4Cl, 12-mM NaHCO3, 0.1-mM EDTA) and left for just 2 min at room tempera-
ture to lyse the red cells.
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7. The suspensions are diluted immediately with 4 mL PBS, and centrifuged at 800 × g for 5 
min to discard the supernatant, and the pellet is resuspended in the cells completely in a 
full volume of PBS and washed twice with PBS following each centrifuge.

8. Finally, the cells are suspended in a proper medium (e.g. RPMI-1640) to a final known 
volume, and live cells are counted using a hemacytometer under a light microscope after 
Trypan blue staining.

Mouse lymphoid node immunocytes are isolated using the protocol as follows [28].

1. The anesthetized or euthanized mouse is put on its side to localize the region of the super-
ficial (e.g., inguinal or brachial lymphoid node) to be harvested.

2. After disinfection with chlorhexidine or other disinfectants of the skin region that covers 
the lymph node, the skin is opened with a tiny incision (about 5 mM) with scissors.

3. The incision is stretched with two forceps to find the lymph node, which may appear gray-
ish or darker than the surrounding fat.

4. The fascia (thin membrane covering the fat and tissue) on top of the lymph node is pinched 
with one pair of forceps and pulled lightly without breaking the surrounding tissue, then 
the lymph node is clamped with the second forceps from the underneath and is removed 
with the first forceps by breaking the fascia.

5. The lymph node is place in a 5- or 10-mL tube containing PBS and should immediately sink 
to the bottom of the tube, validating that a lymph node but not fat tissue has been extracted.

The obtained lymph nodes can be further subjected to lymphocytes isolation or histological 
section for immunological assay.

The immune cell proliferation can be tested by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) method.

1.  MTT solution is prepared by dissolving 50 mg MTT in 10 PBS followed by filtering through 
0.2-µm membranes for sterilization.

2. A cell suspension is adjusted to contain 0.1–1.0 × 106 cells/mL in a medium and is seeded 
with 100 µL of cells per well in a 96-well plate, or with 500 µL of cells per well in a 24-well 
plate is seeded, with or without the compound to be tested.

3. The seeded cells are cultured for 24–96 h at 37°C and 5% CO2 in a humidified incubator, 
and then 10 µL of 5 mg/mL MTT in PBS is added to each well of a 96-well plate, or 50 µL 
to each well of a 24-well plate.

4. The plate is incubated at 37°C and 5% CO2 for 3–4 h (resulting in purple precipitates within cells, 
and the intracellular precipitates can be more precisely visualized under a light microscope).

5. The culture medium is carefully removed using a pipette (after centrifuge at 800 g for 5 
min for nonadhesive cells), and Dimethyl sulfoxide (DMSO) is added at the amount of  
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100 µL per well for a 96-well plate, or 500 µL per well for a 24-well plate, which is incubated  
at room temperature for 2 h in the dark to fully dissolve the intracellular precipitates. 
(Note: Longer incubations with DMSO in the wells may result in precipitate or turbidity 
that can increase background. If precipitate is observed, warm the plate at 37°C for 10–20 
min and agitate to dissolve the precipitate.)

6. The plate optical absorbance is finally read at a wavelength of 560 nm with a reference 
wavelength of 650 nm.

4.3.4. Humoral immunity assays

The antigen-specific antibodies, such as IgA, IgG, and IgG2a (or IgG2c in case of samples 
from C57BL/6 mice), produced in mice vaccinated with Ag-loaded liposomes can be assayed 
using the method of enzyme-linked immunosorbent assay (ELISA) in a microplate reader 
(µQuantTM, BioTek Instruments, Inc., Vermont, USA) [25, 28]. There are five types of ELISA, 
including indirect ELISA, direct ELISA, sandwich ELISA, competitive ELISA and ELISPOT, 
and only a few differences exist amid these ELISA protocols, with the main ELISA principle 
and lots of procedures being the same. The level of anti-Ag antibody is often determined by 
the conventional indirect enzyme-linked immunosorbent assay (ELISA) protocol as follows:

1. A 96-well microtiter plate is coated per well with 100 µL of Ag (capture protein) (1 µg/mL) 
in carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) and sealed and incubated 
at 4°C overnight.

2. Each well of the plate is aspirated with pipette to discard the contents and washed three 
times with 300 µL of PBS containing 0.05% v/v Tween-20 (PBST). After the last wash, the 
plate is inverted and blotted against clean paper towels to remove any remaining PBST.

3. Each well is blocked by adding 200 µL of PBSTO (PBST containing 1 mg/mL OVA, or 
protein other than the Ag in liposomes) and then covered and incubated at 37°C for 1 h to 
prevent the nonspecific binding sites in the coated wells and then blotted on paper towels 
after discarding of water.

4. Thereafter, 100 µL of samples, which have been collected from mice and diluted appro-
priately with PBSTO, is added to each well of the plate, sealed, incubated at 37°C for 1 h.

5. After being washed thrice with 200 µL of PBST and blotted on paper towels after last wash, 
each well is added with 100 µL of the HRP (horseradish peroxidase)-conjugated secondary 
antibodies that have been diluted with appropriate amount of PBSTO (1:2500) and sealed 
for incubation at 37°C for 1 h.

6. After being washed with 300 µL of PBST for five times and blotted on paper towels after 
last wash, each well is supplemented with 100 µL of the freshly prepared TMB (3, 3′, 5, 
5′-Tetramethylbenzidine) substrate solution (containing 1 mM TMB, 3 mM H2O2 and 0.2 
mM Tetrabutylammonium Borohydride (TBABH)) and incubated at room temperature in 
the dark for 20 min for color development [25, 53].
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7. And 20 min later, each well is added with 100 µL of 1 M H2SO4 solution to terminate the 
color development and then immediately determine the optical absorbance at 450 nm, 
with a reference wavelength at 570 nm, using an automated microplate reader (µQuantTM 
microplate spectrophotometer, BioTekInstruments, Inc., Winooski, Vermont, USA).

Notably, in above Step 6, TMB substrate solutions should be freshly prepared and used in 
less than 10 min, because they are chromogenic reagents for peroxidase to develop an intense 
blue color that can be read directly (at 650 nm), or a deep yellow color (read at 450 nm) after 
stopping with an acid solution.

And 1 mM TMB substrate solution (containing 1 mM TMB, 3 mM H2O2) can be freshly pre-
pared as follows:

1. Preparation of Solution A: Potassium citrate buffer solution (CBS) is prepared by dissolv-
ing 2.15 g citric acid in 40 mL H2O, which is then adjusted of pH 4 with 1 M KOH and 
diluted with H2O to 50 mL, and then 50 mL of CBS is then mixed with 15 µL of fresh H2O2 
(30%), resulting in Solution A.

2. Preparation of Solution B: A total of 10.8 mg TBABH (Tetrabutylammonium Borohydride) 
is dissolved in 5 mL dimethyl acetylamide (DMA), into which 50.3 mg TMB is then added 
and dissolved by vertex, resulting in Solution B.

3. Preparation of 1 mM TMB substrate solution: Just before use, 8 mL of Solution A is com-
pletely mixed with 200 µL of Solution B, resulting in 8.2 mL 1 mM TMB substrate solution.

4.3.5. In vivo tracking of the Ag-loaded liposomes after vaccination

To track in vivo vaccines delivered by liposomes, both ex-vivo approaches and in-vivo imag-
ing techniques can be used, including ex-vivo biodistribution, autoradiography, MRI, optical 
imaging, PET and single-photon emission computed tomography (SPECT), all of which have 
their specific advantages and limitations. Consequently, selection of the tracking method 
should be based on the distinct features of the nanocarriers as well as the specific aims of the 
experiments [54, 55]. Here, this section introduces a simple fluorescent method that is con-
veniently applied for tracking vaccine delivery system. For this, the fluorescent agents, such 
as calcein and sulforhodamine B (SRB), are efficiently entrapped due to their water-soluble 
properties as a label in the Ag-loaded liposomes, enabling both ex-vivo and in-vivo imaging 
approaches to be used for tracking the vaccines.

For in-vivo imaging, usually, 0.5, 1, 2, 4, and 8 h after administration of the fluorescent agent/
Ag-loaded liposomes via intradermal, intramuscular, intra-mucosal or any other feasible 
route, mouse is imaged using animal in vivo imaging systems; otherwise, mouse is exposed, 
by anesthetic and anatomic operation, of mucosa, lymph nodes (LNs), or other region wherein 
vaccines are expected to be delivered by liposomes, to lights with the wavelength matching 
fluorescent agent entrapped in liposomes for automatic imaging using a camera or a smart 
phone with lens [24].
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For ex-vivo imaging and assay, at 0.5, 1, 2, 4, and 8 h after vaccination mice with fluorescent 
liposomes, the organs, such as spleen, liver, kidney, heart, lung and even brain, and main 
draining LNs that collect the fluids from the administration site and nearby regions are dis-
sected from the vaccinated mice for further histological section assay. To observe distribution 
of fluorescent liposomes, the freshly harvested organs and draining LNs should be immedi-
ately embedded in the optimum cutting temperature (OCT) compound for cryosection and 
observation under a fluorescence microscope (IX83, Olympus, Japan). The procedure for cryo-
sectioning is relatively simple and can be performed rather quickly, using the material includ-
ing necessarily frozen embedding media of OCT, empty slide box, dry ice, cryostat, which 
is essentially a microtome inside a freezer, disposable blades, specimen mount, slides, and 
optionally poly-L-Lysine, gelatine, and agarose.

1. The fresh, unfixed tissue sample, up to 2.0 cm in diameter, is frozen in OCT in a suitable 
tissue mold in liquid nitrogen or at −80°C in an ultralow temperature refrigerator. Certain 
soft tissues, such as brain, are optimally frozen in M-1 medium at −3°C.

2. The tissue-embedded OCT is fixed and frozen onto the specialized metal grids fitting onto 
the cryostat.

3. Sections of 5–15 µm thickness are cut in the cryostat at −20°C. If necessary, the temperature 
of the cutting chamber may be adjusted up or down of ±5°C, depending on the tissue un-
der study. A camel hair brush is useful to help guide the emerging section over the knife 
blade.

4. Within 1 min of cutting a tissue section, the section is transferred to a room temperature 
microscope slide by touching the slide to the tissue, avoiding freeze-drying of the tissue. 
Poly-L-lysine-coated or silanized slides improve the adherence of the section. And to eval-
uate tissue preservation and orientation, the first slide of each set may be stained with 
toluidine blue (1–2% w/v in H2O), hematoxylin, and eosin, or any aqueous stain.

5. The sample-loaded slide is immediately immersed into an appropriate fixative, such as in 
precooled acetone (−20°C) for 10 min, which is then poured off and allowed to evaporate 
from the tissue sections for less than 20 min at room temperature, and then rinsed thrice 
with plentiful PBS.

6. The slide is stained of nucleus with DAPI for immediate observation. Otherwise, the slide 
may be covered with a layer of OCT to prevent freeze-drying and stored the rest of the sam-
ple at −70°C for further assay. For long-term storage, a moistened tissue should be added 
to the container with the block to prevent desiccation (particularly in a frost-free freezer).

In addition, the draining LN immunocytes that had taken up the liposomes can be sorted out 
by distinct fluorescent Ab staining using flow cytometry assay as follows.

1. The harvested draining LNs are gently mashed and filtered through a strainer with 70-µm 
mesh to isolate immune cells.

2. The resulting cells are stained at 4°C for 2 h with different fluorescent dye-conjugated Abs 
against CD11b, CD11c, F4/80, and CD169.
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3. The stained cells are analyzed by flow cytometry to estimate the dLN cells that had en-
gulfed either nanocarriers and their fractions based on fluorescence of liposomes and 
cells, which can be distinguished according to expressions of CD11c+F4/80− by DCs, 
CD11b+F4/80−CD169+ by subcapsular sinus macrophages (SSMs), CD11b+F4/80+CD169+ by 
medullary sinus macrophages (MSMs), and CD11b+F4/80+CD169− by medullary cord mac-
rophages (MCMs) [24].

4.3.6. In vivo assay of activation of lymphocytes and generation of memory lymphocytes

The immune induction effects by vaccines on lymphocyte activation, memory lymphocyte 
differentiation, and Ag-specific CD8+ T cell production, are also often evaluated by flow 
cytometry.

1. Three weeks after final immunization with the Ag-loaded liposomes or the control formu-
lations, the treated mice are anesthetized with chloral hydrate and aseptically isolate the 
splenocytes and LN cells, which, respectively, are seeded in the 24-well plate and cultured 
at a concentration of 106 cells/mL at 37°C in a cell incubator with 5% CO2.

2. After 24-h incubation, the cells are co-cultured with OVA (10 µg/mL) for further stimula-
tion at a concentration of 106 cells/mL at 37°C in a cell incubator with 5% CO2 [25].

3. After 72-h incubation, the cells are washed (105/mL) and stained with fluorescence-labeled 
anti-mouse Abs (1 µg/mL), including CD4, CD8, CD69, H-2Kb-SIINFEKL, CD44 and CD62L 
for labeling T cells, and CD45R (B220), CD80 and IgD for labeling B cells, at 4°C for 1 h.

4. After washing thrice with PBS, the cells are resuspended in 1 mL PBS and assayed by flow 
cytometry to measure the percentages of effector memory T cells (CD44highCD62Llow), cen-
tral memory T cells (CD44highCD62Lhigh), memory B cells (B220+CD80+IgD−), and also the 
Ag-specific CD8+ T cells (CD8+SIINFEKL-MHC-I+) [56].

Also, the supernatants of the splenocytes culture as well as the sera (1:10 dilution) from 
treated mice may be subjected to sandwich ELISA assay of the levels of IFN-γ, granuzyme B, 
IL-4, or other cytokines [25].

4.3.7. Assay of Ag-specific cytotoxicity of CTLs

Production of the Ag-specific cytotoxic T lymphocytes (CTLs) in treated subjects is the 
required immunity induced by a vaccine to erase the intracellular pathogens and is thus a 
desired function of a vaccine that has been purposely designed. The in vivo Ag-specific cytoly-
sis of induced CTLs in the vaccine-treated mice is regarded as the Ag-specific cytotoxicity of 
CTLs and is often analyzed using the CFSE-labeled cells bearing the Ag epitopes [57]. Herein, 
using OVA as the model Ag, the process for assay of the Ag-specific cytotoxicity of CTLs in 
the vaccinated mice is described as follows [24]:

1. Mice are vaccinated twice with an interval of 3 weeks with the OVA-liposomes by the 
desired route.
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2. The syngeneic splenocytes are isolated from naive mice, washed with PBS, and supple-
mented with 3% fetal calf serum (FCS) and 5 mM EDTA at 2 × 107 cells/mL in PBS.

3. The splenocytes are equally divided into two populations, which are incubated with CFSE 
at concentrations of 4 µM (CFSEhigh) and 0.4 µM (CFSElow), respectively, for 5 min at room 
temperature, followed by washing twice with cold PBS.

4. The CFSEhigh splenocytes are pulsed with 1 µM OVA257–264 (SIINFEKL) peptide for 1 h at 
37°C in the dark to be target cells identifiable to the OVA-specific CTLs, and then after 
washing thrice with PBS mixed with CFSElow splenocytes as nontarget cells at equal num-
bers (2 × 107 total cells).

5. The mixture of the two splenocyte populations is intravenously injected through tail vein 
into the mice that should have received the second vaccination of OVA-liposomes for 
6 days.

6. After 15 h, the draining nodes and spleen from recipient mice are taken to isolate the cells for 
measuring by flow cytometry the in vivo cytolysis effect of CTLs, which is estimated by the 
loss of the CFSEhigh antigen-pulsed population relative to the control CFSElow population.

4.3.8. Prophylactic efficacy of the Ag-loaded liposomes tested using pathogen challenge

The prophylactic efficacy of liposomal vaccines can be evaluated using the pathogen chal-
lenge experiments using the animals, which should be the hosts that infectious pathogens 
can lodge at and proliferate in. And the animal models fitting host-pathogen interaction 
studies are well summarized in a previous paper [58], and the interested readers can refer 
to the paper for choosing the subjects for carrying out the related research. Notably, the 
pathogen challenge experiments should be conducted in the laboratory with the necessary 
biosafety levels (BSLs) that can absolutely guarantee the full protection of the investigators 
and the complete eradication of the propagation of the pathogens from the laboratory [59]. 
The requirements of BSLs of the laboratories for carrying out pathogen challenge experi-
ments on various types of pathogens with different infection and lethality abilities are rigor-
ously defined in the guideline book of Biosafety in Microbiological and Biomedical Laboratories, 
which can be freely downloaded from the CDC website and should be at hand for every 
researcher who conducts related experiments (https://www.cdc.gov/biosafety/publications/
bmbl5/bmbl.pdf).

To carry out the pathogen challenge experiments, the model animals with the proper age 
are vaccinated once or twice at a proper interval by the aimed administration route with 
the Ag-loaded liposomes at the dose of low, middle and high levels, respectively. And 3 
weeks after the (second) vaccination, the animals are challenged with the pathogen in a 
stock at the challenge dose of 10–50 folds of LD50 (lethal dose 50%) [60]. The animals are 
weighed once and observed twice daily for certain days to observe the protection efficacy, 
and the animals may be euthanized before reaching the moribund state due to humane 
concerns.
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5. Conclusions

Liposomes are widely used as a vehicle for delivering various vaccines due to their numerous 
advantages, including high biocompatibility, diverse and high loading capacity, inherence 
adjuvanticity, relative ease for preparation and for surface decoration to engender a multi-
functional carrier. Particularly, when the liposomes are combined with specific molecules, 
such as ligands to TLRs, the steric stabilization polymers, and the mannosylated compounds, 
the carriers are indeed functioning as a stable and effective vaccine adjuvant-delivery sys-
tem (VADS) to play both the roles of a vaccine adjuvant and a vaccine vehicle. The lipo-
somal VADS can efficiently deliver vaccines to the lymph nodes and even target the APCs 
to elicit robust humoral as well as cellular immunity against the invading pathogens bear-
ing the surface features matching the loaded antigens, as confirmed by the in vitro and in 
vivo experiments, including testing the cellular uptake of liposomes by APCs and the activa-
tion of lymphocytes by liposomes, in vivo tracking of liposomes, assaying secretion of cyto-
kines and immunoglobulins with liposome stimulation, all of which are described with key 
steps and key points in this chapter. As researchers are continuously focusing their research 
interests and efforts on the development of liposomal vaccines, many of the now unknown 
mechanisms underlying the elicited immunity will eventually be brought to light and may 
play a crucial role in rational design of the optimal VADSs. Obviously, various types of the 
liposome-based vaccines may finally be approved by the authorities to enter markets as new 
products against numerous life-threatening diseases, when many advanced platforms are 
managed and set up to further explore and constitute the diverse functional liposomes as an 
effective vaccine adjuvant-delivery system (VADS).
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Abstract

Polymeric networks that retain and absorb substantial amount of water or biological 
fluids and resemble as a biological tissue are defined as hydrogels. On the other hand, 
liposomes, transfersomes and niosomes are lipid carriers, which represent one of the 
major research and development focus areas of the pharmaceutical industry. They have 
great potential as lipid vehicles that are able to enhance permeation of drugs across the 
intact skin and can act as local depot for the drug to sustain and control its delivery. Lipid 
carrier and hydrogel combinations offer transdermal drug delivery of great potential to 
enhance systemic effects of both hydrophilic and lipophilic drugs. Also, lipid carriers 
can target drugs to skin appendages and improve transdermal delivery. Lipid carrier 
proform systems in the form of gelly liquid crystals can also be used transdermally for 
better drug absorption enhancement. This review highlights the potential of hydrogels 
and emulgels with or without lipid nanocarriers for dermal and transdermal application.

Keywords: hydrogel, emulgel, liposome, niosome, transfersomes

1. Introduction

Lipid carriers such as liposomes, niosomes, and transferesomes can be brought into gel for‐
mulations either in their proforms or in hydrogel vehicles and applied transdermally. They 
offer the capability of controlling drug release, enhancing drug transdermal absorption and 
increasing drug bioavailability compared to the plain gels [1]. Pharmaceutical gel prepara‐
tions such as hydrogels, organogels, and emulgels have been extensively used to deliver both 
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hydrophilic and lipophilic drugs for dermatological and transdermal use. Gels are cross‐
linked assembly containing both solid and liquid components within its configuration, which 
were considered as gelling agents and called gelators [2]. When the gelators are dispersed 
in appropriate solvent, they were associated together forming network of three‐dimensional 
structure, which immobilize the surrounding aqueous media [2]. These results are followed 
by a series of the interactions to form the polymeric cross‐linked network structures, which 
retained certain amount of the water [3]. The synthetic or natural gelators have ability to form 
this series of interactions producing macromolecular chain reaction. It was declared that the 
hydrophilic groups of the polymers build up gel like structure upon the hydration in the 
liquid environment. The gelation process stated that the polymer chains connected together 
to form large branched soluble polymers, which are called ‘sol’. Afterward, the aggregation 
process leads to an increase in the branched polymer length with decreasing of the solubility 
of the polymers. This macrobranched polymer is called “gel”. Then the gelation effect is called 
‘sol‐gel transition’ and the gel point is defined as the first point of gel formation [4]. Therefore, 
it is recognized that the ideal gels were developed following the incorporation of gelator 
molecules and the proper liquid phase resultant of self aggregation in the environmental 
medium. Thus, the gels were formed because of physical and chemical interaction between 
polymers chains. These interactions might form irreversible or reversible links producing 
permanent or temporary bonds. Hydrogen bonding, van der Waals force, hydrophobic inter‐
actions, ð‐ð interactions, lamellar microcrystals, glassy nodules or double and triple helices 
blocks copolymer micelles and ionic associations are the physical interactions included in 
hydrogel formulations [5].

Hydrogels are polymeric networks, which can absorb and retain substantial amount of water 
or biological fluids within their porous structure. Several natural and synthetic polymers 
either solely or cross‐linked are used in formulating hydrogels. Crosslinking of polymers pro‐
vides high physical integrity to the network structure as well as to control the release of drug 
molecules. Newer ligands and different types of crosslinking allow the development of ideal 
hydrogel systems with appropriate release characteristics for the successful delivery of drugs, 
such as nucleic acids, proteins and peptides. The hydrogels have extended their applications 
in targeted drug delivery and as constituents for preparation of protein or enzyme conju‐
gates. Also, the chemical process may involve a range of interactions such as: formation of 
covalent bonds always resulting in a strong gel. The three main chemical gelation processes 
were noticed: (1) condensation, (2) vulcanization, and (3) addition polymerization [5]. These 
types of bonds have great important roles in the controlling of the physical and chemical char‐
acterizations, properties, and structure of the gels. The key for the classification of gels into 
organogel or hydrogel was based on the type of solvent, polymer used, and polymer chain 
interactions. If the solvent is organic in nature, then the gel is considered as organogel, else 
hydrogel [6]. On the other hand, emulgel is a semisolid vehicle that is composed of hydro‐
philic surfactant (s), oil, water, and gelling agent, “an emulsion transformed to a gel by gelling 
agent” [7]. Emulgel bases offer the advantage that of being capable of incorporating aqueous 
and oleaginous ingredients, and their rheological properties can be controlled easily.

The focus of the current chapter in gel drug delivery with or without a carrier system is to 
increase the range of products, which can effectively deliver the drug with specific release 
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characteristics. The properties of certain gels to undergo sharp volume or sol‐gel phase tran‐
sition in specific environment have provided their importance in drug delivery with new 
promising applications. Progresses in polymer chemistry and gel technology have extended 
the prospective of gels in transdermal drug delivery.

2. Hydrogels and lipid carriers for drug delivery

2.1. Hydrogels

Hydrogels offer several favorable characteristics, which are crucial for designing suit‐
able drug delivery systems. Typically, they are polymeric matrices, which are capable of 
imbibing greater amount of water, due to the good thermodynamic compatability which 
allow them to swell to a higher extent. These hydrogels emerged as a promising option 
for drug delivery scientists mainly due to their significant physicochemical and biological 
properties such as reversible swelling and shrinking, good sorption capacity, mechanical 
strength, considerable biocompatibility, desired drug release, tissue like physical proper‐
ties, accommodating wide range of molecules, better compatibility, easy to fabricate, good 
oxygen permeability, low interfacial tension, nontoxic, etc. In addition, they offer several 
other characteristics like bioadhesion, mucoadhesion, rapid deformation, ease of surface 
modification, conforming the shape of surface which they are applied, which make them 
ideal for drug delivery vehicles for targeted drug delivery [8]. However, the physical prop‐
erties of hydrogels are usually influenced by the charge of polymer, molecular weight of 
polymer, density of crosslinking, etc.

The biocompatibility of hydrogels is primarily owing to their higher water content and 
physicochemical similarity to the native extracellular matrix. They resemble more biologi‐
cal tissues probably due to their high water content, soft consistency and three‐dimensional 
polymeric network. Indeed, the existence of three‐dimensional structure of hydrogels could 
be employed in the design and development of different drug delivery systems. Moreover, 
the rubbery nature will minimize the mechanical irritation of the polymer to the surround‐
ing body tissues. Further, hydrogels are highly compatible with most of the drugs, proteins 
and peptides. They can be modified and fabricated into desired formulations of specific size 
or shape. Thus, hydrogels appeared to be the ideal vehicle for dermal as well as transdermal 
delivery and different transdermal formulations like matrix patch, reservoir system, gel and 
carrier system. On the other hand, there are some few limitations, which confine the applica‐
tions of hydrogels in drug delivery such as relatively low tensile strength, nonuniformity in 
drug loading of hydrophobic drugs and rapid drug release [9].

2.2. Lipid carriers

Lipid carriers such as liposomes, niosomes, and transfersomes have many applications 
expanded from conventional drugs to hormones, peptides, immunoglobulin, vaccination, and 
gene therapy. These drug delivery carriers employ different rate‐controlling mechanisms such 
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as membrane diffusion, diffusion through matrices, osmosis and biodegradation. An explosion 
in research in drug delivery by nonconventional routes such as transdermal, nasal, ocular, pul‐
monary, and intraarterial routes has been reported.

2.2.1. Liposomes/niosomes and their pro‐forms

Liposomes are the microscopic spherical phospholipids vesicles that form spontaneously 
when mixed in water under low shear conditions [10]. The phospholipid molecules arranged 
in layers or sheets and the molecules aligned side by side, in which the hydrophilic heads 
of phospholipid and their hydrophobic tails down. These phospholipid layers then formed 
bilayer membranes that encapsulate some of the aqueous vehicles inside a lipid sphere 
(Figure 1).

Liposomes are structurally related to cell membrane “phospholipid bilayer” and have been 
used in the study of biological membranes instead of using cadaver skin of human [11]. 
Moreover, liposomes as lipid carriers have been extensively evaluated as delivery vehicles 
for drugs, genes and/or cosmetics [12]. Liposomes undergo the problem of both chemical and 
physical instability; hence, the concept of proliposomes was introduced [13]. Proliposomes 
with least or no water content were prepared in three different forms: dry free‐flowing granu‐
lar product, mixed micellar proliposomes, and liquid crystalline proliposomes for reconstitu‐
tion immediately at time of use (Figure 2). The proliposome liquid crystal type formulae were 
used successfully for transdermal drug delivery [14].

On the other hand, niosomes are nonionic surfactant vesicles of multilamellar or unilamel‐
lar bilayer membrane structures such as liposomes. They can encapsulate both hydrophilic 

Figure 1. Schematic representation of lipid carriers “liposomes, niosomes, and transfersomes” structure and composition.
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and hydrophobic molecules in the aqueous compartment and in the bilayer lipid membrane, 
respectively [15]. These niosomes are chemically stable, and no special conditions are required 
while preparation or storage, such as nitrogen atmosphere or low temperature. Niosomes are 
inexpensive alternatives of nonbiological origin to liposomes which are widely studied in 
vivo [16]. Moreover, they are extensively used as lipid carrier similar to liposomes physi‐
cally, with particular properties, which can be exploited to attain different release character‐
istics and drug distributions [16]. Preliminary studies indicated that niosomes could prolong 
the plasma circulation of an entrapped drug and alter its distribution pattern and its meta‐
bolic stability [17]. Also, niosomal systems could prolong the contact time of a drug with the 
applied membranes in case of topical and transdermal applications [18]. Niosomes have many 
advantages over liposomes such as the lower cost, the greater chemical stability, and the ease 
of preparation and storage. Theoretically, a niosome formulation requires the presence of a 
particular class of nonionic amphiphiles dispersed in aqueous vehicle. Cholesterol as well as 

Figure 2. Different procedures of proforms preparation. (A) Slurry method, (B) spray drying method, and (C) coacervation 
phase separation method.
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fatty alcohols (e.g., myristyl, lauryl, cetyl, steryl, and cetosteryl alcohols) are added in order to 
prepare vesicles, which are more stable and less leaky [19]. Many investigators had reported 
a decrease in drug permeability across niosomal membranes as cholesterol concentration 
increased in the bilayers of niosomal vesicles [20]. In addition, stabilizers to enhance physical 
stability of niosomal dispersions might be included in formulations of niosomes to inhibit 
aggregation of vesicles by steric, electrostatic, or repulsive effects. Often a charged surfactant 
is included in the niosomal bilayers to create electrostatic charges, hence, repulsion between 
vesicles, thereby increasing their physical stability. The addition of dicetyl phosphate (nega‐
tively charging agent) or stearyl amine (positively charging agent) to the bilayers prevents 
the aggregation of the vesicles [21]. Stability of the niosomal vesicles can also be improved by 
using a substance (e.g., poly‐24‐oxyethylene cholesteryl ether (solulan C24)) providing steric 
barrier on the vesicle surface, which can prevent vesicles aggregation [22].

An increasing number of nonionic surfactants have been found to form niosomes for the 
encapsulation of hydrophobic and/or hydrophilic solutes [23]. The nonionic surfactants for 
preparing niosomal vesicles are usually single‐alkyl chain surfactant and/or sorbitan esters. 
There are many examples belonging to different classes of nonionic surfactants that could 
be used in niosomes production such as crown ethers, glucosyldialkylether, polyglycerol 
alkylethers, and polyoxyethylene alkyl esters and ethers. These nonionic surfactant vesicles 
are prepared in the same way like liposomes and under different conditions give rise to 
either unilamellar type vesicles or multilamellar vesicles according to the method of pro‐
duction [24].

Proliposomes, proniosomes were introduced as free flowing powder and as liquid crystal‐
line preparations for reconstitution just before use [13, 25]. Proniosomes are alternatives to 
proliposomes and are important from technical view point as they possess greater chemical 
stability and do not require special preparation or storage conditions as vacuum or nitrogen 
atmosphere (Figure 2).

2.2.2. Transfersomes

Transfersomes “the carrying bodies” are designed lipid vesicles especially for transdermal 
and/or topical delivery of wide variety of drug molecules. They offer an excellent approach 
for topical drug application especially the topical immunization. Transfersomes are analo‐
gous to liposomes vesicles but contain detergent “the edge activator” in their bilayers compo‐
sition (Figure 1). They are called the ultradeformable carrier systems because they have high 
capacity of changing their shape via deformation and reformation mechanism, and passing 
through the natural pores in the stratum corneum (SC) (Figures 1 and 3). They can penetrate 
into the skin deeply and even reach the blood circulation. Transfersomes “the ultradeformable 
vesicles” containing reasonable amounts of detergent “the edge activator” did not produce 
lyses of human RBCs. They are very effective in transferring the bioactive drug molecules 
across the SC. They have the ability to penetrate through small pores “having a diameter of 
fivefold lower than their own diameter” present in the skin membrane. This indicates that a 
transfersome vesicle of diameter equaling 500 nm can pass across a membrane pore of 100 nm 
diameter or more.
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3. Formulation of gels containing lipid vesicles

For the preparation of gels containing liposomes, transferesomes or niosomes, a portion of the 
buffer required to form polymer hydrogels will be replaced by concentrated lipid vesicle dis‐
persions loaded with the drug. The gels will be prepared by sprinkling the required amount 
of gelling agent gradually over the surface of that buffer containing the drug/lipid vesicles 
and mixed until homogenous gel was obtained [26–27].

3.1. The proposed mechanisms of enhancement of drug permeability using lipid vesicles

Several mechanisms have been proposed in order to explain the enhancement of the drug 
permeability across the skin membranes using lipid vesicles. El Maghraby et al. had fully 
described these mechanisms and here we will give short account on it [28].The possible 
mechanisms for drug and/or vesicular transport through the tough skin layers are shown in 
Figure 4.

1. Free drug mechanism: The mechanism concluded that the drug permeates the skin inde‐
pendently after releasing from the vesicles. Thus, the amount of drug that permeated the 
skin could be due to its own physicochemical properties and not due to the lipid vesicle 
composition. Many researchers do not support this mechanism as the vast majority rec‐
ommended the effect of vesicles size and composition on the overall amount of the drug 
transport [28].

2. Mechanism of penetration enhancing effects: It was proven that surface‐active agents, 
which are the backbone of the formulated lipid vesicles, could enhance the transdermal 

Figure 3. A schematic representation of an ultradeformable, mixed lipid vesicle (transfersome) penetrating a narrow 
pore. Adapted from Kumar, et al [111].
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delivery of drugs by lowering the permeability barrier of the skin and interacting with the 
SC in vitro [29]. On the other hand, studies also reported that for the drug molecules to be 
effectively transported across the SC, they must be entrapped within the lipid vesicles, 
suggesting that the vesicles are not considered as penetration enhancers, but they act as 
drug carrier systems [1].

3. Fusion with the SC and/or vesicle adsorption to cells of SC: The cells of SC may fuse 
and mix with lipid vesicles increasing drug partitioning into the skin. Otherwise, the lipid 
vesicles may adhere to the SC surface via adsorption mechanism and subsequently, drug 
partition inside the SC cells could happen. Thus, lipid vesicles could fuse with SC where 
they dissolve and unite with the membrane structure [30].

4. Intact vesicular penetration mechanism into the skin: Studies on liposomes based on 
electron micrography showed intact liposomal vesicles deep in the dermis. In these stud‐
ies, the authors postulated that liposomal drug carriers could penetrate the epidermis. In 
addition, it was shown that vesicles can penetrate a ruptured or diseased SC as in case of 
eczema but cannot transport a skin with psoriasis or hyperkeratosis conditions [31]. On 
the other hand, Zellmer et al. [32], and Korting et al. [33] indicated that there was no evi‐
dence of intact liposomal carrier penetration after skin application of liposomes made from 
DMPC “1,2‐dimyristoyl‐sn‐glycero‐3‐phosphocholine” or soy‐lecithin.

5. Mechanism of transfersome transport through the stratum corneum: Transfersomes are 
of high surface hydrophilicity which respond to the hydration gradient across dermal tis‐
sue. They propel the vesicles through the transcutaneous channels giving transfersome 
vesicles the chance to act as noninvasive drug carriers. This is due to the fact that transfer‐
some vesicles are of high bilayer membrane flexibility and sufficient skin permeability 

Figure 4. Possible mechanisms of action of liposomes as skin drug delivery systems. (A) It is the free drug mechanism, 
(B) it is the penetration enhancing process of liposome components, (C) it indicates vesicle adsorption to and/or fusion 
with the stratum corneum (SC), (D) it illustrates intact vesicle penetration into or into and through the intact skin (not 
to scale), and (E) Illustrates the penetration of the vesicles through hair follicle. Adapted from El Maghraby et al. [78].
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where the trans‐barrier gradient acts on all skin membrane ingredients simultaneously but 
not to the same extent. As a result, the membrane changes its local composition under the 
influence of an anisotropic local (dehydration/hydration) stress, thus acting as a responsi‐
ble, and smart material. The transfersomal vesicle thus deforms and passes through pores 
much smaller than the average vesicle diameter spontaneously in a self‐regulated manner 
[34]. Then the hydrostatic pressure difference is responsible for the penetration of intact 
transfersome vesicles across the SC, i.e., the penetration of ultradeformable vesicles is a 
result of hydrotaxis and the permeation is governed by principles of elastomechanics [35].

6. The process of noninvasive transport across the skin consequently involves:

1. Reversible vesicle mediated opening between epidermal cells and/or lipids “intercellular 
hydrophilic pathways”.

2. Strong response of transfersome vesicles “applied transdermally” to skin hydration gradi‐
ent which is naturally occurring or an external transdermal electrical gradient.

4. Applications of hydrogels without and with lipid carriers for 
transdermal delivery of drugs

The different pharmaceutical applications of hydrogels, nanocarriers and their potential com‐
binations are summarized in Tables 1 and 2.

4.1. Hydrogels for transdermal delivery of drugs

Application of formulation on skin surface is generally meant for the topical use of derma‐
tological drugs for skin diseases. In this context, hydrogels have been widely studied for 
topical delivery of drug moieties. Several antifungal and antiinflammatory agents have been 
successfully formulated into hydrogel products using different polymers [36, 37]. Recently, 
adhesive hydrogel patches were fabricated, using sodium polyacrylate and carboxymethyl 
cellulose, for the topical delivery of triclosan in treating acne. In vitro permeation studies 
using hairless mouse skin revealed that a greater amount of drug has been transported into 
the skin layers [38].

Another application of hydrogel is its usefulness in treating wounds due to burn. The heal‐
ing rate of these types of wounds is more rapid in a moist environment as compared to the 
dry technique. Thus, the biocompatible hydrogel polymers are likely to provide moist and 
healing environment in addition to its potential to protect the wound from bacterial infec‐
tion. Moreover, these hydrogels could promote fibroblast proliferation and compensate 
fluid loss from body due to wound exudation. The hydrogels also allow greater entrap‐
ment of drug and provide controlled release, which favor rapid healing. Several hydro‐
gel based formulations have demonstrated their potential in healing the skin wounds. 
Chitosan hydrogels have been widely used in wound healing applications, where they are 
not only a vehicle but also a medicament [39]. The ideal characteristics such as hemostasis, 
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Polymer Type Drug Membrane 
/animal

Formulation 
type

Inference References

Agarose Natural Alfuzoisn Sprague‐ 
Dawley rats

Hydrogel 
patch

Prototype transdermal 
patch prepared with 
agarose successfully 
delivered alfuzosin in 
rats using iontophoresis

[68]

Chitosan Natural Berberine Wistar rat skin Hydrogel Increased the permeation  
and skin deposition in 
presence of enhancers

[45]

Liodocaine Human Hydrogel Combination of chitosan 
membrane and chitosan 
hydrogel is a good 
transparent system for 
controlled drug delivery

[49]

Diltiazem Albino rats Matrix/
membrane

Prolonged steady 
state drug plasma 
concentration was 
observed in membrane 
permeation controlled 
system

[46]

Propranolol Porcine skin Hydrogel Chitosan‐laurate and 
chitosan‐myristate 
hydrogels enhanced the 
drug diffusion through 
the skin

[48]

Dextran Natural Vitamin E Rabbit skin Hydrogel Enhance the deposition 
in the skin and increase 
the stability

[50]

HEC/HPC Natural Prochlorperazine DDY mice Hydrogel Pharmacodynamic 
activity shows the strong 
inhibitory effects after 
4 h of application and 
extended over a period 
of time

[52]

Pectin Natural Chloroquine Sprague‐ 
Dawley rat

Matrix  
patch

Plasma concentration 
of chlorquine by 
transdermal delivery 
was comparable to IV 
infusion

[51]

Poloxamer Synthetic Insulin Sprague‐ 
Dawley rats

Hydrogel Poloxamer hydrogels 
system could be used 
for the transdermal 
iontophoretic delivery of 
insulin

[119]

Capsaicin Wistar rats Hydrogel Significant enhancement 
in capsaicin 
delivery and greater 
pharmacodynamic effect 
by hydrogels compared 
to cream

[66]
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bacteriostasis, biocompatibility, biodegradability, etc. have made hydrogels an excellent 
material for wound dressing. Polyvinyl pyrrolidone‐based hydrogels were also developed 
and employed for the successful application of honey in wound treatment, which exhibited 
greater healing compared with silver sulphadiazine cream [40]. This hydrogel is also uti‐
lized in the application of iodine [41]. Hydrogels of alginate, cellulose, and poloxamer were 
also used in the treatment of wounds [42–44].

The transdermal route is considered a promising path for delivery of molecules into the sys‐
temic circulation. This route overcomes major limitations of oral therapy and provides steady 
state drug delivery. In this context, hydrogels have played an integral role in the progress of 

Polymer Type Drug Membrane 
/animal

Formulation 
type

Inference References

Polyvinyl  
alcohol

Synthetic Captopril Wistar rat Hydrogel Transdermal delivery 
of captopril is 
significantly improved by 
iontophoresis

[69]

Testosterone Sprague‐ 
Dawley rats

Hydrogel Controlled transdermal 
delivery systems can 
be developed using 
polyvinyl alcohol

[57]

Polyacrylamide Synthetic Salicylic acid Hairless pig 
skin

Hydrogel The diffusion of salicylic 
acid from the hydrogel 
is influenced by the 
cross‐linking density, 
and applied electric field 
strength

[70]

pHEMA Synthetic Theophylline Human Hydrogel 
disc

Single application 
of the hydrogel disc 
provides therapeutically 
effective concentration of 
theophylline in 24 h and 
is maintained for days

[53]

Polyacrylamide, 
pHEMA,  
carbopol 934

Synthetic Peptides Hairless rat skin Hydrogel Permeability coefficient 
decreases with increase 
in molecular weight

[71]

PVP, HPC Synthetic Nalbuphine Hairless mice Hydrogel Iontophoresis 
significantly increased 
the permeation 
nalbuphine from the 
formulated hydrogels

[72]

Alginate‐
Pluronic F127 
composite

Semi 
synthetic

Selegiline Porcine skin 
and nude 
mouse skin

Hydrogel Linear permeation profile 
observed suggests the 
successful transdermal 
delivery of selegiline

[67]

Abbreviations: HEC, hydroxyethyl cellulose; HPC, hydroxypropyl cellulose; pHEMA, poly(2‐hydroxyethyl methacrylate); 
PVP, poly vinyl pyrrolidone.

Table 1. Particulars of selected transdermal permeation studies carried out using hydrogels.
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Formulation Drugs Model used Major outcome References

Chitosan hydrogel Berberine In vitro Treatment of Leishmaniasis [45]

In vivo

Chitosan hydrogel Diltiazem HCl Diffusion  
controlled

Systems are capable of achieving the 
effective plasma concentration for a 
prolonged period

[46]

Membrane 
controlled

Chitosan hydrogel Propranolol HCl In vitro  
permeation

Hydrogels provided more 
transcutaneous permeation of 
propranolol hydrochloride than the 
corresponding solution

[48]

Dextran hydrogels 
TTS

Vitamin E In vitro Improved Vitamin E poor stability and 
increased its topical delivery

[50]

Pectin hydrogel Chloroquine In vivo The transdermal management of malaria [51]

Acrylate hydrogel 
discs

Theophylline Clinical study 
in preterm 
infants

Therapeutic concentrations of 
theophylline were achieved and 
maintained for up to 15 days after 
repeated application of discs

[53]

Poloxamer hydrogel Piroxicam In vitro Various nonionic surfactants improved 
drug permeation across rat skin

[61]

Liposome 
suspension

Curcuminoids In vitro Increased cellular uptake and 
transdermal delivery of curcuminoids

[76]

Enhanced and prolonged cytotoxic 
effects of curcuminoids

Liposome gel Triamcinolone 
acetonide

In vitro Liposomal gel increased the 
concentration of triamcinolone acetonide 
five times higher in the epidermis and 
three times higher in the dermis, than 
application of the free drug gel

[79]

Liposome 
suspension and 
emulsion vehicle

Interferon In vivo  
antimicrobial 
activity

Liposomes were better than w/o 
emulsion for treatment of cutaneous 
Herpes in guinea pigs

[80]

Liposomes; Cream Tetracaiene Clinical study Liposomal tetracaine‐produced 
anesthesia, which lasted at least 4 h after 
1 h application under occlusion

[83]

The cream formula has no effect

Liposomal 
suspension

Miconazole nitrate In vitro Enhanced skin permeation and 
retention using liposomes compared to 
commercial cream

[85]

Liposomes 
suspension

Carboxyfluorescein In vitro Selective targeting into pilosebaceous 
units of hamster ears

[86]

Liposomes in 
chitosan/gelatin 
crosslinked with 
glutaraldehyde 
hydrogels

Calcein In vitro Controlled release [92]
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Formulation Drugs Model used Major outcome References

Liposomes in 
carbopol hydrogel 
and hydroxyethyl 
cellulose gels

Calcein and 
greseofulvin

In vitro Improved release from  
carbopol gels compared to  
hydroxyethyl cellulose gels

[93]

Liposomes in 
chitosan gel

Carboxyfluorescein In vitro Delayed release [94]

Proliposome 
monophasic system 
and PEG based 
ointment

Levonorgestrel In vitro The higher potential of proliposomal 
system for efficacious transdermal 
delivery of hydrophobic drugs compared 
to PEG ointments

[96]

In vivo

Proliposomal gel Exemestane In vivo Efficient carriers with high  
potential for the enhanced  
transdermal delivery

[97]

Niosomes, 
liposomes, and 
transferesomes

Tetanus toxoid In vivo Niosomes and liposomes showed 
weak immune response transdermally 
compared to transferesomes in albino 
rats

[99]

Proniosome gel Estradiol In vitro Encapsulation efficiency was 100% [100]

High skin permeability

Niosomes Lidocaine In vitro High flux across model lipophilic 
membrane

[16]

High flux and shorter lag time across 
mouse abdominal skin compared with 
liposomes

Niosomes in chitosan 
gel

Methotrexate Clinical study Enhanced treatment of psoriasis [101]

Niosomes in 
carbopol gel

Celecoxib In vitro Improved drug localization in deep skin 
layers and muscles

[102]

In vivo Significant reduction in rat  
paw edema compared to  
conventional carbopol gels

Niosomes and 
liposomes

Tretinoin In vitro Niosomes give higher cutaneous  
drug retention than both liposomes  
and Retin A®commercial  
formulation

[105]

Ex vivo

Proniosome in 
carbopol, CMC, and 
HPMC hydrogels

Ketorolac In vitro Enhanced drug release from niosomes 
prepared with Span 60

[106]

Improved absorption of celecoxib

Improved bioavailability

Niosomes in sodium 
alginate and CMC 
hydrogels, emulgels 
and proniosomes

Ketorolac 
tromethamine

In vitro Improved skin permeability from 
niosomal gels and emulgels

[27]

Delayed drug permeability from 
proniosomes

Enhanced antiinfalmmatory effects using 
rat paw edema model
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transdermal drug delivery. This versatile hydrogel drug delivery system has been success‐
fully utilized for the delivery of molecules into and through the skin. The use of hydrogels 
in transdermal delivery is primarily owing to their intrinsic properties such as controlled/
sustained drug release for transdermal transport, higher stability, greater percutaneous 
absorption, desired functionality, and nontoxic nature. Additional advantages such as ease 

Formulation Drugs Model used Major outcome References

Transferesomes 
“Transfersulin”

Insulin In vivo Only transfersulin produced marked 
hypoglycaemic effects in mice 
however, mixed micelles, liposomes, or 
insulin solution did not produce any 
hypoglycemic effect after transdermal 
application

[108]

Clinical study Transfersulin could be administered over 
an area of 40 cm2 or less to deliver the 
basal daily supply of insulin to a typical 
type I diabetes patient

Transfersomes Triamcinolone 
acetonide

In vivo Transfersomes of Triamcinolone‐
acetonide suppresses arachidonic 
acid‐induced skin edema longer than the 
marketed products for topical treatment

[113]

Transfersomes Hydrocortisone In vivo Therapeutic concentration lowered 
significantly to 0.1% after topical 
application to mice

[114]

Transfersomes Dexamethasone In vivo Therapeutic concentration lowered to below  
0.01% after topical application to mice

[114]

Transfersomes 
“cationic type”

DNA vaccines In vivo Induced strong humoral and cellular 
immune response after topical 
application to mice

[115]

Tranfersomes in 
carbopol hydrogel

Sertraline In vitro Enhanced release and permeability  
of poor soluble drug

[116]

In vivo No skin irritation after topical 
application to guinea pigs

Better antidepressant activity of 
transferosomal gel compared to the 
control gel

Protransfersome gel Levonorgestrel In vitro Better entrapment efficiency, better skin 
permeation and better stability compared 
to proliposomes

[117]

Proliposomal gel In vivo Eight‐fold increase in peak plasma 
concentration of levonorgestrel after 
topical application to female rats

Protransfersome gel Cisplatin In vitro Improved site‐specific and localized  
drug action in the skin

[118]

In vivo Protection against cisplatin genotoxicity 
and cytotoxicity

Table 2. Pharmaceutical application of hydrogels, nanocarriers and their combinations.
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of application, better skin compliance, skin hydration, improved drug effectiveness, conve‐
nience, compliance, safety and ease of fabrication of patch, and greater swelling have made 
them to triumph over other polymeric materials. Both passive and active delivery approaches 
have been used for the transdermal delivery of molecules by fabricating patches or gels or 
carriers using hydrogels (Table 1).

Prospective of hydrogels in the transdermal delivery of drug molecules by passive process has 
been extensively studied in the last few decades. Both natural and synthetic polymers were 
widely used in developing transdermal delivery system for passive delivery. The potential of 
chitosan in developing hydrogel‐based transdermal drug delivery systems was demonstrated 
in several investigations. Tsai et al. have successfully delivered berberine through the skin by 
incorporating in a hydrogel formulation for the treatment of leishmaniasis [45]. This polymer 
was also utilized in developing hydrogel‐based matrix diffusion controlled and membrane 
permeation controlled transdermal systems of diltiazem. The in vivo permeation studies in rat 
model signified the prospective of this polymer to deliver effective concentration of drug for 
a prolonged period of time [46]. Several studies were also reported wherein chitosan‐based 
hydrogel transdermal systems have been successfully utilized [47]. Hydrogels of this polymer 
prepared by physical crosslinking method were utilized for transdermal delivery of propran‐
olol [48]. Multiple functions of chitosan as a rate controlling membrane and as reservoir in the 
transdermal delivery system were also demonstrated [49].

Cassano et al. have developed dextran hydrogel transdermal system, which deposits greater 
amount of vitamin E in the skin and enhances the vitamin stability [50]. This transdermal 
system was prepared by adding the methacrylic groups on dextran and the product (methac‐
rylated dextran) was further copolymerized with aminoethyl methacrylate. This is then esteri‐
fied with transferulic acid to protect the vitamin E from photodegradation. Pectin, another 
polysaccharide, was also utilized in developing hydrogel matrix patch for the transdermal 
delivery of chloroquine [51]. Similarly, hydrogels of cellulose polymers (hydroxyethyl cellu‐
lose and hydroxypropyl cellulose) have also demonstrated their prospective in preparing dif‐
ferent transdermal delivery systems [52].

Acrylate polymers were also extensively studied for their potential in developing various 
transdermal systems. A hydrogel disc consisting of 90% w/w poly‐2‐hydroxyethyl methac‐
rylate, crosslinked with 10% w/w polytetramethylene oxide was used for the transdermal 
delivery of theophylline in infants (Figure 5). The repeated application of discs has delivered 
therapeutic concentrations of theophylline and maintained for a period of 2 weeks [53]. In 
another attempt, various poly(hydroxyethyl methacrylate) copolymeric hydrogels were syn‐
thesized using 2‐hydroxyethyl methacrylate, methacrylic acid and N‐[3‐(dimethylamino)pro‐
pyl] methacrylamide by redox free radical bulk polymerization technique and assessed for 
their prospective in transdermal delivery system using salbutamol sulphate [54]. Hydrogel 
prepared with different latex particles (polyacrylic acid‐co sodiumacrylate, polyacrylic acid‐
co‐2‐ethylhexyl acrylate and polyN‐isopropylacrylamide) within carboxymethyl cellulose 
matrix displayed thermosresponsive release of caffeine, signifying its potential in developing 
transdermal delivery systems [55]. There are reports wherein composite membrane of cross‐
linked poly(2‐hydroxyethyl methacrylate) has been developed and successfully employed as 
rate controlling barrier for membrane transdermal drug delivery systems [56].
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Polyvinyl alcohol‐based hydrogels were also developed and evaluated for the transdermal 
delivery of testosterone, both in vitro and in vivo. It was observed that the prepared hydrogel 
effectively delivering drug into the systemic circulation indicates the potential of this polymer 
in developing a transdermal system [57]. pH sensitive hydrogels have also been developed 
using poly‐electrolyte, poly(acrylamide: maleic acid) for the delivery of terbinafine (cationic) 
wherein drug release was influenced by pH of media [58]. Alternatively, ionic polymers 
like N vinyl‐2‐pyrrolidone and methylene succinic acid have been successfully employed in 
developing the transdermal drug delivery systems [59]. Reports also exist wherein hydrogels 
are used to fabricate transdermal patch for the delivery of vaccine [60].

Poloxamer is probably one of the most extensively studied polymers in transdermal drug 
delivery. This polymer has demonstrated its potential as a transdermal vehicle for delivery 
by passive and active approaches [61, 62]. Several molecules of different categories are suc‐
cessively delivered using this polymer. The ideal concentration for the topical application 
of this polymer was found to be ∼20% [63]. The prospective of this polymer in enhancing 
the transdermal delivery of molecules, providing controlled zero order release, prolong‐
ing therapeutic effect, delivering macromolecules was documented in the literature [64–66]. 
Composite thermogels of poloxamer were also utilized in transdermal delivery of certain 
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great potential of liposomes as lipid vehicles, which are able to enhance drug permeation 
through the skin and also can act as local depot for the drug to sustain and control its delivery 
[74, 75].

A recent investigation showed that liposomes were induced to deliver and release very poor 
water‐soluble drugs such as curcuminoids at a controlled rate to targeted cells [76]. Authors 
have evaluated and proved the contribution of liposomal curcuminoids to the antiprolifera‐
tion as well as to the apoptosis of breast cancer cell lines. Another investigation done by El 
Maghraby et al. about the effects of liposomes after topical application indicated that lipo‐
somes could exert different functions, which may be local or enhanced systemic absorption 
[77]. They can improve drug deposition into the skin at the site of action providing local 
effects and reducing systemic absorption and drug side effects. Moreover, the liposomes as 
a drug carrier can provide high potential for transdermal delivery and targeted delivery to 
skin appendages. Liposomes as lipid carriers for triamcinolone acetonide showed increased 
drug concentration in SC as well as in the dermis by fivefold compared with a standard 
ointment of the same drug [78]. In one more research by the same authors, the incorporation 
of these liposomes encapsulating triamcinolone acetonide in a gel dosage form resulted in 
nonsignificant differences in drug concentrations in SC and dermis when compared with a 
gel containing liposome components as well as the free drug at the same concentrations [79]. 
Moreover, the topical delivery of interferon (peptide drug) from liposomes was greater than 
that from emulsion form (w/o) or aqueous solution when in vivo applied to cutaneous herpes 
simplex virus guinea pig model [80]. Egbaria et al. had employed a tape striping technique 
on guinea pig skin in vitro and liposomes showed increased deposition and accumulation of 
interferon into SC and deeper stratum [81]. It has been demonstrated that liposomes with 
lipophilic drugs such as progesterone or hydrocortisone “entrapped in the bilayer structure 
of the lipid vesicles” permeate the skin like the free drug itself. Conversely, glucose (highly 
polar molecule) enclosed in the aqueous compartment of liposomal vesicle was found not 
available for transport across the skin. It was suggested that direct transfer of the drug mol‐
ecule from liposomal suspension to the skin occurs only when the drug is entrapped within 
the lipid bilayer [82]. Liposomes can also improve the local anesthetic activity of tetracaine 
and lidocaine where the cream formula has no effects [83, 84]. Ethanol containing liposomes 
(Ethosomes) enhanced the intensity and duration of benzocaine local anaesthetic effect [75]. 
The localizing effects or efficiency of liposomes was dependent on the lipid composition and 
method of preparation. In addition, the liposomal miconazole nitrate has shown to facilitate 
the localized drug delivery and improved its availability by a controlled release pattern, 
which enhanced the treatment of deep fungal infections [85]. In addition to the enhanced 
localized accumulation effects of liposomes, they can target drugs to skin appendages and 
improved transdermal delivery of drugs. Lieb et al. showed selective carboxyfluoresce in 
liposomes targeting into the pilosebaceous follicles of the hamster ears when compared with 
aqueous or alcoholic solutions containing 10% ethanol or even with 0.05% sodium lauryl 
sulphate, or propylene glycol donor vehicles [86]. Due to the highest follicular density in 
hamster skin and hairless mice skin as compared to human skin, a higher drug accumula‐
tion was observed in their skin suggesting the drug deposition from liposomes through the 
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follicular pathway [87]. This is true for hydrophilic drugs encapsulated into liposomes; how‐
ever, highly lipophilic drugs could target the sebaceous gland and no significant differences 
in drug accumulation was observed when liposomes were compared with mixed micelles or 
ethanolic gels [88].

Liposomes as nanocarriers were reported to improve transdermal delivery of drugs. Ganesan 
et al. observed that after finite dose applications of lipophilic drugs to hairless mouse skin, 
greater amounts were delivered from liposomal vesicles compared to aqueous vehicles [82]. 
In addition, vesicles of fluid liposomes produced high percutaneous absorption and tissue 
distribution rather than skin accumulation [89]. Conversely, there are some reports which 
generally excluded a liposome transport process across the skin where they attributed their 
positive influence on increased skin permeability to a localizing effect as the drugs accumu‐
lated on skin surface or the upper layers of SC, hence, favoring their diffusion. This was done 
for lipophilic drugs such as ketoprofen where the drug was first complex with cyclodextrin 
and then encapsulated into liposomes [90, 91].The major aim of inclusion of liposomes into 
a hydrogel was to control the release of drugs and to stabilize the liposomal bilayer struc‐
ture by creating a protective film on surfaces of liposomal vesicles. Ciobanu et al. had for‐
mulated chitosan/gelatin hydrogel by double crosslinking with glutaraldehyde and sodium 
sulphate/sodium tripolyphosphate to be used as matrices for the inclusion of calcein loaded 
liposomes [92]. Calcein, a model hydrophilic drug in small unilamellar vesicles (SUVs) and 
multilamellar vesicles (MLVs), was released from polymeric hydrogels for several days to 
weeks. In another study, liposomes prepared from phosphatidylcholine (PC) or distearoyl‐
glycero‐PC and cholesterol (DSPC/Chol), and incorporating calcein or greseofulvin were for‐
mulated by thin film hydration technique. Calcein and greseofulvin release from liposomal 
gels using carbopol polymer was faster compared to hydroxyethyl cellulose and mixture 
gels [93]. Billard et al. prepared an innovative hybrid formulation, which was composed of 
a water‐soluble model molecule “carboxyfluorescein” in liposomal vesicles and dispersed 
in tridimensional matrix of chitosan hydrogel [94]. Liposome dispersions in chitosan gel in 
water did not affect the gelation process absolutely. The release of carboxyfluorescein was 
delayed from the hybrid liposomes in hydrogel systems compared to the hydrogel matrix 
without lipid vesicles.

Taking into consideration the potential use of proliposomes for transdermal delivery of drugs, 
topical application of nicotine‐loaded proliposomes under occlusive conditions was evident 
to sustain nicotine delivery across the skin [95]. In addition, Deo et al. had proven that the 
system proliposomes was superior to PEG‐based ointment for the transdermal delivery of 
levonorgestrel (model hydrophobic drug) [96]. Moreover, proliposomal gels prepared and 
evaluated for transdermal bioavailability of exemestane (a novel steroidal aromatase inacti‐
vator used in the treatment of advanced breast cancer) were compared with control oral sus‐
pension of the drug [97]. Proliposomal gels offered high potential and was efficient carriers 
for the enhanced sustained transdermal delivery of Exemestane. Proliposomal gel showed 
greater percentage of inhibition of edema when compared to marketed diclofenac gel in the 
treatment of rheumatoid arthritis. They also exhibited superior stability when compared to 
traditional liposomes, thereby increasing its potential application in transdermal delivery 
systems [98].
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4.3. Niosomes for transdermal delivery of drugs

One of the most useful advantages of niosomes is that they greatly enhance the uptake of 
drugs via transdermal route. Transdermal drug delivery using niosomes is widely used in 
cosmetics. Niosome‐entrapped antibiotics were successfully used to treat acne. The pen‐
etration of drugs into the skin was greatly enhanced as compared to unentrapped drug. 
The noninvasive transdermal vaccination via topical application of niosomes is also being 
researched. Gupta et al. has shown that niosomes of tetanus toxoid (along with liposomes 
and transfersomes) can be used for transdermal immunization [99]. However, the current 
results of niosomal topical immunization allow only a weak immune response, and thus 
more research needs to be done in this field. The encapsulation efficiency of estradiol in 
proniosomes made from Span 40, Span 60 was 100%, and the permeability of the drug across 
the nude mouse skin was high as reported by Fang et al. [100]. Lidocaine and lidocaine 
hydrochloride loaded nonionic surfactant vesicles were formulated using Tween 20 and 
cholesterol, and tested for their local anesthetic effects [16]. The diffusion experiments indi‐
cated high flux of charged lidocaine (lidocaine hydrochloride) through a model lipophilic 
(Silastic™) membrane and found to be possible only after vesicle formation. In addition, the 
permeation of the drug from niosomes through mouse abdominal skin showed higher flux 
and shorter lag times compared with liposome formulations. Methotrexate‐loaded niosomal 
vesicles in chitosan gel were used in the treatment of psoriasis by double blind, placebo con‐
trolled study on healthy human volunteers and psoriasis patients [101]. Kaur et al. showed 
6.5 times higher drug deposition in deep skin layers and muscles from celecoxib niosomal 
gels compared with carbopol gel indicating better drug localization with niosomal gel [102]. 
In the same study, a significant reduction of rat paw edema was resulted after adminis‐
tration of niosomal formulation compared to that of applying conventional gel. Psoriasis 
area severity index (PASI) was the measure for the severity of the disease. The reduction in 
PASI scores after 12 weeks of niosomal methotrexate gel topical application was found to be 
threefold with better clinical efficacy, tolerability and patient compliance. Niosomes were 
also included in the treatment of vitiligo. Elastic cationic niosomes composed of tween 61/
cholesterol/dimethyl dioctadecyl ammonium bromide at 1:1:0.5 molar ratio were effectively 
used for the dermal delivery of tyrosinase encoding plasmid. Their percutaneous absorption 
across exercised rat skin showed greater flux compared with the nonelastic niosomes. The 
application of pMEL34‐loaded elastic cationic niosomes in melanoma cell lines gave four 
times increase in tyrosinase gene expression compared with the free and the plasmid in non‐
elastic niosomes which lead to efficient topical delivery in vitiligo therapy [103]. Tretinoin 
(vitamin A metabolite), is topically applied for the treatment of skin diseases such as acne, 
psoriasis, and photoaging. The drug has high chemical instability and skin irritation, which 
limited its topical administration [104]. However, the drug transdermal delivery using nio‐
somes and liposomes as vehicle carriers showed more upper cutaneous drug retention than 
commercial formulation “RetinA®” [105].

Ketorolac proniosomes of Span 60 and Tween 20 and mixed with carbobol, carboxymethyl 
cellulose (CMC) or hydroxypropylmethyl cellulose (HPMC) hydrogels were evaluated by 
Alsarra et al. [106]. They found that the drug release was higher from niosomes prepared 
with Span 60 than from the HPMC gel as control due to the formation of elution channels 
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and loss of vesicular structure. However, authors did not give any scientific reason for that 
explanation. Conversely, Mokhtar and Shehata showed the formation of greater vesicles 
after niosome/hydrogel admixture and explained this by the vesicles crack and reformation 
during the preparation procedure, which improved ketorolac tromethamine leakage to the 
outside vehicle (Figure 6) [27]. A recent study indicated that no percutaneous permeation 

Figure 6. Micrographs (magnification power is 40×) of alginate gel (A), emulgel (B), niosomal gel (C), niosomalemulgel 
(D), proniosomes (E) and niosomes suspension (F). Adapted from Mokhtar and Shehata, its first publication in J Drug 
Del Sci Tech. With copywriter permission [27].
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was achieved when using submicellar solution of pluronic and sucrose esters containing free 
Sulfadiazine sodium or when the skin was pretreated with blank niosomes or submicellar 
solutions of the surfactant free of the drug and only the drug niosomal vesicles can do enhanc‐
ing the skin permeability [107].

4.4. Transfersomes for transdermal delivery of drugs

The use of transfersomes technology is an innovative approach to increase the transport of sub‐
stances through the skin. Nonocclusive administration of drug moieties using transfersomes 
is useful for noninvasive drug delivery of therapeutic proteins transdermally. Transdermal 
administration of diverse molecules with ultradeformable vesicles also permits targeted skin 
delivery or preferential delivery into the deep tissue of the dermis under the site of application.

Transferesomes have high suspension‐driving pressures, which can eliminate the mismatch 
effect of carrier and pore size. This can be considered true for the transfersomes with a size not 
more than threefold the size of transdermal pores. The transcutaneous glands or hair follicles 
are well known to play a role in the process of molecular diffusion across the skin. However, 
such channels are too impermeable to large molecule such as insulin transdermally [108]. 
This could explain why a topically applied insulin in the mixed‐lipid micelles or liposomes 
had nonsignificant antidiabetic effects. Transfersomes have a higher flexibility and stability 
than liposomes which allows them to penetrate through the human skin. The incorporation 
of insulin molecules into the vesicle of these lipid particles (transfersulin) results in a con‐
siderable insulin transport through the skin into the blood stream in mice and to a lower 
extent in humans [108]. Moreover, transfersomes can deliver an antigen to the lymphatics 
from where they can be transferred to lymph nodes. The antigens are then phagocytosed and 
presented to the T‐cells in the lymph nodes. Thus, transfersomes are very important carriers 
for transdermal delivery of antigens and are under investigation for use in human vaccina‐
tion development [109–110]. The transdermal enhancement of drug permeability using these 
ultradeformable vesicles does not depend upon the concentration gradient and mainly work 
on the principle of hydrotaxis and elastomechanics as reported by Kumar et al. [110].

The transfersomes deform and reform but remain intact during the transportation of the 
loaded drug to the target tissues under the skin application site. These carriers which are 
driven by the local water gradient across the skin barrier could be engineered to achieve 
a localized and high drug concentration at the application sites and deep inside the der‐
mis. This way of drug administration can abolish any local and/or systemic adverse drug 
effects, and often increase the drug potency. Also, the local clearance through the cutane‐
ous microcirculation is avoided, which permits the drug delivery deep into the muscles or 
joints. Therefore, transfersomes greatly increase the ratio of drug concentration in the tar‐
get tissue more than the systemic drug concentration when compared to other formulations 
“liposomes or niosomes of the drug”, which inherently enhances the drug safety profiles. In 
addition, the transfersomes could be targeted to the macrophages if suitably designed, thus, 
they have sufficient immune‐adjuvant action. After topical application of transfersomes, they 
showed comparable titer values with their intradermal counterparts; however, they required 
lesser dosages [109]. Transfersomes encapsulating bacterial gap junction proteins gave rise 
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to circulatory antibodies against the gap junction proteins when applied topically. It was 
interesting that the antibodies titer value was found to be greater than that produced after 
subcutaneous injection of the gap junction proteins [111].

The study done by Kim et al. has vividly shown that the ultradeformable cationic vesicle (cat‐
ionic transfersomes) formulation has several characteristics of being a good nonviral vector 
system, for instance, high transfection activity and long retention time [112]. This formulation 
was prepared using a cationic lipid, 1,2‐dioleoyl‐3‐trimethyl‐ ammonium propane chloride 
(DOTAP) and sodium cholate, and it was found to be capable of transfecting several cell lines 
as well as penetrating the intact skin of mice when transdermally applied. In addition, this 
formulation is found to be stable and has shown 6 days of gene expression, an essential factor 
for an efficient gene therapy. Therefore, it is developed further as either invasive or noninva‐
sive gene delivery system.

Topical usage of triamcinolone acetonide with ultradeformable vesicles resulted in reduction of 
the necessary drug dose to the levels of 0.01 wt% (10‐fold lower drug dosage compared to cream 
or lotion preparations). Epicutaneous drug administration of these highly deformable carriers 
was also observed to prolong the biological response time markedly and to increase the repro‐
ducibility of the biological drug action [113]. In another study done by Cevc and Blume, either 
hydrocortisone or dexamethasone formulations in a suspension of very deformable vesicles 
(transfersomes) have significantly lowered the therapeutically relevant concentration range to 
0.1 wt% and may be lower than 0.01 wt%, respectively [114]. This is lower than the respective 
concentrations used in commercial hydrocortisone and dexamethasone products “0.25–2.5 wt% 
(mainly 1%) and 0.03–0.1 wt%, respectively”. The biological response time for the local cortico‐
steroid action was prolonged and the sensitivity of dexamethasone in very deformable vesicles 
to abrasion was diminished. These findings confirmed the expectation that very deformable car‐
riers offer several advantages for transdermal delivery of corticosteroids into the skin. Cationic 
transfersomes were formulated and tested for topical immunization using cationic transfer‐
somes based DNA vaccine. They were capable of inducing strong humoral and cellular immune 
response and offered all the advantages of DNA vaccines, and overcome the disadvantages of 
classical invasive methods of vaccination [115]. Transfersomal gels prepared by Gupta et al. using 
Span 80, soya lecithin, and carbopol was found to enhance skin delivery of sertraline (antidepres‐
sant drug) due to excellent release and permeation of the drug [116]. They found no skin irritation 
after transdermal application of the gel formulation containing transfersomes. Since a properly 
designed ultradeformable vesicles could even claim the transport of drug (of different sizes, even 
large peptide or DNA) equivalent to the subcutaneous injection and this technology may provide 
effective tool for noninvasive therapy. The enhanced transdermal delivery of bioactive molecules 
by transferesomes also opens new challenges for the development of novel therapies.

Protransfersomal gels of levonorgestrel were developed for transdermal contraceptive use 
[117]. Authors indicated that the protransfersomal gels possessed better stability, better skin 
permeability, and greater encapsulation efficiency than proliposomal formulation. Recently, 
protransfersome showed better noninvasive delivery of cisplatin in cutaneous squamous 
cell carcinoma [118]. They have improved site‐specific and localized drug action in the skin; 
hence, they provide a better option for dealing with serious diseases of skin such as squamous 
cell carcinoma. In addition, they had high potential as topical drug delivery system with pro‐
tection against genotoxicity and cytotoxicity of cisplatin.
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5. Conclusion

This review article provides valuable information regarding the hydrogels, emulgels and 
their combination with lipid nanocarriers “liposomes, niosomes and transferesomes” for 
topical and transdermal drug delivery. It has been shown that all of these systems have great 
potentials, being able to deliver both lipophilic and/or hydrophilic active ingredient via trans‐
dermal route of administration. The inclusion of lipid vesicles into hydrogels could enhance 
their stability, prolong drug release, enhance transdermal permeability, and increase localiza‐
tion of the drug in the skin. Proforms of the lipid vesicles could also improve site‐specific and 
localized drug action in the skin. In order to optimize these drug delivery vehicles, a greater 
understanding of polymer and biological interaction mechanisms is required. Hydrogel com‐
binations with lipid nanocarriers could be of great potential for increasing transdermal drug 
delivery and clinical research in the future.
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Abstract

Thermosensitive liposomes (TSLs) are a drug delivery system for targeted delivery 
that release the encapsulated drug when heated to fever temperatures (∼40–42°C). 
Combined with localized hyperthermia, TSLs allow precise drug delivery to a targeted 
region. While mostly investigated as cancer therapy, other applications including 
treatment of local infections and wound healing have been explored. Over the last 
∼40 years, numerous TSL formulations and payloads have been investigated. As with 
other nanoparticles, the addition of targeting molecules to TSL has been examined to 
improve targeted delivery. TSL release kinetics and plasma stability are two important 
factors that affect efficacy, and new formulations often aim to further improve on these 
properties. The possibility of encapsulating a magnetic resonance (MR) contrast agent 
that is released together with the encapsulated drug allows for visualization of drug 
delivery with MR imaging. Various heating modalities have been examined in com‐
bination with TSL. Since the goal is to expose a defined tissue region to uniform tem‐
peratures within the range where TSLs release (typically ∼40–43°C), the choice of an 
appropriate heating modality has considerable impact on treatment efficacy. Several 
ongoing clinical trials with TSL as cancer therapy suggest the potential for clinical 
impact in the near future.

Keywords: liposomes, thermosensitive liposomes, triggered release, hyperthermia, 
drug targeting, drug delivery

1. Introduction

Surgical resection, radiation therapy, and chemotherapy are the three primary cancer treat‐
ment modalities. While chemotherapy is used in the treatment of almost all cancers, it has 
challenges and limitations. Most of the chemotherapeutic agents are highly cytotoxic to both 
cancer and normal tissues. Often chemotherapy is administered systemically, meaning it is 
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not directed to the cancerous tissues. The drug uptake by normal tissues causes off target 
effects including severe toxicities to different organs such as heart, liver, or kidneys, immune 
system, and others. In quite a number of cases, the toxicity profile of the drug limits the maxi‐
mum tolerated dose (MTD) that can be administered. It is well known that inadequate dose 
is a primary cause for tumor recurrence and development of drug resistance. Thus, typically 
the highest possible dose is given to a patient to maximize the amount taken up by the cancer‐
ous tissues. All these factors have led to the development of methods to direct the drug to the 
tumor tissue, including various nanoparticles such as liposomes.

Liposome‐encapsulated drug has evolved as a very potent source of directing the drug to the 
site of tumor. There are several ways by which a drug can be targeted to the tumor using lipo‐
somes. Kunjachan et al. review the various methods by which liposomes can be used to target 
the tumors [1]. Standard chemotherapy involves the administration of free (i.e., unencapsu‐
lated) drug (Figure 1A). Encapsulating the drug within a liposomal formulation allows pro‐
longed blood circulation with very limited tissue uptake. Liposomes and other nanoparticles 
are most often based on passive targeting (Figure 1B). That is, they rely on the enhanced per‐
meability and retention (EPR) effect resulting from leaky tumor vessels combined with absent 
lymph drainage in most tumors [2]. As a result, liposomes preferentially accumulate within 
the tumor over typically 24–48 hours. Tumors can be actively targeted by adding antibodies 
to the liposome surface, which are specific to either the cancer cells themselves (Figure 1C), 
or specific to the endothelial cells of the tumor vasculature (Figure 1D). One limitation of this 
antibody‐based approach is that due to the heterogeneity of tumors, not all tumors or cancer 
cells have the unique antigen for the targeting antibody to bind. Another targeting method 
includes the use of an external trigger to release the drug either within the interstitium (i.e., 
after letting the liposomes accumulate via EPR effect) (Figure 1E1) or by releasing the drug 
within the vasculature of the tumor (Figure 1E2). The latter method requires liposomes specif‐
ically designed to respond to the specific trigger. Depending on the liposome, various exter‐
nal energy sources or biological signals may trigger drug release; these include heat, light, 
pH, and ultrasound, among others. In this chapter, we will focus on using heat as trigger, i.e., 
we will discuss in detail the evolution and current status of thermosensitive (or temperature 
sensitive) liposomes (TSLs).

Figure 1. Current drug targeting strategies. (A) Conventional therapy or free drug infusion. (B) Passive targeting by 
liposomes utilizing EPR effect. (C) Active targeting of liposomes labeled with tumor‐specific antibody. (D) Active 
targeting of liposomes with endothelial cell‐specific antibody. (E) Triggered drug release either (1) within the tumor 
interstitium or (2) intravascular release. TSL fall into this last category reproduced with permission from Ref. [1]. 
Copyright (2015) American Chemical Society.
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The strategy is that TSLs are administered systemically, followed by local hyperthermia (>40–
42°C). The local hyperthermia triggers drug release within the targeted region, by which the 
drug becomes bioavailable and can exhibit the intended cytotoxic effect. Thus, the combina‐
tion of TSL with a localized heating modality allows for localized drug delivery.

Note, however, that TSLs may have additional clinical applications outside cancer therapy, as 
there are various other clinical indications where it is necessary to deliver a drug targeted to 
a specific region within the body.

2. Background: evolution of thermosensitive liposomes (TSLs)

Liposomes as carriers of therapeutic drugs have been long investigated as a tool for improv‐
ing the therapeutic index (i.e., decreasing the toxicity associated with drug delivery, while 
improving delivery to tumor). In 1995, Doxil [3] became the first nanoliposomal drug to be 
approved by Food and Drug Administration (FDA). However, with liposomes, a major limi‐
tation was directing the liposomes to the tumor. Initial liposomal formulations such as Doxil 
depend on preferential passive liposome accumulation based on the enhanced permeability 
of the tumor blood vessels, together with the lack of lymph drainage (EPR effect). However, it 
takes a considerable time (about 1–2 days) for the liposomal drug to accumulate within tumor. 
Moreover, the drug accumulated within the tumor is not bioavailable as it is still encapsulated 
within the liposomes [4]. The result was that Doxil achieved reduced toxicity while efficacy 
was in general not better than unencapsulated drug.

In 1978, Yatvin et al. [5] suggested for the first time the use of temperature sensitive lipo‐
somes (TSLs) (i.e., liposomes that release the encapsulated drug in response to heat) com‐
bined with hyperthermia for targeting the drug to tumors or local infections. The basic idea 
was to administer this liposomal drug systemically, and then expose only the tissue region 
where drug delivery is intended to hyperthermia. They proposed to use slightly higher tem‐
perature (42–44°C) than normal body temperature (37°C) to target drug delivery. This first 
TSL formulation used the two lipids dipalmitoyl phosphatidylcholine (DPPC) and distearoyl 
phosphatidylcholine (DSPC) to make liposomes sensitive to heat. DPPC and DSPC have “liq‐
uid‐crystalline transition temperatures (Tm)” of 41 and 54°C, respectively; here Tm is the 
temperature at which the lipids undergoe a transformation from a solid gel‐like structure 
(i.e., highly impermeable to hydrophilic substances) to a highly permeable liquid structure. 
These liposomes are now often termed as traditional thermosensitive liposomes (TTSLs) [6]. 
The reason that two lipids were used is because TSLs were too leaky when only a single lipid 
was used. Hence, a combination of DPPC and DSPC (ratio 3:1) was used, and these first TSLs 
encapsulated the antibiotic neomycin with the aim of treating bacterial infections.

Use of TTSLs for cancer treatment was first tested by Weinstein et al. [7] in 1979 in mice‐carry‐
ing lung cancer. They showed that there was a fourfold increase in the amount of methotrex‐
ate delivered to heated tumors using the initial TTSL composition with slightly varied ratios 
(DPPC:DSPC = 7:3). A major limitation of this initial formulation was the quick elimination of 
the liposomes within 1 hour of the infusion.

Thermosensitive Liposomes
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In the following decades, various modified compositions were proposed based on the origi‐
nal formulation above. The primary goal was to increase the liposome stability and reduce 
leakage of the contained drug when exposed to serum [8]. This search led to the incorpora‐
tion of cholesterol to the composition of liposomes [8, 9]. Gaber et al. showed that by using 
cholesterol, the phase transition can be avoided as the lipids are in liquid‐ordered phase 
[10]. However, the incorporation of cholesterol delayed the complete release of the encapsu‐
lated drug doxorubicin to about 30 minutes at 42°C. Also around the same time, strategies 
were developed for circumventing the reticuloendothelial system and the immune system 
[11], which was addressed by the incorporation of polyethylene glycol (PEG) in the 1990s. 
Some studies showed that clearance of TSL was size dependent [12]. Larger liposomes were 
cleared quickly whereas smaller liposomes took a longer time to be cleared. However, small 
liposomes are less stable at normal body temperature (37°C). Hence, liposomes in the size 
range of 50–200 nm were recommended [12]. Around the same time mid‐1990s, Kono et al. 
[13, 14] proposed the incorporation of thermosensitive polymers into liposomes to make 
them temperature sensitive. TSLs carrying polymers such as poly (N‐isopropylacrylamide) 
were being evaluated [14]. However, a major setback for using these polymers was that they 
were not biodegradable. The next major breakthrough occurred in 2000 when Needham 
et al. [15] reported the successful incorporation of lysolipids and PEG into the liposomal 
lipid composition (DPPC:MPPC:DSPE‐PEG2000 in the ratio of 90:10:4). Lysolipids are 
derivatives of lipid in which acyl derivatives are removed by hydrolysis making them more 
hydrophilic. The incorporation of lysolipids caused the rapid release of the encapsulated 
doxorubicin at hyperthermia temperatures (42°C). These have been called as lysolipid tem‐
perature‐sensitive liposomes (LTSL). LTSL released much more rapidly (seconds) than prior 
formulations [16]. LTSLs were found to substantially improve delivery efficacy, with 3.5 
times enhanced tumor drug delivery compared to TTSL, and ∼17 times higher than unen‐
capsulated drug [17]. A formulation similar to the one proposed by Needham is so far the 
only TSL formulation that made it into human clinical trials. However, the plasma half‐life 
of LTSL is still not ideal with median initial plasma half‐life of about 1 hour in humans and 
1.5 hours in dogs [18, 19].

In 2004, Lindner et al. proposed a novel formulation based on the new lipid 1.2‐dipalmitoyl‐
sn‐glycero‐3‐phosphoglyceroglycerol (DPPG2) with prolonged plasma half‐life and similarly 
short release rates as LTSL [20, 21]. Initial studies with DPPG2‐TSL filled with carboxyfluores‐
cein (CF) demonstrated initial plasma half‐life 5 hours in rats [20]. More recent studies with 
doxorubicin‐filled DPPG2‐TSL in cats showed plasma half‐life of around 1 hour [22], similar 
to doxorubicin‐LTSL.

As naturally occurring lipids were used for making TSL, they are usually considered safe.

2.1. Extravascular release versus intravascular triggered release

Three key requirements must be fulfilled by TSLs to be effective:

• Encapsulation of therapeutically relevant drug payload with minimum leakage.

• Avoidance of mononuclear phagocyte system (MPS) to prolonged circulation.

• Release of the payload (encapsulated drug) at target location (e.g., tumor).
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The delivery strategy of initial liposome formulations (nonthermosensitive Stealth liposome, 
e.g., Doxil) was based on passive accumulation in tumor interstitial space (Figure 1B), followed 
by slow release within the interstitium (extravascular release). Since TSL release is actively 
triggered, TSL‐based delivery may be used based on either of two delivery approaches: extra‐
vascular and intravascular triggered release (indicated by (1) and (2) in Figure 1E), based on 
whether release occurs inside the vasculature/blood or in the tumor interstitium. For extravas‐
cular triggered release, the targeting is passive and mostly relies on the EPR effect. For intra‐
vascular triggered delivery, there is no explicit‐targeting mechanism, but rather targeting is 
based by location where heating is induced.

Since extravascular triggered release requires passive accumulation of TSL in the tumor inter‐
stitium before trigger of release, there is a necessary time delay between TSL administration 
and hyperthermia (typically several hours). This also means that TSLs of adequate plasma 
stability are required, with a plasma half‐life exceeding many hours. Computer models sug‐
gest that the optimal release rate for extravascular triggered release is in the order of many 
minutes to hours [16, 23].

For intravascular triggered release, hyperthermia occurs ideally immediately after, or even dur‐
ing TSL administration [24]. This is because any leakage of drug after delivery is detrimental 
during intravascular triggered delivery, as it reduces the amount available for release. Thus, 
plasma stability requirements are less stringent than for extravascular triggered delivery. 
Release occurs while TSLs transit the heated tumor region; this transit time is in the range of a 
few seconds for most tumors, and thus ideally TSL should release very rapidly (within seconds).

Both intravascular and extravascular triggered approaches are the subject of ongoing preclini‐
cal studies as described in the previous section [25, 26]. It is interesting to note that, while 
the benefit of faster releasing TSL has been demonstrated in 2000 [17], it was only elucidated 
recently that intravascular triggered delivery was the dominant delivery mechanism, and 
responsible for improved delivery with fast‐release TSL [16, 27].

Table 1 summarizes the differences between intravascular and extravascular triggered release.

Mathematical models are an effective tool to evaluate different TSL delivery strategies and drug 
transport kinetics. Such models have several advantages which include: ability to utilize a large 
body of physiological and physiochemical data, prediction of pharmacokinetics and target tis‐
sue dose, and extrapolation of results both across species and routes of administration [28, 29]. 
The latter point is of relevance since results from experimental animal studies often do not 
translate into human patients, and models can thus help explain such deviations [30].

Drug delivery system Tumor targeting Initiation of heating Typical TSL leakage 
rate

Ideal TSL release rate

Extravascular 
triggered TSL (TSL‐e)

Passive (EPR) Hours after TSL 
infusion

hours‐days hours

Intravascular 
triggered TSL (TSL‐i)

Active via heat 
source

During, or 
immediately after 
TSL infusion

minutes seconds

Table 1. Comparison of TSL for intravascular and extravascular triggered release.
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In 2012, extravascular and intravascular triggered release approaches were compared using a 
mathematical model [16]. Specifically, the following drug delivery strategies were compared 
based on the chemotherapy agent doxorubicin: (1) unencapsulated drug; (2) nonthermosensi‐
tive stealth liposomes; (3) intravascular triggered TSL (TSL‐i); and (4) extravascular triggered 
TSL (TSL‐e). The models predict that intravascular triggered release results in considerably 
higher drug uptake by cancer cells (i.e., efficacy) compared to the other delivery modalities 
(Figure 2). During intravascular triggered delivery, new TSLs enter the tumor vasculature 
and release drug as long as hyperthermia is present. The systemic blood volume thus serves 
as reservoir of nonbioavailable drug that becomes bioavailable when entering the target tis‐
sue region.

2.2. Release kinetics

As described above, the intravascular triggered delivery strategy is most effective when TSLs 
have very rapid release, within seconds. This is the reason why the later, fast‐release formula‐
tions that release within seconds greatly improved drug accumulation in tumors compared to 
early formulations that required many minutes to release (Figure 3). Unfortunately, plasma 

Figure 2. Doxorubicin concentrations (unencapsulated drug) in plasma, extravascular‐extracellular space (EES), and 
inside cells are plotted over time for different delivery systems: (A) free‐DOX (unencapsulated drug), (B) slow‐release 
TSL‐i‐DOX (release rate ∼min), (C) fast‐release TSL‐i‐DOX (release rate ∼seconds), and (D) TSL‐e‐DOX [7]. Hyperthermia 
for 30 minutes was applied immediately for TSL‐i, and after 24 hours for TSL‐e (to allow for TSL accumulation in EES). 
Reproduced from Ref. [16].
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stability is directly tied to release during hyperthermia, i.e., typically the faster a liposome 
releases when heated, the more this liposome leaks at body temperature (Figure 3A) [26].

2.3. Intravital microscopy

Intravital microscopy is an important technology that enables visualization of drug release 
and uptake at microscopic scales. This enables better understanding of how the drug is taken 
up by the tumor once it is released from the TSL. Using fluorescent compounds such as CF or 
doxorubicin, it is possible to observe the drug in different compartments (e.g., inside vascula‐
ture and cells). This imaging methodology requires visual access to tumors, which is typically 
provided by windows (Figure 4).

Figure 3. (A) Graph shows release rate during hyperthermia (40–41°C), as TSL stability at body temperature (37°C), 
comparing a slow‐release formulation and a newer fast‐release formulation (reproduced from Ref. [16]). (B) Graph 
shows a release rate within first few seconds between 39 and 45°C of a fast‐release formulation in fetal bovine serum 
(FBS) (unpublished data). TSLs were prepared according to Needham et al. [15] with slight modifications. (DPPC: 
MSPC: DSPE‐PEG2000 85.3:9.7:5), and loaded with Dox using a citrate‐based pH gradient.

Figure 4. Window chamber in a mouse. Reproduced with permission from Ref. [32]. Copyright (2013) Nature Publishing.
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A detailed procedure of implantation of a window chamber was explained by Ritsma et al. 
[31]. A small viable piece of tumor (∼1–3 mm3) is transplanted into the fascia of the dorsal skin 
flap which is placed within a window chamber of the recipient mice [32]. To allow visualiza‐
tion during hyperthermia, the tumor needs to be heated. For this purpose, a special heating 
coil has been developed that allows the uniform heating of these window chambers carrying 
tumors. The imaging takes place while animals are under anesthesia, after TSLs have been 
administered. While tumors are exposed to hyperthermia, tumors are imaged using confocal 
fluorescence microscopes using appropriate excitation and emission filters depending on fluo‐
rescence properties of the molecule. Figure 5 demonstrates the uptake of doxorubicin released 
from the TSL within the blood during hyperthermia, and drug uptake by cancer cell nuclei.

Figure 5. Intravital fluorescence microscopy demonstrates intravascular triggered release. Images show labeled 
endothelial cells (green) and doxorubicin fluorescence (red). Tissue accumulation and cell uptake are demonstrated 
during hyperthermia‐induced release from TSL (30 minutes, 42°C), (A) after 5 minutes and (B) after 20 minutes (field 
of view (FOV) 500 × 500 μm). (C) Subcellular doxorubicin localization is observed at higher magnification (inlet). (D) 
Aggregate fluorescence within vessels, interstitium (EES), and intracellular regions extracted from image data in (A) 
and (B). These data demonstrate triggered initial intravascular release, followed by tissue uptake within EES and cells. 
Unpublished data courtesy of Dr. Timo ten Hagen.
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2.4. Targeted thermosensitive liposomes

Various targeting moieties such as antibodies are nowadays widely used for targeted deliv‐
ery of liposomes and other nanoparticles and have also been investigated for TSL. The idea 
of attaching an antibody to a TSL was reported by Sullivan and Huang [33] as early as 1985. 
Sullivan and Huang [33] used covalently attached antiH2Kk antibody to a palmitic acid deriv‐
ative to make heat sensitive immunoliposomes (with DPPC) carrying carboxyfluorescein. 
They used a similar approach to successfully deliver uridine inhibitors to lymphoma cells 
in vitro. However, in vivo evaluation in mice carrying human ovarian cancers did not yield 
encouraging results. This was attributed to the leakiness of the liposomes, which used egg 
phosphatidylcholine, egg phosphatidylglycerol, cholesterol, and phosphatidylethanolamine 
in the ratio 38.1:4:32:1.9 [34].

With the development of newer TSL formulations (e.g., LTSL), there has been an increased 
interest in conjugating targeting molecules to TSL, particularly to those carrying the chemo‐
therapeutic drug doxorubicin. Antibodies, peptides, and aptamers have been successfully 
added to TSLs. Table 2 summarizes the targeting molecules that have been used.

Antibodies targeting common receptors found in cancers such as human epidermal growth 
factor receptor 2 (HER‐2) [35] and epidermal growth factor receptor (EGFR) [36] have been 
conjugated to LTSL carrying doxorubicin that are being evaluated in animal models. Kullberg 
et al. [37] showed that adding listeriolysin O along with HER‐2 antibody enhanced cytoplas‐
mic delivery of the cargo.

Similarly, Na et al. added elastin‐like peptide (ELP), which significantly improved the drug 
uptake within cells [38].

References Type Targeting molecule Target Payload encapsulated

[33] Antibody Anti H2Kk H2Kk Carboxyfluorescein

[35] Antibody Anti Her‐2 Her‐2 Calcein

[36] Antibody Anti EGRF EGFR Calcein, Dox

[38] Peptide Val‐Pro‐Gly‐Val‐Gly Intracelluar delivery Dox

[39] Peptide Cys‐Arg‐Glu‐Lys‐Ala Clotted plasma proteins 
in tumor vessels

Dox

[40] Peptide Arg‐Cys‐D‐Phe‐Asp‐
Gly

tumor and angiogenic 
endothelial cells

Dox

[41] Peptide CCRGDKGPDC ανβ3‐positive cells Dox

[42] Aptamer AS1411 nucleolin receptors Contrast agent (Gd‐DTPA)

[43] Peptide cargo Bone regeneration 107–111 pentapeptide of the 
parathyroid hormone‐related 
protein

Table 2. Targeted thermosensitive liposomes.
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Moreover, peptides that target tumors have also been added to TSLs. Wang et al. added the 
tumor homing pentapeptide (Cys‐Arg‐Glu‐Lys‐Ala) (CREKA) to TSLs and evaluated their 
efficacy in MCF‐7 bearing nude mice [39]. Dicheva et al. [40] added a cyclic pentapeptide to 
TSL‐doxorubicin improving the drug uptake and delivery. Deng et al. [41] improved the anti‐
tumor efficacy by adding the iRGD peptide.

Most recently, Zhang et al. [42] used an aptamer conjugated TSLs loaded with contrast agent 
that targeted the nucleoporin receptors. Besides displaying excellent biocompatibility, they 
showed promise in the early detection of cancers.

In a somewhat different application, Lopez et al. developed a collagen‐based scaffold to which 
TSLs were covalently attached via targeting molecule to slowly release a peptide cargo with 
proosteogenic effect from the scaffold [43].

3. Payloads

Ever since the initial studies where neomycin was encapsulated in TSL [5], several other drugs 
and reporter molecules have been encapsulated by various TSL formulations and evaluated. 
Several combinations have successfully made it to various stages of preclinical and clinical 
trials. A brief overview of the compounds that have been successfully encapsulated will be 
reviewed here.

The fluorescent reporter carboxyfluorescein (CF) has been the molecule of choice for studying 
the release kinetics of TSLs. Starting from the initial studies until today, CF has been used in 
the study of various TSL combinations. Other fluorescent molecules such as calcein have also 
been used to study TSL release.

Yatvin et al. encapsulated cisplatin (cis‐dichlorodiammineplatinum(II)) in 1981 [44] and eval‐
uated against mice tumor sarcoma. This suggested that a whole array of different compounds 
could be encapsulated by TSLs. However, until the late 1980s, only water soluble compounds 
were being encapsulated into TSLs.

Doxorubicin is an amphiphilic compound that was encapsulated into the TSL toward the 
end of 1980s. Doxorubicin is a highly cytotoxic chemotherapeutic drug belonging to the 
group of anthracyclines, with several off target effects such as cardiotoxicity and myelo‐
suppression. Tomita et al. encapsulated doxorubicin in DPPC: cholesterol‐based TSL to 
improve stability [45]. Other formulations further attempted to improve TSL stability [10, 
46]. Unezaki et al. reported the active loading of doxorubicin against a pH gradient into 
TSLs [47], which resulted in more than 90% encapsulation efficacy. The TSL composition 
developed by Needham et al. [15] is the formulation that progressed furthest toward clinical 
use, with ongoing clinical trials that will be discussed later. One of the significant develop‐
ments that occurred more recently for TSL‐Dox was the incorporation of contrast agents. 
Several researchers encapsulated doxorubicin along with gadolinium‐based contrast agents 
[48–50]. This provided the ability of monitoring the release of a contrast agent from TSL 
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and  subsequent tissue uptake by magnetic resonance imaging (MRI), indicating the tissue 
regions where doxorubicin may be delivered to.

Following doxorubicin, several groups encapsulated other drugs belonging to the same fam‐
ily of anthracycline drugs in TSL, including daunorubicin, idarubicin, and epirubicin. The 
initial studies with daunorubicin in the mid‐1990s in mice models of sarcoma were disap‐
pointing [51]. However, more recent studies with newer formulations of idarubicin‐TSL 
showed superior survival rate and tumor growth inhibition as compared to free idarubicin 
[52]. Similar results were demonstrated with epirubicin‐TSL in animals [53].

The successful encapsulation of anthracyclines with high efficiency prompted the search for 
other molecules with high encapsulation efficiency. Liu et al. [54] reported that using metal 
ions such as Zn or Cu could lead to high efficacy in encapsulation of cisplatin. Moreover, the 
presence of metal bound liposomes increased the cytotoxicity.

Apart from anthracyclines [65], the drugs bleomycin [55], melphalan [56], placitaxel [57], 
docetaxel [58], and gemcitabine [59] have been encapsulated into TSL and delivered to 
tumors, while reducing systemic drug toxicities.

Another fluorescent compound that was successfully encapsulated in TSL is the cancer drug 
5‐fluorouracil. Sabbagh et al. used a lipid combination containing DPPC, cholesterol, and 
PEG to encapsulate 5‐fluorouracil. They further found that complexing 5‐fluorouracil with 
copper‐polyethylenimine improved the stability of the liposomes with a higher encapsulation 
efficacy [60].

Recently, vinorelbine was encapsulated into a TSL formulation [61]. Vinorelbine is a wide 
spectrum chemotherapeutic agent used in treatment of breast, lung, and liver cancers. 
However, free vinorelbine is associated with venous toxicity causing blisters when infused 
directly into the blood. The authors reported that combining vinorelbine‐TSL with hyperther‐
mia resulted in enhanced antitumor activity. In another study, Wang et al. showed that [62] 
vinorelbine‐TSL in combination with radiofrequency ablation (RFA) improved the survival of 
micecarrying liver tumors.

Another interesting recent application of TSL is the targeted delivery of the antibiotic cipro‐
floxacin to aid wound healing. Wardlow et al. [63] demonstrated the encapsulation of cipro‐
floxacin in TSL, and used these for delivery to hyperthermic areas using a rat model. They 
suggested that this formulation could be used for chronic wound healing. However, work still 
remains to evaluate these TSLs in an animal model of chronic would healing.

Most recently, it was reported that chemotherapeutic drugs vincristine and doxorubicin 
were coloaded into TSL in combination. Li et al. showed that multiple drug loading could be 
achieved to exploit the synergy between drugs [64].

It should be noted that each drug has to be individually tested, i.e., there is no single TSL 
formulation that would work for all drugs. In addition, the release rate and leakage will vary 
for different drugs, and it may not always be possible to achieve rapid release within seconds 
as is ideal for intravascular triggered release. Table 3 summarizes the drugs that have been 
encapsulated in a TSL formulation and the liposomal composition.
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4. Heating modalities

TSLs have been used successfully in combination with various heating modalities in both 
animal models and in human clinical trials. Some of these heating modalities include devices 
already in clinical use; others have only been used in animals. Ideally, only the targeted tissue 
region is exposed to temperatures within the range where TSL release (typically above ∼40°C). 
In addition, higher temperatures (>43–50°C) may result in reduced blood perfusion [66] and 
should be avoided since without perfusion TSLs are not transported to the target site. Thus, in 
an ideal case, the targeted tissue region should be exposed to a quite narrow temperature range 
(∼40–43°C). For larger tumors—particularly as can be the case in humans or large animals—
achieving this temperature uniformity in large tissue volumes is challenging, and the hyper‐
thermia device becomes an important element affecting TSL‐based drug delivery efficacy.

Since deep‐seated tumors are typically identified based on medical imaging (e.g., computed 
tomography (CT), magnetic resonance imaging (MRI), or ultrasound imaging), TSLs may be 
used for image‐guided drug delivery. Here, the intent is to deliver drug to a specific region 
of the body identified by medical imaging. Since TSLs are administered systemically, image‐
guided drug delivery is realized by exposing the targeted tissue volume to hyperthermic 
temperatures by image‐guided heating devices. Thus, one important aspect that should guide 

References Composition Ratio Cargo/payload

[5] DPPC, DSPC 3:1 Neomycin

[7] DPPC, DSPC 7:3 Methotrexate

[44] DPPC, DSPC 7:1 Cisplatin

[45] DPPC, Cho Doxorubicin

[10] DPPC, HSPC, Cho, PEG 100:50:30:6 Doxorubicin

[51] DSPC:Cho Daunorubicin

[52] DPPC:DSPC:DSPE‐PEG 6:3.5:0.5 Idarubicin

[53] DPPC:MSPC:DSPG:DSPE‐mPEG2000 82:8:10:4 Epirubicin

[55] DPPC: DSPC 9:1 Bleomycin

[56] Phosphatidyl choline, cho Melphalan

[57] DPPC:MSPC:DSPE‐PEG2000:DSPG 83:3:10:4 Paclitaxel

[58] DPPC:DSPE:PEG2000:EPC:MSPC: DTX 82:11:4:3:4 Docetaxel

[59] DPPC:DSPC:DPPG2 50:20:30 Gemcitabine

[60] DPPC:CHO:DSPE‐PEG 90:5:5 5‐Fluorouracil

[61] DPPC:MPPC:DSPE‐PEG2000 86:5:4 Vinorelbine

[63] DPPC:MSPC:DSPE‐PEG 85.3:9.7:5.0 Ciprofloxacin

[64] DPPC: DSPE‐PEG2000: MSPC 75:17:8 Doxorubicin & Vincristine

[48] DPPC:MSPC:DSPE‐PEG2000 85.3:9.7:5.0 Doxorubicin & ProHance®

Table 3. Thermosensitive liposomes composition and payloads.
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the selection of the heating modality is ability to expose only the targeted tumor region to 
uniformly hyperthermic temperatures.

4.1. Animal hyperthermia systems

4.1.1. Water bath

Water bath as a heat source has been used extensively in preclinical studies, especially involving 
small animals. Usually the animal is anesthetized, hair removed if necessary and the region sur‐
rounding the tumor is immersed in a water bath, which is preheated to the required temperature 
(usually >40°C). It is essential to make sure that the skin distant from the targeted tumor is not 
exposed to the heat from the water bath. For example, some researchers used a water bath cover 
made of material that does not conduct heat, with the other parts of the body covered by a poly‐
styrene cover [50]. Other studies used a plastic syringe to hold the leg of mice in place to expose 
only the tumor to heated water while protecting the other leg from heat [32]. Ultrasound gel or 
vaseline has also been applied to protect the tissues surrounding the tumor from heat exposure.

4.1.2. Light sources

Various light sources have been employed to induce hyperthermia, usually for surface heat‐
ing of subcutaneous tumors. Several groups used a cold lamp, which emits visible light 
(350–700 nm wavelength) [50, 59]. By adjusting the power of the lamp, a target temperature 
of ∼41–43°C was achieved. White cotton wool was placed around the area surrounding the 
tumor to avoid heating and drug delivery.

Near infrared (NIR) lasers (∼800–1000 nm wavelength) have also been used as a heating 
sources in nanoparticle‐based drug delivery systems, which can penetrate tissue to depths 
in the range of ∼0.5 cm [51, 67, 68]. The diameter of the laser spot can be adjusted by optical 
lenses to correspond to the targeted area.

4.1.3. Microwave hyperthermia

Microwave devices have a long history for use in hyperthermia studies [69] and have been 
used in combination with TSLs, for example by the first in vivo TSL study by Weinstein et al. in 
1979 [7]. They used a system specifically designed to expose subcutaneous rodent tumors to 
hyperthermia through microwave antennas placed on the skin. Three other studies also used 
surface microwave applicators: one trial in dogs [19], one in cats [22], and a phase I trial in 
humans for breast cancer; the latter two used a FDA‐approved microwave hyperthermia sys‐
tem [70]. While there are also interstitial microwave antennas for heating deep tissue regions 
[69], to our knowledge these have not yet been used in combination with TSL.

4.2. Clinically used hyperthermia and thermal ablation devices

4.2.1. Radiofrequency ablation

Thermal tumor ablation is a heat‐based cancer therapy, where the cancer is killed by heat 
alone, by heating above ∼50°C. Most widely used is radiofrequency ablation (RFA), where 
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radiofrequency electric current is applied to tissue via electrode inserted into the tumor under 
image guidance [71]. The electric current results in localized tissue heating (Figure 6). In the 
clinic, RFA is used guided by medical imaging techniques such as MRI, ultrasound, or CT, 
and is currently in use for liver, lung, kidney, and other types of cancer.

Since local tumor recurrence often occurs at the margin of the tissue regions killed by heat, 
TSLs have been combined with RFA to preferentially deliver chemotherapy to these margins 
that are exposed to sublethal, hyperthermic temperatures (Figure 7). This combination is also 
being examined in clinical trials for treatment of primary liver cancer.

There are other technologies for tumor ablation similar to RFA used clinically, such as micro‐
wave ablation and laser. While these could also be combined with TSL, studies on such com‐
binations are not yet available.

4.2.2. High‐intensity focused ultrasound (HIFU)

High‐intensity focused ultrasound (HIFU) in combination with magnetic resonance imaging 
(MRgHIFU) is in clinical use for treatment of tumors by heating them to >50°C (i.e., thermal 
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ablation). HIFU employs focusing of ultrasound emitted from external ultrasound transduc‐
ers into deep tissue regions, resulting in highly localized tissue heating (∼mm range diameter 
of focal spot). The focal spot can be electronically steered, allowing precise spatial target‐
ing with mm accuracy. A technique named magnetic resonance (MR) thermometry allows 
real‐time noninvasive imaging of tissue temperature and is ideally suited to monitor and 
control HIFU heating (Figure 8A) [73]. MRgHIFU thus allows noninvasive targeted heating of 
deep tissue regions while monitoring and controlling desired temperature, thus being ideally 
suited for TSL‐based drug delivery (Figure 8B) [74–76]

5. Clinical trials

TSL formulations have been evaluated in both veterinary trials as well as in human clini‐
cal trials as cancer therapy. TSL formulations using doxorubicin have been evaluated in 

Figure 7. Combination of tumor ablation with TSL. (a) Two‐dimensional (2‐D) computer simulation of temperature 
(left), and of drug delivery (right), showing drug uptake in the margin of the ablation zone. Results are based on a prior 
computer model [73]. (b) Results of a recent porcine animal study (normal liver) demonstrating visible ablation zone, 
and (c) drug delivery in the margin of the ablation zone visualized by fluorescence imaging (unpublished results), 
qualitatively similar to computer model prediction in (a).

Figure 8. (A) Temperature map during MRgHIFU‐hyperthermia measured via MR thermometry, overlaid on 
preprocedural proton density‐weighted image of rabbit thigh muscle. The targeted tissue region is heated to ∼40–42°C 
after administration of TSL‐Dox. (B) Doxorubicin distribution visualized via fluorescence microscopy in extracted tissue 
sample demonstrating localized, image‐guided drug delivery. Figure adapted from Ref. [75].
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the  veterinary clinic for various cancers. A TSL‐doxorubicin formulation (ThermoDox® by 
Celsion), which is based on the LTSL formulation by Needham et al., has been actively evalu‐
ated in the treatment of hepatocellular carcinoma and recurrent breast wall cancers. These 
clinical trials are briefly discussed below.

5.1. Animal trials

A phase I clinical trial was conducted in companion dogs with solid tumors (carcinomas and 
sarcomas). Of the 20 dogs that were enrolled in the study, from those that were treated at least 
twice with TSL‐Dox, 12 dogs had stable disease and 6 had partial response. The toxicities 
observed were manageable [19].

Similarly, TSL‐doxorubicin was evaluated in a pilot trial in the veterinary clinic for the treat‐
ment of feline soft tissue sarcoma [22]. Eleven cats with advanced sarcoma were divided into 
three treatment groups with increasing dosage of TSL‐doxorubicin. Up to six treatments were 
delivered every alternate week with a radiofrequency applicator. Two cats in the highest dos‐
age group showed partial response. Dosage was well tolerated in all the cats showing poten‐
tial for larger studies.

5.2. Human trials

There have been several human clinical trials with TSL‐Dox, all with the formulation 
ThermoDox® (Celsion Corp.), which is based on the LTSL formulation [15].

The furthest progress has been combining TSL with radiofrequency ablation (RFA) in pri‐
mary liver cancer (i.e., hepatocellular carcinoma). The motivation was delivery of high doses 
of doxorubicin to the margin of the zone killed by heat, as shown in Figure 6. As there was 
a significant proportion of patients that had local tumor recurrence just outside the ablation 
zone, there was a strong premise for this approach. Wood et al. [18] reported results at the 
conclusion of a phase I study involving RFA and TSL‐Dox in liver cancer patients. This safety 
trial showed that TSL‐Dox was well tolerated with manageable side effects up to a maximum 
tolerated dose (MTD) of 50 mg/m2 (this is in the same range as the MTD for unencapsulated 
doxorubicin). With the successful completion of this phase I trial, TSL‐doxorubicin in com‐
bination with RFA was fast tracked to a phase III trial for primary/metastatic liver tumors in 
the “HEAT trial” (NCT00617981) [77], which unfortunately failed. There have been several 
possible explanations that have been attributed to this failure, which have been described in 
detail by Dou et al. [78]. However, a retrospective analysis showed that TSL‐Dox in combi‐
nation with RFA performed better in those patients where the RFA duration was at least 45 
minutes [79], which was supported by further animal studies [80]. As a result, a follow‐up 
phase III trial (“OPTIMA trial,” NCT0211265) was initiated where required RFA duration was 
increased, and this trial is ongoing.

Another trial recently initiated in England also focuses on liver cancer (both primary and 
metastatic cancer) and combines TSL‐Dox with HIFU (“TARDOX trial,” NCT02181075).

In addition, there have been a few phase I and phase I/II trials where TSL‐Dox was com‐
bined with microwave hyperthermia for recurrent chest breast wall cancer (“DIGNITY trial,” 
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NCT00826085). Zagar et al. reported the results of a phase I study using TSL‐Dox in recur‐
rent breast wall cancer [70]. Patients who had exhausted all other therapies were enrolled in 
this trial. Almost 17% of the enrolled patients showed complete remission and another 31% 
showed partial response. Based on the promising results of these prior phase I/II trials, a fol‐
low‐up trial has been initiated in Europe (“EURO‐DIGNITY,” NCT02850419).

Finally, a phase I study has been recently announced in the United States, where TSL‐Dox will 
be combined with MRgHIFU for treating childhood sarcomas (NCT02536183). Thus, at least 
four different ongoing clinical trials are in various stages of recruiting patients.

1. A phase I study of lyso‐thermosensitive liposomal doxorubicin and MR‐HIFU for pediatric 
refractory solid tumors (NCT02536183).

2. Targeted chemotherapy using focused ultrasound for liver tumors (TARDOX) 
(NCT02181075).

3. Study of ThermoDox with standardized radiofrequency ablation (RFA) for treatment of 
hepatocellular carcinoma (HCC) (OPTIMA) (NCT0211265).

4. Heat‐activated target therapy of local‐regional relapse in breast cancer patients (EURO‐
DIGNITY) (NCT02850419).

6. Conclusion

While TSLs have been first proposed almost 40 years ago, only within the last decade have 
first results from clinical trials in humans become available. Animal studies have shown that 
in ideal conditions, up to 20–30 times of bioavailable drug can be delivered to the tumor tissue 
(measured within a few hours of infusion) as compared to administration of the same dosage 
of free drug. TSL benefit from reduced off‐target toxicity effects, similar to nontemperature 
sensitive liposomes already in clinical use. The efficacy of TSL depends both on the specific 
liposomal formulation (e.g., release rate, plasma stability), the encapsulated drug, and on 
the specific heating modality. Several such heating modalities are clinically available, with 
MRgHIFU being one of the most attractive methods. HIFU is noninvasive, allows exquisite 
spatial control of heating with mm accuracy, and combined with MR‐thermometry tissue 
temperature can be monitored and controlled in real time.

Contrary to most other nanoparticle approaches, TSLs can be employed for image‐guided 
drug delivery where the goal is to deliver drug to a region identified by medical imaging. 
Such an approach may find additional clinical applications apart from cancer. One limitation 
of many current TSL formulations is the still relatively short plasma half‐life (∼1 hour), which 
limits the duration available for delivery, reduces the quantity of encapsulated drug available 
for release, and also negatively impacts systemic toxicities.

In summary, TSLs represent a highly promising drug delivery approach that has the potential 
for considerable clinical impact in the near future.
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Abstract

Central nervous system diseases represent a huge world of burden of human suffering 
with negative economic results. Most therapeutic compounds cannot attain the brain 
because of the blood-brain barrier and its expression of efflux transporters. Among them, 
the P-glycoprotein plays a significant role leading to failure of various clinical treat-
ments. A non-invasive strategy to circumvent the blood-brain barrier and P-glycoprotein 
emphasizes on the encapsulation and therefore masking of therapeutic compounds in 
drug delivery systems. Up to now, liposomes are the most widely studied drug delivery 
systems due to their biocompatibility, biodegradability, and less toxicity. The incorpora-
tion of polyethylene glycol-lipid derivatives within the bilayer of conventional liposomes 
significantly prolongs liposomal cargo half-life by steric stabilization. Interestingly, an 
increased brain accumulation of liposomal cargo is achieved by coupling targeting moi-
eties on liposomes surface. These targeting moieties such as peptides or monoclonal 
antibodies recognize the biochemical transport systems at the blood-brain barrier and 
mediate the transport of liposomes and their cargo across this barrier. Moreover, stim-
uli-sensitive liposomes are programmed for cargo release when exposed to a particular 
microenvironment. Hence, this chapter highlights the potential liposomal applications 
for delivery of therapeutic compounds as well as diagnostic tools or both, in major central 
nervous system diseases.

Keywords: central nervous system diseases, blood-brain barrier, P-glycoprotein, liposomes, 
passive targeting, active targeting, stimuli strategies

1. Introduction

Most neurological disorders compromise the central nervous system (CNS) and its main 
organ, the brain. These disorders include stroke, brain cancer, Alzheimer’s disease, Parkinson’s 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



disease, epilepsy, multiple sclerosis, neuroinfections, and traumatic disorders of the nervous 
system, among others (http://www.who.int/en/). Because millions of people worldwide are 
affected by CNS disorders, they constitute 6.3% of the global burden of disease. In other words, 
CNS diseases are a huge world of burden of human suffering with negative economic results 
[1]. Most of the therapeutic molecules cannot attain the brain because of the presence of the 
blood-brain barrier (BBB), which separates the bloodstream from the cerebral parenchyma [2]. 
This barrier is mainly composed by endothelial cells, which are linked by tight junctions [3]. 
The BBB also contains a basal membrane, pericytes, and astrocytes [3]. More important is the 
presence of efflux transporters that perform active back-transport of the therapeutic molecules 
to the blood lumen. P-glycoprotein (P-gp) is the most important efflux transporter associated 
to the failure of various therapies to treat CNS diseases [4]. Advances in nanomedicine have 
created a non-invasive strategy for the management of CNS diseases [5]. This strategy empha-
sizes on the encapsulation of therapeutic compounds, which are mainly P-gp substrates, in 
drug delivery systems, also called nanocarriers, such as liposomes, lipid nanocapsules, poly-
meric nanoparticles, or polymersomes [6–10]. Encapsulation of therapeutic compounds in 
drug delivery systems improve their solubility and protect them from the biological environ-
ment and circumvent the P-gp at the BBB yielding higher concentrations of the therapeutic 
compounds in the brain parenchyma [5]. Among nanocarriers, liposomes have been the most 
studied due to their composition, which makes them biocompatible, biodegradable, and less 
toxic [11]. Liposomes not only hold potential as vehicles for therapeutic compounds (thera-
peutics) [7] but also for diagnostic tools (diagnostics) [12] directed to the CNS. Interestingly, 
recent efforts have combined therapeutics and diagnostics in the same unique nanocarrier, 
thus opening the way to theranostic liposomes, which represent an essential advancement for 
personalized nanomedicine [13]. To specifically target the therapeutic compound or the diag-
nostic tool to the pathological site, the CNS, two strategies are usually used [14]: (1) Passive 
targeting based on the longevity of the pharmaceutical carrier in the blood and its accumula-
tion in pathological sites with compromised vasculature via the enhanced permeability and 
retention effect and (2) Active targeting based on the attachment of specific ligands to nano-
carriers surface to recognize and bind specific biological receptors expressed at the BBB [14]. 
Later studies propose a new active targeting strategy in which liposomes take advantage of 
changes in the pathological microenvironment for localized and timely release of their cargo 
[15]. According to their formulation, stimuli-sensitive liposomes release may obey to internal 
stimuli such as pH, temperature, redox condition, and enzymatic activity or external stimuli 
such as magnetic fields, ultrasound, or irradiation [15]. Since innovative strategies are urgently 
needed to counteract CNS diseases, this manuscript summarizes the most relevant examples of 
passively and actively targeted liposomes, smaller than 200 nm, for therapeutics, diagnostics, 
or theranostics of major CNS diseases.

2. The blood-brain barrier

The blood-brain barrier (BBB) is an innate and selective barrier formed by endothelial cells  
lining ~650 km of microvessels, which constitute by far the largest interface for the blood-brain  
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exchange (Figure 1) [3]. The BBB endothelial cells differ from endothelial cells in the rest of the 
body by the absence of fenestrations and sparse pinocytic vesicular transport. The BBB endo-
thelial cells display wider tight junctions known as zonulae occludens, and adherens junctions 
(AJ), which cover the vessels walls as a continuous sheath, leaving no space between cells [16]. 
Moreover, the BBB is also composed by an extracellular matrix (basal membrane), pericytes, 
and astrocyte foot processes [2, 4]. Because of this configuration, most molecular traffic takes 
a transcellular route across the BBB, rather than moving paracellularly as in most endothelia. 
The presence of specific transport systems on the luminal and abluminal membranes regu-
lates the influx and efflux of various essential endogenous and exogenous substrates [17, 18]. 
Small gases such as oxygen and carbon dioxide but also small lipophilic agents, such as etha-
nol, caffeine, nicotine, and drugs like anesthetics and barbiturates, can diffuse freely through 
the lipid membranes [19]. Small polar molecules, such as glucose, amino acids, organic anions 
and cations, and nucleosides cross the BBB by carrier-mediated transport. Large solutes, such 
as proteins and peptides, are transported across the BBB by receptor-mediated or adsorption-
mediated endocytic transport [17, 18]. In parallel, it was originally stated that therapeutic 
compounds transporting across the BBB were dependent on their physicochemical properties 
such as lipophilicity, molecular weight, and ionic state. However, it is the presence of efflux 

Figure 1. The blood-brain barrier. P-gp = P-glycoprotein, MRP = Multidrug resistance-associated proteins, BCRP = Breast 
cancer resistance protein, and OATP = Organic anion transporter polypeptide.
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transporters at the BBB that limits the brain uptake of a variety of endogenous and exogenous 
compounds, including relatively lipophilic therapeutic compounds [20]. Most of these efflux 
transporters belong to the ATP-binding cassette (ABC) transporters super family. ABC trans-
porters are transmembrane proteins that use the energy from the ATP hydrolysis to drive the 
efflux of their substrates. Based on three critical defining criteria, multi-specificity, location, 
and energetics; P-glycoprotein is considered to be the most important ABC efflux transporter 
at the BBB [21].

3. The P-glycoprotein

The expression of P-glycoprotein (P-gp) on endothelial cells at the human BBB was first 
described in 1989 by Cordon-Cardo et al. and Theibaut et al. [22, 23]. Since then, P-gp has 
been found at the luminal membrane of the endothelial cells lining the capillaries of the brain 
[4, 24], in neurons and in astrocytes [25, 26]. The P-gp is also localized at the apical surfaces 
of the epithelial cells that constitute the ventricular exposed surface of the human choroid 
plexus [27]. The P-gp was also observed in primary brain tumors [28]. The relevance of the 
P-gp at the BBB has been properly illustrated in knockout mice lacking the P-gp isoform 
mdr1a (mdr1a (−/−) mice). The mdr1a (−/−) mice were healthy and fertile and appeared phe-
notypically normal, but they accumulated much higher levels of P-gp substrates in the brain. 
A clear example was the increased sensitivity to the centrally neurotoxic pesticide ivermectin 
[29]. Knockout mice accumulated 100-fold higher concentrations of ivermectin in the brain as 
compared to wild-type mice; consequently, knockout mice developed a severe neurotoxicity 
and died [29]. More recently, selamectin, another pesticide also demonstrated to be a P-gp 
substrate [30]. Meanwhile, pharmacokinetic studies in knockout mice were rapidly extended 
to therapeutic drugs. Thus, the absence of mdr1a in mice led to highly increased levels of 
vinblastine, digoxin, and cyclosporin A in the brain [31]. Tissue distribution studies dem-
onstrated that the relative brain penetration of radiolabeled ondansetron and loperamide is 
increased 4- and almost 14-fold, respectively in mdr1a (−/−) mice. Moreover, a pilot toxicity 
study showed that the oral administration of loperamide gains potent opiate-like activity in 
the CNS of mdr1a (−/−) mice. Oral domperidone also showed neuroleptic-like side effects in 
mdr1a (−/−) mice [31]. Using the same in vivo model, it was suggested that antidepressants like 
levomilnacipran, vilazodone, and escitalopram are P-gp substrates [32], while the modern 
antiepileptic topiramato is only a weak P-gp substrate [33]. These observations are strongly 
supported by brain distribution and disease models not only for the above drugs but also for 
a large list of them [2].

4. Circumventing the BBB

Disruption of the BBB has been observed in various CNS pathologies such as stroke, mul-
tiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) [34]. From these scenarios, it 
is known that disruption of the BBB leads to increased extravasation of immune cells and 
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poorly regulated flux of molecules and ions across the BBB with consequent neuroinflam-
mation, neurodegeneration, or infections [35]. Additionally, clinical disruption of the BBB 
is expensive and requires hospitalization [7]. Therefore, in diseases where the BBB repre-
sents an obstacle to attain significant brain concentrations of therapeutic compounds, a less 
aggressive alternative is by modulating the activity of the P-gp. Nonetheless, we cannot 
negligate that the P-gp protects the brain from intoxication by endogenous and exogenous 
harmful lipophilic compounds that otherwise could penetrate the BBB by simple diffusion 
without any limitation [36]. Therefore, the ideal approach should inhibit the P-gp at the BBB 
to let the P-gp substrate (therapeutic compound) enter into the brain and then re-induce the  
P-gp-mediated efflux to hamper the entry of harmful compounds. The development of third-
generation P-gp modulators, which transiently and directly inhibit the transport of P-gp 
substrates, has been a promising approach to modulate the P-gp [37, 38]. Unfortunately, 
clinical studies suggest high doses of these compounds. These high doses by themselves or 
in co-administration with P-gp substrates may predict toxic profiles, thus limiting the use 
of these agents [39]. Several studies have already proposed the use of natural products, the 
designs of peptidomimetics, and dual activity ligands as a fourth-generation of P-gp modu-
lators [40]. In spite of the countless studies, the effective and safe inhibition of the P-gp at 
the human BBB is not yet a reality. A non-invasive strategy that takes advantage of the CNS 
physiology involves nanomedicine [41]. This innovative strategy uses mainly nano-scale 
drug delivery systems (DDSs) such as liposomes, polymeric nanoparticles, lipid nanocap-
sules, and polymersomes. Hereafter, DDSs transport small doses of poorly soluble drugs 
through the body and by-pass the P-gp at the BBB to finally target the brain, thus reduc-
ing toxicity in peripheral tissues [5]. A synergistic strategy that had obtained optimistic  
in vivo results tackling the P-gp at the BBB is the concomitant loading of a P-gp substrate 
and a P-gp inhibitor in the same nanocarrier [42]. Nanomedicine also offers the possibility to 
transport diagnostic tools as well, thus providing clear benefits to diagnose and treat defiant 
diseases [43]. Owing to their unique characteristics like biocompatibility, biodegradability, 
non-inmunogenicity, and less toxicity, liposomes have been the most studied and clinically 
recognized among nanocarriers [11].

5. Liposomal strategies to target the central nervous system

Nanotechnology is the understanding and control of matters having dimensions roughly 
within the 1–100 nm range. However, in nanomedicine, particles smaller than 10 nm are 
quickly cleared by the kidney or through extravasation and particles bigger than 200 nm 
are efficiently filtered by liver, spleen, and bone marrow, thus a size between 10 and 200 nm 
would enable liposomes to circulate in the bloodstream [44]. Due to their structure, liposomes 
have demonstrated their ability as nanocarriers for CNS targeting of hydrophilic or lipophilic 
cytotoxics, neuroprotectants, antiepyleptics, anti-ischemia, antiretroviral and antifungals 
drugs among others, and diagnostic agents. Basically, liposomes deliver their cargo across 
the BBB through passive and active targeting (Figure 2). Nonetheless, active targeting goes 
further, opening a stimuli-responsive strategy.
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5.1. Passive targeting strategy

Passive targeting is mainly based on the enhanced permeability and retention (EPR) effect. 
In 1986, Maeda and co-workers named EPR effect to the mechanism in which macromol-
ecules with a high molecular weight, 15000 to 70000 daltons, such as polymers and proteins 
precipitate and accumulate effectively in tumor tissues [45]. Such high accumulation usually 
last more than 24 hours [45]. This phenomenon was attributed to the hypervasculature and 
enhanced vascular permeability in solid tumors, which is due to the overproduction of vas-
cular mediators including bradykinin, nitric oxide (NO), vascular endothelial growth factor 
(VEGF) and carbon monoxide (CO) [46]. Moreover, solid tumors have defective blood vessels 
with large gaps, up to 1.0 μm between endothelial cells, whereby macromolecules pass to the 
tumor [14]. Since solid tumors lack adequate lymphatic drainage, there is therefore a poor 
circulatory recovery of the extravasated macromolecules, resulting in their accumulation in 
the tumor microenvironment for long periods [14]. This phenomenon was not observed in 
healthy blood vessels [45]; hence, it constituted a promising strategy to treat selectively can-
cer solid tumors using nanocarriers like polymer-coated liposomes [47]. Prolonged blood 
circulation may allow a longer interaction time between liposomes and the target. The incor-
poration of soluble, hydrophilic, flexible and biocompatible polymers such as polyethylene 
glycol (PEG) or its derivatives within the bilayer of conventional liposomes leads to the for-
mation of a protective and hydrophilic layer on their surface. This prevents the recognition 

Figure 2. Liposomal strategies for passive and active targeting.
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of liposomes by opsonins and reduces their clearance by the reticuloendothelial system (RES) 
and consequently extends the liposomal half-life [48]. Other prominent synthetic polymers 
with stealth properties are poly(vinyl pyrrolidone) (PVP) and poly(acryl amide) (PAA) [11]. 
Liposomes size is another parameter with high impact on the passive targeting through the 
EPR effect. Long-circulating liposomes also called stealth liposomes should possess a size 
inferior to 400 nm for effective extravasation [14, 48]. Different studies demonstrated that 
passive targeting provides promising therapeutic outcomes in diseases where there is a BBB 
disruption like stroke [49, 50].

5.2. Active targeting strategy

In the last few years, more sophisticated liposomes were designed to actively target the 
brain. Active targeting lies on the coupling of targeting moieties including small-molecule 
ligands, peptides, aptamers, monoclonal antibodies (mAbs) or their fragments on the liposo-
mal surface. Then these functionalized liposomes are able to target the brain after recogniz-
ing the biochemical transport systems expressed at the brain endothelial cells. Such systems 
are the adsorptive-mediated endocytosis (AME), the carrier-mediated transport (CMT), and 
the receptor-mediated endocytosis (RME). Brain targeting through AME is based on the elec-
trostatic interaction between a positively charged moiety and the negatively charged sites 
on the luminal surface of plasma membrane and brain capillaries. For instance, cationized 
human serum albumin conjugated to PEGylated liposomes showed a rapidly time-depen-
dent response taken up by cultured porcine brain capillary endothelial cells and by intact 
brain capillaries [51]. However, in vivo, AME also occurs to a large extent in other organs like 
liver and kidneys, thus decreasing brain specificity [6]. The CMT systems are localized at the 
brain capillary endothelium and mediate the passage of small molecular weight nutrients 
across the BBB. The most studied are the transporters for D-glucose (GLUT1), large neutral 
amino acid (LAT1), small neutral amino acids (EAAT), cationic amino acids (CAT1), mono-
carboxylic acids (MCT1), and organic cations (OCT) [52]. Although a possible competition 
with endogenous ligands is predicted, liposomes decorated with LAT1 were able to pen-
etrate the BBB penetration in vivo [53]. RME is one of the major mechanisms by which various 
DDSs can deliver their cargo across the BBB. RME systems require the binding of a ligand to 
a specific receptor located on the luminal membrane of the BBB [6]. Then, the receptor-ligand 
binding induces the internalization of receptor-ligand complexes within an endocytic vesicle. 
From there forward, receptors may mediate different processes including: (1) transcytosis of 
the ligand from blood to brain, (2) reverse transcytosis from brain to blood, or (3) only endo-
cytosis into the brain capillary endothelium without net transport across the endothelial cell 
[52]. Specific receptors of the brain capillary endothelium have been identified for low-den-
sity lipoproteins (LDL), low-density lipoprotein receptor-related protein 1 (LRP-1), insulin, 
insulin-like growth factors (IGF-I, IGF-II), interleukin-1 (IL-1), folic acid (FA) and transferrin 
(Tf) [52]. Hence, attachment of these endogenous ligands to the surface of liposomes has gen-
erated promising results [54]. Besides binding endogenous ligands, these receptors also bind 
mAbs or their fragments (Fab’, F(ab’)2), which could be grafted on the liposomes surface [6]. 
The most successful mAb that has been studied and used for brain targeting is OX26 [55, 56], 
which specifically targets brain capillary endothelial cells, thanks to the high concentration 
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of the transferrin receptor (TfR) expressed on their luminal side [57]. Thus, OX26 may be able 
to cross the BBB via the receptor-mediated transcytosis. OX26 does not bind the TfR on the 
transferrin-binding site but uses another epitope [58]. Given that high doses of insulin are 
required to target the insulin receptor and that an overdose of insulin could cause hypogly-
cemia, some studies effectively promote grafting of liposomes with the murine 83–14 mAb to 
target the BBB via the insulin receptor [59]. The low-density lipoprotein receptor (LDLR) and 
the LDLR-related protein (LRP) can bind multiple ligands. Among them, the apolipoprotein 
E grafted to liposomes favored the internalization of the DDS via the LDLR in porcine brain 
capillary endothelial cells and the rodent cell line RBE4 [60]. Moreover, increased expression 
of epidermal growth factor receptor (EGFR) [61], vascular endothelial growth factor recep-
tor (VEGFR) [62] and integrins [63] in the brain environment is associated with brain injury 
or blood-brain barrier (BBB) dysfunction, thus providing more targets in these pathological 
episodes.

5.3. Stimuli-responsive strategy

Usually the challenge is to formulate liposomes which have the right size and structure to 
entrap their cargo with high efficiency and in such a way that they do not leak out. On the 
other hand, it is important to play on the fluidity of the liposomal membrane. A too high 
liposomal stability is rather disadvantageous than desired. Remaining inside the stable lipo-
somes, the encapsulated compounds are not delivered to the targeted tissue. At that point, it 
is necessary to find the right balance between stability in the bloodstream and a high delivery 
of liposomal cargo in the target. In general, the chemical and biophysical properties of lipid 
molecules primarily dictate the development of tunable (stimuli-sensitive) liposomes [64]. 
The various types of stimuli that could trigger liposomal cargo release can be classified into 
internal or intrinsic to the target tissue (changes in pH, temperature, redox condition, or the 
activity of certain enzymes) and external or artificially applied (magnetic field, ultrasound, 
and various types of irradiation) [15]. In one example, the lower pH, the higher temperature, 
and overexpression of several proteolytic enzymes of the tumor microenvironment should 
trigger the cytotoxic release when liposomes are exposed [14]. More exhaustive literature 
about stimuli-sensitive liposomes was formerly described [14, 15].

The encapsulation of nanoparticles in liposomes not only adds more stimuli for delivery but 
also provides more useful properties. For instance, by encapsulating PEG-coated quantum 
dots (QDs) in the internal aqueous phase of liposomes, a more extensive fluorescent staining 
is observed in a solid tumor model compared to free PEGylated QDs [65]. Meanwhile, super-
paramagnetic iron oxide nanoparticles (SPIONs) loaded in liposomes demonstrated to serve 
as a magnetic resonance imaging in vivo tool [66].

6. Liposomes for drug delivery to the central nervous system

More recent and relevant studies applying different liposomal targeting strategies for the 
treatment of major CNS diseases are summarized herein.
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6.1. Stroke

An ischemic stroke occurs because of an obstruction, by a blood clot, within a blood vessel 
supplying blood to the brain [67]. Ischemic stroke accounts for 87% of all stroke cases. The 
cerebral ischemic area is composed of the ischemic core, a zone of irreversibly damaged tissue, 
and the ischemic penumbra, a surrounding zone of less severe and reversible damaged tissue 
[67]. To date, the only Food and Drug Administration (FDA) approved treatment for ischemic 
stroke is tissue plasminogen activator (tPA), a proteolytic enzyme. tPA enhances the conver-
sion of plasminogen to plasmin, which subsequently degrades the fibrin matrix in the clot and 
improves blood flow to the ischemic region [68]. However, its short half-life, 2–6 minutes and 
therapeutic time window, less than 4.5 hours, elicite its administration in high doses which 
might lead to significant hemorrhagic complications [69, 70]. Interestingly, hemorrhage was 
reduced when tPA was loaded in actin-targeted liposomes and intravenously administered 
by the internal carotid artery in an in vivo model bearing clots injected [71]. Other therapeu-
tic approaches have focused on protecting neurons from the main pathogenic mechanisms 
causing ischemic injury in the penumbra, such as excitotoxicity, oxidative stress, inflamma-
tion, or apoptosis [67]. Certainly, loading of these neuroprotective agents in liposomes may 
return improved results. Various studies emphasized on passive targeting strategies because 
during stroke the BBB is disrupted. Therefore, the effect of intravenous administration of 
empty [3H]-labeled PEG-liposomes in a stroke rat model was investigated [50]. One hour after 
middle cerebral artery occlusion (MCAO), rats received the liposomal formulation and one 
hour after, reperfusion was started (t-MCAO) [50]. [3H]-labeled PEG-liposomes accumulated 
in the ischemic brain in a time-dependent manner. Such accumulation at 3 hours post-dosing 
was significantly higher compared to the one in the non-ischemic side. These results were 
attributed to the disruption of the BBB and the leakage of liposomes to the brain parenchyma, 
where they gradually accumulated in the ischemic region via the EPR effect. Usually, once 
reperfusion is started, secondary cerebral damage known as ischemic/reperfusion (I/R) injury 
is observed [50]. In the same study, intravenous administration of PEGylated liposomes 
loaded with tacrolimus, a neuroprotective agent and a P-gp substrate [2] before (I/R) injury 
significantly suppressed cerebral cell death. While the damage volume for PEG-liposomes 
encapsulating tacrolimus was about 0.2 cm3; for free tacrolimus and PBS, it was  0̴.3 and  0̴.4 
cm3, respectively. This formulation also suppressed superoxidative anions induced-damage 
in the brain and improved motor function deficits compared to free tacrolimus [50]. Fasudil, a 
Rho-kinase inhibitor is an approved drug for cerebral vasospasm after subarachnoid hemor-
rhage but thanks to its neuroprotective properties, it could be a promising candidate for the 
treatment of ischemic stroke. Phase III clinical trials showed fasudil usefulness and safety 
[72], however, the clinical trials were finished because of fasudil poor clinical efficacy, short 
permanence in the bloodstream and difficulty to penetrate the BBB [49]. Hence, it was encap-
sulated in PEG-liposomes and intravenously administered immediately after reperfusion in 
t-MCAO rats [49]. Fasudil-loaded PEG-liposomes diffused and accumulated in the I/R region, 
from an early phase after administration up to 24 hours. Moreover, the aforementioned for-
mulation significantly suppressed the volume of damaged brain tissue, obtaining  0̴.2 cm3, 
compared to free fasudil,  0̴.3 cm3, and PBS,  0̴.4 cm3. Fasudil-loaded PEGylated liposomes 
also reduced in a significant manner neutrophil invasion and improved the motor functional 
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disorder [49]. The success of this study was basically due to PEGylation and liposome size. 
Using the same stroke in vivo model, it was confirmed that  ̴100 nm PEG-liposomes got a high 
accumulation on the ischemic side,  2̴00 nm PEG-liposomes showed a lower accumulation 
and no accumulation was observed for  8̴00 nm PEG-liposomes [49]. Xenon is a pleiotypic 
cytoprotective gas, which rapidly diffuses across the BBB. Although xenon has few clinical 
adverse effects, its administration by inhalation requires intubation and ventilation with a 
large xenon concentration that reduces the maximum fraction of inspired oxygen [73]. Thus, 
an ultimate study encapsulated xenon into echogenic liposomes and determined its benefits 
after systemic administration in t-MCAO rats. Different dosage schemes demonstrated that 
this formulation effectively reduced ischemic neuronal cell death and improved neurological 
function. Undoubtely, ultrasound triggered additional liposomal xenon release obtaining still 
better therapeutic results [73]. Other studies accentuate on the benefits of actively targeted 
strategies over passively targeted strategies during stroke (Table 1). For instance vascular 
endothelial growth factor (VEGF) was loaded in PEGylated liposomes decorated with trans-
ferrin and intravenously administered two days after inducing a t-MCAO model [74]. VEGF 
confers neuroprotection, promotes neurogenesis and cerebral angiogenesis, and transferrin is 
an iron-binding glycoprotein with high affinity for the transferrin receptor (TfR) at the BBB 
[75]. While the damage volume for VEGF-loaded PEGylated liposomes coupled to transferrin 
was about  2̴.5 cm3, for VEGF-loaded PEGylated liposomes was   3̴.0 and for saline  3̴.5 cm3,  
respectively. VEGF-induced neovascularization in the penumbra zone was significantly 
higher for the actively targeted formulation (245,873 microvessels per field), than for the pas-
sively targeted formulation (139,801.3) and for saline (102,175.5) [74].

6.2. Cancer

Globocan 2012 revealed that the worldwide brain and CNS cancer incidence and mortality 
in both sexes was 3.4 and 2.5 per 100,000 people, respectively [76]. In parallel, the World 
Cancer Research Fund International (http://www.wcrf.org) estimated that 256,000 new cases 
of brain and CNS cancer were diagnosed in 2012. Gliomas are tumors that arise from glial or 
precursor cells and include astrocytoma, glioblastoma, oligodendroglioma, ependymoma, 
mixed glioma, malignant glioma, and a few rare histologies. Glioma accounts for 27% of 
all tumors and 80% of malignant tumors, and among these, glioblastoma is the most com-
mon accounting for 46.1% [77]. Unfortunately, the efficacy of conventional chemotherapy is 
always limited due to the poor specificity in targeting cancer, low circulation time, reduced 
penetration in the tissue, and most importantly the toxic side effects of anti-cancer drugs 
[78]. Thus, nanotechnology appeared to help chemotherapy to be reborn and Doxil®, lipo-
somal doxorubicin, received the first approval as a nano-drug in 1995 [79]. Nowadays, sev-
eral research groups are developing nanocarriers to encapsulate anti-cancer drugs and fight 
against cancer tumors. Owing to the leaky nature of the tumor-associated blood vessels and 
lack of adequate lymphatic drainage, nanocarriers may take advantage of the EPR effect to 
target tumors [14]. However, in the case of brain tumors, nanocarriers must first overcome 
the BBB, which remains intact at the early stage of the brain tumor development. Only when 
the tumor grows to a certain volume and angiogenesis begins, the BBB is impaired and the 
blood-brain tumor barrier (BBTB) then becomes the main obstacle that nanocarriers must 
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adverse effects, its administration by inhalation requires intubation and ventilation with a 
large xenon concentration that reduces the maximum fraction of inspired oxygen [73]. Thus, 
an ultimate study encapsulated xenon into echogenic liposomes and determined its benefits 
after systemic administration in t-MCAO rats. Different dosage schemes demonstrated that 
this formulation effectively reduced ischemic neuronal cell death and improved neurological 
function. Undoubtely, ultrasound triggered additional liposomal xenon release obtaining still 
better therapeutic results [73]. Other studies accentuate on the benefits of actively targeted 
strategies over passively targeted strategies during stroke (Table 1). For instance vascular 
endothelial growth factor (VEGF) was loaded in PEGylated liposomes decorated with trans-
ferrin and intravenously administered two days after inducing a t-MCAO model [74]. VEGF 
confers neuroprotection, promotes neurogenesis and cerebral angiogenesis, and transferrin is 
an iron-binding glycoprotein with high affinity for the transferrin receptor (TfR) at the BBB 
[75]. While the damage volume for VEGF-loaded PEGylated liposomes coupled to transferrin 
was about  2̴.5 cm3, for VEGF-loaded PEGylated liposomes was   3̴.0 and for saline  3̴.5 cm3,  
respectively. VEGF-induced neovascularization in the penumbra zone was significantly 
higher for the actively targeted formulation (245,873 microvessels per field), than for the pas-
sively targeted formulation (139,801.3) and for saline (102,175.5) [74].

6.2. Cancer

Globocan 2012 revealed that the worldwide brain and CNS cancer incidence and mortality 
in both sexes was 3.4 and 2.5 per 100,000 people, respectively [76]. In parallel, the World 
Cancer Research Fund International (http://www.wcrf.org) estimated that 256,000 new cases 
of brain and CNS cancer were diagnosed in 2012. Gliomas are tumors that arise from glial or 
precursor cells and include astrocytoma, glioblastoma, oligodendroglioma, ependymoma, 
mixed glioma, malignant glioma, and a few rare histologies. Glioma accounts for 27% of 
all tumors and 80% of malignant tumors, and among these, glioblastoma is the most com-
mon accounting for 46.1% [77]. Unfortunately, the efficacy of conventional chemotherapy is 
always limited due to the poor specificity in targeting cancer, low circulation time, reduced 
penetration in the tissue, and most importantly the toxic side effects of anti-cancer drugs 
[78]. Thus, nanotechnology appeared to help chemotherapy to be reborn and Doxil®, lipo-
somal doxorubicin, received the first approval as a nano-drug in 1995 [79]. Nowadays, sev-
eral research groups are developing nanocarriers to encapsulate anti-cancer drugs and fight 
against cancer tumors. Owing to the leaky nature of the tumor-associated blood vessels and 
lack of adequate lymphatic drainage, nanocarriers may take advantage of the EPR effect to 
target tumors [14]. However, in the case of brain tumors, nanocarriers must first overcome 
the BBB, which remains intact at the early stage of the brain tumor development. Only when 
the tumor grows to a certain volume and angiogenesis begins, the BBB is impaired and the 
blood-brain tumor barrier (BBTB) then becomes the main obstacle that nanocarriers must 
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circumvent. Hence, the presence of receptors on the BBB and BBTB provides a pathway 
to actively target brain tumors (Table 1) [80]. A recent in vivo study showed the difference 
between passive and active brain targeting of doxorubicin, a P-gp substrate [2]. PEGylated 
liposomal [14C]-labeled doxorubicin similar to Doxil®/Caelyx® was used as the passive tar-
geting formulation, whereas Glutathione PEGylated liposomal [14C]-labeled doxorubicin 
(2B3-101) was assessed as the active delivery system [81]. Glutathione is an endogenous tri-
peptide currently used as a drug-targeting ligand because among the nutrient transporters 
in mammalian species, glutathione transporter has a preferential expression at the BBB [82]. 
After intravenous administration, both liposomal formulations displayed a similar doxo-
rubicin pharmacokinetic profile and brain exposure during the first 24 hours. However, 4 
days post-dosing, the brain doxorubicin concentration as well as its brain-to-plasma ratio 
was higher for Glutathione PEGylated liposomes. Compared to passive liposomes, active 
liposomes resulted in a significant inhibition of tumor growth and two animals of this group 
showed a complete tumor regression. Moreover, the active delivery system exhibited an 
increase of 16.1% in the median survival compared to the passive delivery system and an 
increase of 38.5% compared to saline [81]. Later, the same research group, using the sophis-
ticated cerebral open flow microperfusion (cOFM) brain sampling technique, found that 
Glutathione PEGylated liposomes enhanced doxorubicin concentration in the brain extracel-
lular space  ̴5-fold relative to PEGylated liposomes [83]. 2B3-101 was recently investigated 
in a phase I/IIa clinical study in patients with solid tumors, brain metastases, or recurrent 
malignant glioma (www.clinicaltrials.gov). Another approach emphasized on doxorubicin 
loaded liposomes dually functionalized with transferrin and folate to actively target an in 
vivo brain C6 glioma-bearing model [54]. While transferrin binds the TfR at the BBB [75], 
folate or folic acid binds the folate receptor (FR) [84], which is over-expressed in a wide vari-
ety of human tumors and whose density increases as the stage of cancer worsens [84]. After 
four intravenous administrations in 17 days, the mean survival time was 30 days for rats 
treated with this active targeting formulation, 27 days for doxorubicin-loaded liposomes, 24 
days for doxorubicin solution and 20 days for saline. Doxorubicin-loaded liposomes func-
tionalized with transferrin and folate also exhibited the least tumor area and the highest 
apoptotic activity in the glioma cells among all the treated groups [54] and did not modify 
liver enzyme levels or heart histology [54]. Due to its active targeting mechanism of receptor-
mediated endocitosis and its high affinity for the cerebral capillary endothelium, wheat germ 
agglutinin (WGA) showed to be a good candidate to target the BBB [85]. Grafted to the sur-
face, WGA favored the transfer of topotecan-tamoxifen-loaded liposomes across the BBB and 
then targeted brain tumors [86]. Among the four types of topotecan liposomes with or with-
out the P-gp modulator tamoxifen and/or WGA, the one modified with tamoxifen and WGA 
exhibited the strongest cytotoxic effect against murine glial tumor (C6) cells [86]. Likewise, 
this formulation achieved the highest inhibitory effect against C6 cells after crossing an in 
vitro BBB (murine brain microvascular endothelial cells/rat astrocytes) model [86]. Moreover, 
after one week of treatment with the different formulations, the mean survival time of an 
in vivo brain C6 glioma-bearing model was 26 days for topotecan liposomes modified with 
tamoxifen and WGA, 20 days for topotecan liposomes, 19 days for free topotecan and 15 
days for saline. A mean survival time of 31 days was achieved with two weeks of treatment 
with topotecan liposomes modified with tamoxifen and WGA [86].
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6.3. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative dementia and contributes 
to 65% of all cases. AD is substantially increased among people aged 65 years or older, lead-
ing to progressive decline in memory, thinking, language, and learning capacity [87]. The 
pathophysiology of AD is related to the injury and death of neurons caused by the progres-
sive production and accumulation of insoluble proteins aggregates, such as amyloid-β (Aβ) 
plaques and neurofibrillary tangles of hyperphosphorylated tau [88]. Currently, there is 
no drug to treat AD; only four FDA-approved compounds are known to relieve AD symp-
toms. These are donepezil, galantamine, memantine, and rivastigmine [89]. Once donepezil, 
a weak P-gp substrate [90], was encapsulated in PEGylated liposomes and administered 
by intranasal route in experimentation animals, it exhibited higher plasma and brain con-
centrations than free donepezil administered by the same or oral route [91]. In addition, 
histopathological examination showed that PEGylated liposomal donepezil was safe and 
non-toxic [91]. Rivastigmine was encapsulated in PEGylated liposomes functionalized with 
a cell penetrating peptide (CPP), whose proved internalization pathway across the cell 
membrane is via transduction or endocytosis [92, 93]. This formulation administered by 
intranasal route demonstrated its capacity to improve rivastigmine distribution and reten-
tion in the hippocampus and cortex, which are CNS regions highly affected by AD. This is 
in comparison with the intravenous administration of rivastigmine solution [92]. The clini-
cal utility of galantamine, which is also a P-gp inhibitor [94], is hampered by its intricate 
transport across the BBB and its poor retention in the CNS. Hence, galantamine was loaded 
in PEGylated liposomes functionalized with a synthethic peptide, Lys-Val-Leu-Phe-Leu-Ser 
[95]. The selected peptide possess a 75% similar sequence to the serpin enzyme complex-
receptor (SEC-R), which is expressed on the surface of neural (PC12) cells and may interact 
with soluble and non-toxic Aβ-peptides [96]. Thus, fluorometry and confocal microscopy 
confirmed that actively targeted liposomes significantly facilitated a higher uptake and 
accumulation of galantamine in PC12 neuronal cells related to non-targeted PEGylated lipo-
somes [95]. The utility of neuroprotective agents in AD was also optimized by encapsulating 
them in actively targeted liposomes (Table 1).

6.4. Parkinson’s disease

Parkinson’s disease (PD) is the second most common progressive neurodegenerative brain 
disorder of insidious onset. This chronic disease is caused by a selective degeneration of 
dopaminergic neurons in the substantia nigra pars compacta, which consequently results in 
a reduction in striatal dopamine levels [97]. PD is generally characterized by primary motor 
symptoms such resting tremor, bradykinesia, rigidity, and postural instability. Non-motor 
symptoms experienced by PD patients may include cognitive impairment, mood disorders, 
and sleep disturbances [98]. Up-to-date, there is no cure for PD, the only available treatment, 
dopamine, is focused on the signs and symptoms. Since exogenous dopamine cannot cross 
the BBB, the gold standard therapy for PD is based on the administration of the natural pre-
cursor of dopamine, L-dopa, to restore dopaminergic transmission [99]. Because L-dopa is 
a P-gp substrate [100], it only crosses the BBB to a certain extent and once in the brain, it is 
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converted to dopamine. However, L-dopa cannot be administered alone because it is cata-
lyzed to dopamine by peripheral dopamine-decarboxylase enzyme and causes peripheral 
side effects, such as nausea, sleepiness, and dyskinesia [99]. Thus, L-dopa was encapsulated 
in PEGylated and chlorotoxin-functionalized liposomes and studied in an in vivo 1-methyl-
4-phenyl-1,2,3,6-tetrahydro pyridine (MPTP)-induced PD model [101]. Chlorotoxin (ClTx) is 
a 36-amino acid peptide that exhibits high affinity for brain gliomas and other tumors of 
neuroectodermal origin [102] but it is also able to bind proliferating vascular endothelial cells 
[103]. After intraperitoneal injection, the aforementioned formulation significantly increased 
the distribution of dopamine in the substantia nigra and striata and attenuated the behavioral 
disorders. Besides, it diminished the MPTP-induced loss of tyrosine hydroxylase-positive 
dopaminergic neurons as compared with L-dopa in PEGylated liposomes and free L-dopa 
[101]. Glial-derived neurotrophic factor (GDNF), a rescue of nigra-striatal tract agent was 
encapsulated in PEGylated liposomes functionalized with the mAb OX26 and administered 
in a 6-hydroxydopamine-induced PD in vivo model [104]. Authors explained the partial res-
cue of the nigra-striatal tract through the two weeks delayed and single liposomal intravenous 
administration, thus suggesting that future studies should increase and timely synchronize 
dosing administration with the onset of the disease [104].

6.5. Epilepsy

Epilepsy is a chronic and often progressive brain disorder, characterized by recurrent sei-
zures, which are brief episodes of involuntary movement involving a part or the whole 
body. These episodes are caused by excessive electrical discharges from cortical neurons, 
which can cause visual disturbances, loss of control of bowel or bladder function, and con-
sciousness [105]. According to the World Health Organization, epilepsy affects about 50 
million people worldwide but only 70% of patients can be successfully treated while about 
30% of patients are resistant or refractory to current available antiepileptics [106]. Earlier 
research has shown that mainly the activity of the P-gp at the BBB is directly related to 
anticonvulsants resistance [107]. This so-called medically intractable epilepsy is often asso-
ciated with a poor prognosis, increased morbidity and mortality in patients, and a negative 
social impact in the life of patients and their family environment [106]. Unfortunately, only 
few studies have tried to improve the epilepsy therapy by applying nanotechnology. In a 
pilocarpine-induced seizure in vivo model, nimodipine, a neuroprotective agent [108] and 
a P-gp substrate [109] encapsulated in liposomes prevented epileptic seizures and mortal-
ity compared to free nimodipine [110]. In the meantime, curcumin, another neuroprotec-
tive agent [111] with ability to inhibit the P-gp [112], encapsulated in liposomes delayed 
the onset and decreases the duration of epileptic seizures in a pentylenetetrazole-induced 
seizure in vivo model [113]. In the same way, the anticonvulsivant activity of gossypin, a 
bioflavonoid isolated from Hibiscus vitifolius and possible P-gp inhibitor [114], was signifi-
cantly improved when it was entrapped in liposomes. Liposomal gossypin succeeded in 
increasing seizures threshold and latency of current electroshock seizures pentylenetetra-
zole-induced seizure in vivo model [115]. Earlier studies demonstrated that liposomal anti-
convulsivants as valproic acid and phenytoin exerted more prominent therapeutic efficacy 
than free drugs [116].
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7. Liposomes for diagnostics of central nervous system diseases

Liposomes by themselves do not have any imaging property but various efforts have enabled 
liposomes to entrap and deliver diagnostic agents in pathological tissues. Most investigations 
deal with diagnosis of cancer.

7.1. Cancer

By attaching synthetic pH-responsive chemical modulators to an Escherichia coli mechanosen-
sitive ion channel of large conductance (MscL), it was properly converted in a pH-sensitive 
valve able to gate at acidic environments such as solid tumors, sites of inflammation, endo-
somes, and lysosomes [132]. The sensitivity and pH interval for channel opening were tuned 
by varying the hydrophobicity and pKa of the pH modulators. At a pH lower than the pKa 
of the modulator, the channel acquires a charge in the pore of the channel, which tends to 
the opening [132]. Later, these pH-sensitive valves were incorporated in PEGylated liposomes 
loaded with paramagnetic chelate gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA), 
which is detectable in vivo by magnetic resonance imaging (MRI). The aforementioned for-
mulation, Gd-DTPA-pH-sensitive PEGylated liposomes was compared to Gd-DTPA-pH-
insensitive PEGylated liposomes in mice implanted with a C6 glioblastoma tumor which has 
a pH between 6.6 and 7.0 [126]. While Gd-DTPA-pH-sensitive PEGylated liposomes started 
to release their cargo ten minutes post-dosing and lasted up to forty minutes, the Gd-DTPA-
pH-insensitive PEGylated liposomes showed a slow initial release that only stabilize after ten 
minutes and was significantly lower than the pH-sensitive formulation. This study demon-
strated that only few ion channels per liposome are sufficient to induce the release of content 
[126]. The strategy used herein is advantageous and highly supported over other pH-sensitive 
liposomes containing high amounts of negatively charged lipids, polymers, or unsaturated 
lipids. These materials make liposomes prone to fast bloodstream clearance affecting basically 
their pharmacokinetic properties and thus those of the encapsulated cargo [126]. Usually, the 
targeting moiety is conjugated to the liposomal surface and the whole formulation is assessed 
in vitro or in vivo. Nonetheless, a two-step active targeting is also possible and it was the case 
for molecular imaging of delineating tumor margins in a C6 glioma-bearing model [127]. 
Herein, the biotin-streptavidin ligation technique was used for its reability to attach antibodies 
on liposomes surface [133]. Gadolinium was used as the imaging agent and endoglin (CD105), 
a protein involved in angiogenesis, was used as the targeting moiety. Hence, experimentation 
animals received an intravenous injection of biotin-endoglin and after 24 hours, injection of 
streptavidin-PEGylated liposomes loaded with gadolinium. In this way, in the tumor periph-
ery, the signal emitted by gadolinium from the two-step targeting was about 59% higher than 
those obtained for the usual one-step targeted liposomes and non-targeted liposomes [127].

8. Liposomes for theranostics of central nervous system diseases

A major achievement of nanomedicine in the last few years was the development of ther-
anostic delivery systems, which integrate imaging and therapeutic functions in one single but 
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complex structure, thus providing a powerful approach to improve disease-specific detection, 
treatment, and follow-up monitoring [134]. The flexible composition of liposomes enables 
them to be engineered to adsorb, entrap, encapsulate, or conjugate different imaging agents 
and therapeutic compounds [134].

8.1. Stroke

Citicoline (CDP-Choline), a drug used in the treatment of stroke [135], was loaded in lipo-
somes made of phospholipids containing rhodamine or gadolinium, which enabled the nano-
carriers to be traceable by fluorescence or MRI. These liposomes were functionalized with 
anti-HSP72 antibody, which is able to bind the HSP72 protein. HSP72 protein is a biomarker 
expressed for up to seven days in the peri-infarct region following cerebral ischemia [120]. 
This formulation was administered by intravenous route after surgery in an MCA in vivo 
model, where it achieved a damage of 30% volume smaller than the one obtained with free 
citicoline. This could be attributed to the 80% traceable liposomal localization on the periph-
ery of the ischemic lesion [120].

8.2. Cancer

Liposomes co-encapsulating the cytotoxic and P-gp substrate docetaxel [2] and QDs and 
actively targeted with arginine-glycine-aspartic acid peptide -D-alpha-tocopheryl polyethyl-
ene glycol 1000 succinate (RGD – TPGS) were developed and tested in vivo for brain targeting 
[128]. QDs are semiconductor nanocrystals with a photostability up to 100–10000 fold greater 
than conventional organic dyes. Unluckily, because QDs are heavy metals, they may lead 
to potential toxicities, but their encapsulation in liposomes may improve their biocompat-
ibility to become a potential tool for diagnostics in in vitro and in vivo tumor models [136]. 
TPGS, a derivative of the natural vitamin E (alpha-tocopherol), has shown great potential 
in overcoming the P-gp via inhibition of its ATPase activity [42]. RGD peptide binds prefer-
entially the αvβ3 integrin, an adhesion molecule highly expressed on activated endothelial 
cells, new-born vessels and some tumor cells [137]. In this context, targeting tumor cells or 
tumor vasculature by RGD-based strategies is a promising approach [138]. Hence, docetaxel-
QDs-loaded liposomes functionalized with RGD-TPGS intravenously administered in rats, 
exhibited a docetaxel brain distribution  ̴2-fold higher than the value obtained for docetaxel-
QDs-loaded liposomes functionalized with TPGS and  ̴7-fold higher than the value obtained 
for free docetaxel [128]. These data is in line with the strongest fluorescence of brain sec-
tions for docetaxel-QDs-loaded liposomes functionalized with RGD-TPGS, mild fluorescence 
for docetaxel-QDs-loaded liposomes functionalized with TPGS and no fluorescence for free 
QDs [128]. Surely TPGS inhibited the P-gp allowing a higher brain distribution of liposo-
mal docetaxel related to free docetaxel [128]. Another study formulated magnetoliposomes 
co-loaded with doxorubicin and SPIONs and coated with carboxymethyl dextran (CMD), a 
stealth alternative to PEGylation [139]. Typically, superparamagnetic nanoparticles coated 
with carboxydextran are used as MRI agents to detect tumors and their microenvironment 
[140]. Thus, in vitro, this formulation demonstrated to be an efficient T2-weighed contrast 
agent for MRI but also induced cytotoxicity which could be enhanced by low-frequency  
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alternating magnetic field [139]. Further in vivo data could determine the usefulness of this 
formulation as a potential carrier for targeting diagnostic and therapy to brain cancer.

8.3. Parkinson’s disease

QDs and apomorphine, a rescue medication for Parkinson’s disease were encapsulated in 
PEGylated liposomes [141]. Then, in vivo bioimaging analysis determined that the fluores-
cence emitted from PEGylated liposomal QDs after intravenous administration was higher 
in the brain than in other organs and it lasted up to 60 minutes. In contrast, the fluorescence 
derived from free QDs was visualized immediately following the injection, decreased rapidly 
in the brain but lasted up to 35 minutes in liver [141]. Likewise the brain uptake of liposo-
mal apomorphine at 1 hour post-dosing was 2.4-fold higher than the value obtained for free 
apomorphine. Cell uptake studies in bEND3 cells suggested that these theranostic liposomes 
could enter into cells by clathrin-dependent and caveola-mediated endocytosis [141].

9. Future outcomes

Nanomedicine has emerged as the key to open the door of the medicine of tomorrow. 
Thanks to exponential efforts and improvements, nanomedicine has launched to the clini-
cal field various drug-loaded liposomes for brain targeting (Table 2). However, regarding 
other CNS diseases, nanomedicine has not yet fulfilled its promise. The possible improved 
brain distribution of various liposomal therapeutic compounds and diagnostic agents 
remains to be studied. The CNS is so complex that gives us a wide variety of receptors 
to target. Currently, various targeting moieties such as aptamers, peptides, mAbs, or their 
fragments have proved their ability to target a specific receptor in the CNS. Thus, future 
studies should investigate their in vivo potential but always paying attention to the graft-
ing itself. Attachment of targeting moieties does not alter the liposomal biodistribution; it 
only increases the liposomal internalization in targeted cells. Thus, the quantity of targeting 

Therapeutic compound Purpose: to assess Patients Phase

Cytarabine (DepoCyte®) The safety of whole brain radiotherapy Brain metastases I

Cytarabine The effectiveness in co-administration with 
high doses of methotrexate

SNC metastases II

Doxorubicin The effectiveness Refractory solid brain tumors I

Vincristine (Marqibo) The safety, activity, and pharmacokinetics Refractory solid brain tumors in 
children and adolescents

I/II

Doxorubicin (2B3-101) The safety, tolerability, and 
pharmacokinetics alone or in combination 
with trastuzumab

Solid tumors and brain 
metastases or recurrent 
malignant glioma

I/IIa

Data obtained from www.clinicaltrials.gov

Table 2. Current completed clinical trials based on liposomal formulations for CNS diseases.
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ligand should not compromise the liposomal long-circulating properties conferred by PEG 
or another polymer. The amount of surface PEG-lipid complex necessary for creating stealth 
liposomes varies between 5 and 10 mol% and the optimal PEG-derivative length should 
have a molecular weight of 2000 daltons [142]. If a PEG-derivative is used as the spacer to 
graft the targeting ligand, the amount of PEG molecules to guarantee steric stabilization 
must not be inferior to 5 mol% [143]. Since steric hindrance of the PEG chains may interfere 
with the targeting moiety recognition by the targeted tissue, functionalization of liposomes 
with two PEG chain lengths was proposed. While PEG2000 would confer long circulating 
properties, PEG5000 would be used as linker to overexpose the targeting ligand to targeted 
cells [56]. To ensure sustained cargo release, an alternative to PEGylation, is the integra-
tion of pre-encapsulated loaded liposomes within depot polymeric scaffolds. This strategy 
attempts to provide ingenious solutions to limitations of conventional liposomes such as 
short plasma half-lives, toxicity, stability, and poor control of cargo release over prolonged 
periods [144]. The lack of liposomal toxicity information in the pre-clinical stage is another 
issue that could hamper the success of these DDSs. Liposomal synthesis protocols must 
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Abstract

The liposomes present great potential for applications in targeted delivery of chemo-
therapeutics in the treatment of cancer. The use of liposomal drug carriers as vehicles for 
targeting of chemotherapeutic agents to tumor tissues is based on their advantages over 
other dosage forms, represented by their low systemic toxicity, their bioavailability, and 
their possibility to enhance the solubility of different chemotherapeutic agents, due to the 
ability to encapsulate both hydrophilic and lipophilic drugs. They enhance the therapeu-
tic index of anticancer drugs by increasing the drug concentration in tumor cells through 
tumor targeting. The available approaches used for tumor targeting using liposomes are 
passive targeting, active targeting, and triggered drug release. The most advanced tar-
geting strategies proposed for cancer treatment are the development of multifunctional 
liposomes, having combined targeting mechanism. In this chapter, the tumor-targeting 
mechanisms are described in detail as well as the possibilities to design the targeted lipo-
somal nanocarrier in order to reach the desired target in the body and minimizing the 
off-target effects. Moreover, the current status of preclinical and clinical evaluation is 
highlighted.

Keywords: liposomes, cancer, tumor-targeting, passive targeting, active targeting

1. Introduction

The main characteristic of cancer is the existence of abnormal rapidly proliferating cells. 
Conventional chemotherapy is based on using chemotherapeutic agents that eliminate these 
uncontrollably dividing cells [1]. Most currently used anticancer agents are not able to differ-
entiate between cancerous cells and normal ones, resulting in high systemic toxicity and side 
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effects [2]. Because of the severity of the side effects, often dose reduction or cessation of the 
treatment is necessary, rendering chemotherapy inefficient [3]. By limiting the administered 
dose to reduce excessive toxicity, only a small fraction of the drug will reach the target tumor 
site, whereas the remaining portion of the drug will be distributed to other tissues in the 
body. This lack of specificity toward cancerous cells translates into an insufficient amount of 
chemotherapeutic drug reaching the site of action [1]. Liposomal nanosystems can overcome 
the drawbacks of conventional chemotherapy, by increased drug delivery in the tumor tissue 
and lower drug concentration in normal tissues. This way, the therapeutic efficiency of che-
motherapy is increased, while the toxicity and side effects are reduced [4]. Also, due to their 
small size, the circulation time of standard chemotherapeutic agents is often short as they 
are rapidly eliminated from the bloodstream by macrophages, thus reducing the effective 
drug concentration at the tumor site [3]. Moreover, the majority of current chemotherapeu-
tic agents have poor water solubility and absorption, which result in low bioavailability [2]. 
The incorporation of the chemotherapeutic drugs in liposomal drug delivery systems offers 
advantages by protecting the drug from degradation, increasing its circulation time in the 
bloodstream and overall improving its pharmacokinetic profile [1, 2].

2. Liposomal nanoformulations for tumor targeting

2.1. Liposomes for passive tumor accumulation

Passive targeting consists in the transport of nanocarriers through leaky tumor capillary 
endothelium into the tumor interstitial space [5]. The underlying mechanism, which makes 
passive targeting possible, is the enhanced permeability and retention (EPR) effect.

It was observed that certain circumstances, such as inflammation/hypoxia, tumors, or infarcts, 
can determine an enhanced permeability of the endothelial lining of the blood vessel wall com-
pared with the normal state of the tissue [6]. When reaching a given size, a tumor can no longer 
rely on the normal vasculature present in its vicinity to provide all the oxygen supply needed 
for its further proliferation. Therefore, as oxygen-deprived cells start to die, they secrete 
growth factors that promote the formation of new blood vessels from the surrounding capil-
laries, process known as angiogenesis [7]. These newly formed irregular blood vessels lack the 
basal membrane of normal vascular structures, thus presenting a discontinuous epithelium, 
which allows particles, such as nanocarriers (in the size range of 20–200 nm), to extravasate and 
accumulate inside the interstitial space [8]. Following permeation into the tumor, the enhanced 
accumulation of nanocarriers in the tumor microenvironment is favored by the poor lymphatic 
drainage in the tissue. In tumors, the lymphatic function is defective, resulting in minimal 
uptake of the interstitial fluid. Therefore, nanocarriers that have reached the perivascular space 
are not cleared efficiently and accumulate in the tumor interstitium [7]. This spontaneous accu-
mulation or “passive” targeting is currently known as the EPR effect [9]. Utilization of the EPR 
effect is therefore an effective strategy for targeting nanopreparations, such as liposomes, to the 
site of a tumor and has been extensively documented using various tumor types and animal 
models, since its early discovery in 1980s by Matsumura and Maeda [10, 11].
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Several factors have been shown to influence and favor the EPR, for example, prolonged 
systemic circulation that allows longer interaction of liposomes with the target, size of the 
liposomes, composition, and charge on the surface of liposomes [12]. Longevity in blood 
is achieved by coating the liposomes with polymers, such as polyethylene glycol (PEG). 
PEG has been shown to protect liposomes from recognition and rapid removal from the cir-
culation by the mononuclear phagocyte system (MPS), enabling the liposomes to stay in the 
circulation for a prolonged period of time and allowing them to substantially extravasate and 
accumulate in tumors, hence giving the liposomes long-circulating properties [13]. PEG pre-
vents opsonization by shielding of the surface charge, enhancing the repulsive interaction 
between polymer-coated liposomes and blood components, increasing surface hydrophilic-
ity, and forming a polymeric layer over the liposome surface which renders them imperme-
able to opsonins [14, 15]. Additionally, their accumulation in the tumor is strongly linked on 
the size of the endothelial gaps in the capillary vasculature, which varies between 200 and 
2000 nm, depending on the tumor type, its environment, and its localization [7]. An effective 
extravasation has been shown to occur for particles averaging from 30 to 100 nm in the case 
of hyperpermeable tumors such as murine colon adenocarcinoma, whereas for poorly perme-
able tumors (human pancreatic adenocarcinoma), only particles smaller than 70 nm proved 
to be effective [16, 17]. Last, the composition and charge on the surface of liposomes have 
impact on passive targeting. The presence of surface-charged lipids can alter the opsonization 
profile of the liposomes, their recognition by cells of the MPS, and hence their overall plasma 
circulation profile [18, 19]. While anionic or neutral liposomes escape from renal clearance, 
the positive surface charge of cationic liposomes leads to nonspecific interactions with the 
anionic species in the blood, resulting in rapid clearance from circulation by the reticuloen-
dothelial system (RES), which reduces the EPR effect [11, 12]. Moreover, it has been reported 
that the aggregation of liposomes occurs with greater amounts of cationic lipids in the liposo-
mal membrane; therefore, an optimization of the composition of the liposomal membrane is 
crucial for enhancing tumor penetration [20].

Conventional liposome formulation is based on the use of phospholipids and cholesterol, the 
last playing an essential role in the regulation of liposomal membrane fluidity, affecting ves-
icles permeability and stability [21]. Unmodified liposomes are rapidly eliminated from the 
circulation by the macrophages of RES, their main clearance sites being liver and spleen [22]. 
Grafting of PEG on the surface results in the formation of “stealth” or stabilized liposomes, 
which have improved in vivo stability and increased circulation time, up to 24–48 h (the long-
circulating liposomes). PEG performance as stabilizer depends on chain length, optimal sur-
face density, and optimal chain configuration. The percentage of PEGylated phospholipids 
necessary for stealth behavior is about 5–7% mol. with PEG 2 KDa and 15–25% with smaller 
PEG 350 Da to 1 kDa. Depending on the PEG density and configuration on the liposome struc-
ture, three models are possible: “mushroom” (low-polymer density), “pancake” (high-graft 
density), or “brush” (ideal model, ensuring efficient coverage of the surface) [11, 23].

It was reported that PEGylated egg phosphatidylcholine-cholesterol liposomes loaded with 
doxorubicin (DOX), having ~100 nm, passively accumulated in the tumor vessels of a multi-
drug-resistant breast cancer xenograft model, exhibiting a remarkable antitumor effect, where 
the free DOX failed to provide any detectable therapeutic effect [24].
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Mitoxantrone (MTO), an anthracenedione closely related to anthracyclines, was encapsulated 
in PEGylated liposomes, and efficacy studies in breast cancer model using liposomal-based 
MTO chemotherapeutic treatment in comparison with free MTO were realized. MTO encap-
sulation in liposomes limited the toxicity, which allowed the administration of higher MTO 
doses in the treatment of breast carcinoma on mice [25].

Recently, scientists reached the conclusion that the EPR effect is much more complex than 
initially defined, as it encompasses complex biological processes such as angiogenesis, vas-
cular permeability, hemodynamic regulation as well as heterogeneities in tumor genetic pro-
file and in the tumor microenvironment and lymphangiogenesis. As these factors differ from 
patient to patient and from one tumor type to another, they represent an important source of 
variability when considering the distribution and accumulation of liposomes in tumors. For 
these reasons, the sole use of the EPR effect as targeting mechanism may now be considered 
outdated, leaving the focus on designing actively targeted liposomes and liposomes, which 
combine the passive tumor accumulation with active targeting and/or stimuli sensitivity [2].

2.2. Actively targeted liposomal systems

The limitations of passive tumor targeting have been addressed by developing another kind 
of targeted drug delivery named active targeting. Various receptors are known to be involved 
in the development and progression of cancer, so they can be regarded as potential targets 
for the development of drug delivery systems. Liposomal drug delivery systems for active 
targeting are designed to have targeting moieties attached on their surface. The targeting 
ligands bind to the corresponding receptors or surface molecules which are overexpressed on 
the surface of the tumor cells or tumor vasculature [2, 26]. As a result, liposomes are internal-
ized in the tumor cells by endocytosis and drug concentration in tumor cells is increased [12]. 
The targeting moieties can be monoclonal antibodies, fragments of antibodies, peptides, pro-
teins, nucleic acids, carbohydrates, or small molecules [2, 26].

The design of liposomes for active targeting is a complex task in which various factors must 
be taken into account. For instance, the manufacturing material and the size of the liposomes, 
the type of ligand, the ligand conjugation method, and the ligand density determine the effi-
cacy of the liposomal system both in vitro and in vivo. The affinity of a ligand for its target is 
greatly affected by the density of the ligand on the surface of the liposomes [26]. Generally, 
an increased ligand density favors the uptake of the delivery system as there is a higher prob-
ability of interaction with the target (multivalency) [27]. However, a supplementary increase 
in ligand density can negatively impact on ligand-substrate interactions due to improper ori-
entation of the ligand, steric hindrance of vicinal molecules, and so on. To bind to its specific 
substrate, a ligand has to be in the proximity of its target, to be able to recognize and interact 
with it, so the design of liposomal systems with increased circulation time will favor the inter-
action [26]. As shown above, modifying the surface of the liposomes with PEG can prolong 
the blood circulation time by avoiding opsonization, but PEG with long chains can hinder 
the binding of the ligand to its target and PEGylation can increase the size of the liposomes. 
Besides PEGylation, the size of the liposomes and the surface and ligand charge have impor-
tant contributions in the ligand-substrate interactions. The size of the liposomes can influence 
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cellular uptake and intracellular deposition. The charge of the liposomes and the ligand can 
determine attractive or repulsive forces, which in turn will affect the degree of conjugation. 
This problem can be solved by adding a spacer, like PEG. It has been shown that cationic 
liposomes bind to their targets and are consequently internalized to a greater extent than 
negatively charged particles [26].

Generally, an active targeting liposomal drug delivery system consists of the following com-
ponents: (1) the liposomal carrier, (2) a hydrophilic polymer forming a protective layer around 
the liposome, (3) a ligand specifically targeting a certain substrate, (4) a linker molecule or a 
functional group that couples the ligand to the liposome, and (5) a drug encapsulated in or 
bound to the liposomal system. Ligands can be covalently or non-covalently bound to the 
surface of the liposome. The most extensively used approach is the one based on covalent 
binding of the ligand to the liposomes, usually done with the aid of a linker through a series 
of chemical reactions [28].

The ligand can be conjugated to the liposomes’ components (e.g., a lipid) either prior to 
liposome preparation or afterwards. Usually, a pre-liposome preparation conjugation has 
the advantage of allowing better control of the liposomes’ physicochemical properties. On 
the other hand, the post-liposome assembly strategy is based on coupling the ligand to the 
already-prepared liposomes, and is applied if the ligand changes the properties of the lipo-
somes’ components, the ligand is too large to participate in self-assembly, or has a poor stabil-
ity in organic solvents [26].

Active targeting can be addressed either to tumor cells or to the tumor endothelium.

2.2.1. Active targeting of tumor cells

In targeting tumor cells, the ligand should have a high affinity for a specific receptor over-
expressed by tumor cells in order to bind to the receptor and subsequently be endocytosed 
into the cells. The receptors most exploited in active targeting include the following discussed 
below [2].

The folate receptor is overexpressed in various types of cancer such as breast, ovarian, lung, 
colon, kidney, and brain cancers [29]. It has two isoforms: the alpha isoform, which is overex-
pressed in most cancers, and the beta isoform, which is expressed on the surface of activated 
macrophages [2]. Active drug delivery targeting the folate receptor involves conjugating folic 
acid to the surface of liposomes, usually through a PEG spacer between the lipids and the 
folate. Several liposomal systems conjugated with folic acid have been developed for the 
delivery of different anticancer agents, including imatinib [30], docetaxel [31], DOX [32], and 
daunorubicin [33]:

a. The transferrin receptor (TfR) is a transmembrane glycoprotein involved in cellular iron 
uptake from transferrin (Tf), a plasma protein, by receptor-mediated endocytosis [34]. The 
TfR has been explored as a target for cancer treatment due to its accessibility, its pivotal role 
in cell growth, and proliferation and also its overexpression by various types of malignant 
cells [35]. Recently, nanoparticulate systems modified with Tf were proposed to  deliver the 
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chemotherapeutic agents across the blood-brain barrier (BBB), for the treatment of brain tu-
mors such as glioma. For instance, Tf was attached to the surface of vincristine and tetran-
drine-loaded liposomes [36] and for modifying liposomes loaded with cisplatin [37]. Both 
liposomal formulations showed a more potent cytotoxic effect on tumor cells than the free 
drugs and the non-modified liposomal drugs, on C6 glioma cells in vitro [36, 37].

b. The epidermal growth factor receptor (EGFR) is a 170-kD glycoprotein which belongs to 
the ErbB family of tyrosine kinase receptors. The EGFR plays a crucial role in cancer pro-
gression and metastasis since it activates signaling pathways responsible for promoting cell 
proliferation, angiogenesis, and inhibiting apoptosis [38]. Overexpression of EGFR has been 
observed in various types of cancer, including breast, lung, colon, ovarian, pancreatic, and 
kidney cancers [2]. EGFR-mediated delivery via liposomes is based on using antibodies or 
antibody fragments embedded in the lipidic membrane. Several anti-EGFR-liposomal sys-
tems have been reported for the delivery of DOX [39, 40]. A work describes the development 
of a large-scale, Good Manufacturing Practice (GMP) compliant process for manufacturing 
EGFR-targeted immunoliposomes loaded with DOX, using the already approved Cetuxi-
mab (C225) and PEGylated-liposomal DOX (Caelyx®). The liposomal formulation was safe, 
according to the results of a clinical trial [41]. Cetuximab or Cetuximab fragments (Fab’) 
were also coupled to oxaliplatin-loaded liposomes for increased selectivity for tumor cells. 
Both liposomal formulations showed greater cellular uptake than untargeted liposomes in 
EGFR-positive cell cultures in vitro, and in vivo experiments on colon cancer-bearing mice in-
dicated improved efficacy over untargeted liposomal oxaliplatin. Liposomes equipped with 
Fab’ fragments bound to a higher extent to EGFR and had better uptake than liposomes 
coupled to Cetuximab [42].

c. Glycoproteins expressed on the surface of cancer cells can be bound by lectins which can 
be used as targeting moieties on liposomes, since the bond between the two is very specific.

A PEGylated-liposomal system functionalized with recombinant human E-selectin for 
the selective delivery of DOX to tumor cells was designed by attaching E-selectin to the 
PEG chains of PEG2000-DSPE through a maleimide group. When tested on two circulat-
ing malignant cell lines expressing sialylated carbohydrate groups, a significant reduction 
in cell viability was obtained compared to the control and empty E-selectin-coupled lipo-
somes, which shows that the developed liposomal system could be useful in capturing and 
eliminating circulating tumor cells under flow conditions [43].

d. CD44 (cluster of differentiation 44) is a transmembrane glycoprotein which contains a 
specific binding domain for hyaluronic acid. CD44 is involved in a series of biological 
processes, including proliferation, migration, growth, differentiation, and angiogenesis 
[44]. Various cancers, such as leukemia, ovarian, colon, gastric, pancreatic, and epithelial 
cancers, have been documented to overexpress CD44.

Several liposomal systems decorated with hyaluronic acid have been described in  literature 
for the delivery of gemcitabine [45] and DOX [46] to tumor cells. Other reported methods 
of targeting the CD44 receptor involve using anti-CD44 monoclonal antibodies [44] or 
RNA aptamers (e.g., Apt1) [47].
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2.2.2. Active targeting of the tumor endothelium

This type of nanosystem is capable of binding and destroying tumor vasculature and indi-
rectly limiting the growth of the tumor cells that are supplied with nutrients and oxygen by 
these blood vessels. Targeting the tumor endothelium is advantageous because the nanosys-
tems do not have to extravasate in order to reach their site of action, and can directly bind to 
the corresponding receptors which are easily accessible [2]; the risk of developing resistance 
to chemotherapy is reduced because endothelial cells have less genetic variations than tumor 
cells, and markers expressed by endothelial cells are not specific for any type of tumor [12]. 
The main targets of the neovascular endothelial cancer cells are described below:

a. The vascular endothelial growth factor (VEGF) is produced by tumor cells in hypoxic con-
ditions [2]. VEGF and its receptor (VEGFR) play an important role in angiogenesis, induc-
ing the proliferation, migration, and survival of epithelial cells. Also, VEGF increases the 
permeability of blood vessels [48]. There are two main strategies of targeting VEGF-medi-
ated angiogenesis, namely targeting VEGFR to reduce VEGF binding or targeting VEGF 
to decrease its binding to VEGFR [2]. A novel PEGylated-liposomal system functionalized 
with a fully human anti-VEGF 165 monoclonal antibody was proposed for paclitaxel. The 
PEGylated immunoliposomes showed superior antitumor activity compared to unmodi-
fied liposomes and the commercially available paclitaxel (Taxol®) in SGC-7901 human gas-
tric cancer-bearing nude mice [48].

b. The integrins are a family of heterodimeric transmembrane glycoproteins participating in 
interactions between cells or between cells and extracellular matrix. They are composed 
of non-covalently bound polypeptide α- and β-subunits [12]. Among these integrins, 
αvβ3-integrin seems to be the most important integrin in angiogenesis. It is an endothelial 
cell receptor for extracellular matrix proteins, including fibrinogen/fibrin, fibronectin, vit-
ronectin, thrombospondin, and osteopontin. Higher expression of αvβ3-integrin has been 
observed in melanoma, lung, and brain cancers [2, 49]. Research has revealed that the 
arginine-glycine-aspartic acid (RGD) amino acid sequence is the binding site contained in 
all ligands bound by αvβ3-integrin, and new RGD-containing peptides or derivatives with 
high affinity and selectivity for αvβ3-integrin have recently been proposed. Moreover, the 
incorporation of cytotoxic drugs in nanosystems decorated with RGD-containing ligands 
could promote antitumor effect by offering a dual-targeting strategy against tumors [50].

A liposomal system containing DOX was engrafted with three different cyclo-RGD-based 
peptides: cRGDyC (Arg-Gly-Asp-D-Tyr-Cys), cRGDfK (Arg-Gly-Asp-D-Phe-Lys), and cRGDf[N-
Met]K (Arg-Gly-Asp-D-Phe-[N-Methyl]Lys). The latter peptide was synthesized based on 
Cilengitide, the most selective inhibitor of αvβ3-integrin currently evaluated in a phase III 
clinical trial for glioblastoma therapy. In vitro experiments regarding liposome-cell associa-
tion and cytotoxicity were conducted in human umbilical vein endothelial cells (HUVEC) 
and emphasized the ability of RGD-targeted liposomes to associate to HUVEC through inte-
grin-mediated endocytosis. The therapeutic efficacy of RGD-targeted liposomes was assessed 
in C-26 colon carcinoma tumor xenograft model in mice. Among the investigated peptides, 
RGDf[N-Met]K had the most potent cytotoxic effect and increased the survival of mice [50]. 
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In another study, other three RGD-based peptides were evaluated as potential ligands, cou-
pled to liposomes: a monomeric c(RGDfK) (moRGD), a dimeric c(RGDfK) (diRGD), and a spe-
cial dimeric c(RGDfK) (P-diRGD) containing a PEG spacer between two cyclic RGD motifs. 
P-diRGD-modified liposomes exhibited the strongest interaction with and internalization in 
B16 murine melanoma cells. The targetability of P-diRGD-modified liposomes in B16-bearing 
mice was approximately 2.4-fold and 2.8-fold more increased than that of moRGD- and 
diRGD-modified liposomes [49].

2.3. Stimuli-sensitive liposomes

Stimuli-responsive liposomes have been developed with the purpose of overcoming prob-
lems associated with conventional and long-circulating liposomes, such as a slow release of 
the loaded drug or the incapacity to fuse with the endosome after internalization. The concept 
of increasing drug targeting through triggered release is based on utilizing subtle pathologi-
cal changes in the tumor microenvironment and has been extensively studied in the past years 
for improved efficiency of liposomal drug release [12, 51]. The stimuli-sensitive nanocarriers 
maintain their stealth function throughout circulation, and upon arrival at the specific tumor 
site, undergo rapid changes, such as aggregation, disruption, and permeability changes, 
which trigger drug release when exposed to a particular tumor microenvironment [2, 52, 53]. 
In order to achieve site-specific triggered drug release, several strategies have been investi-
gated, for example, internal stimuli that are characteristic for a tumor microenvironment (low 
pH, redox potential, high temperature, and enzymes) and external stimuli, such as magnetic 
fields, ultrasound, or light [54–56]. Both internal and external stimuli-sensitive liposomes will 
be addressed further, classified according to the mechanism exploited.

2.3.1. Internal stimuli

a. The pH-sensitive triggered release is based on the degradation of the liposomal carriers 
followed by the release of the entrapped drug in tissues with a low pH, such as tumors, the 
cell cytoplasm, or the endosome [2, 12]. Although PEGylation increases the longevity of the 
liposomes in the circulation, in some cases it does not guarantee the escape of liposomes 
from endosomes, allowing the degradation of their contents prior to achieving their target. 
With the purpose of overcoming this problem, pH-labile linkers have been introduced 
between the hydrophilic PEG and the hydrophobic moiety, linkers that are cleaved upon 
exposure to the relatively low-endosomal pH or the acidotic tumor mass [57].

pH-sensitive dextran liposomes having 3-methylglutarylated residues (MGlu-Dex) were 
described. Surface modification of phosphatidylcholine liposomes with MGlu-Dex enabled 
obtaining highly pH-sensitive liposomes that were stable at neutral pH but were strongly 
destabilized in the weakly acidic pH region (pH ~5.5). In vivo data suggested that com-
pared to unmodified liposomes, MGlu-Dex-ovalbumin liposomes efficiently increased the 
uptake of ovalbumin by dendritic cells and significantly suppressed tumor growth [58].

b. Temperature-triggered drug delivery represents an attractive strategy in cancer therapy, 
because compared to normal tissues, pathological areas, such as tumors, show a distinctive 
hyperthermia [2]. Temperature-sensitive liposomes release the encapsulated drugs at the 
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melting-phase transition temperature (Tm) of the lipid bilayer/the lower critical solution 
temperature (polymers), temperature at which the membrane changes its permeability, 
disrupting to release the drug [59]. Temperature-sensitive liposomes have been widely in-
vestigated in the last decades and successfully applied in both preclinical and clinical stud-
ies in combination with heat-based therapies, such as radiofrequency ablation, ultrasound 
hyperthermia, and microwave hyperthermia [60]. A temperature-triggered liposomal sys-
tem, ThermoDox® developed by Celsion Corporation (NJ, USA), has successfully demon-
strated its improved efficacy during phase III clinical trials for the treatment of hepatocel-
lular carcinoma and phase II trials for breast cancer and colorectal liver metastases [60].

c. Enzymes, such as matrix metalloproteinases—MMPs (e.g. MMP2), phospholipase A2, al-
kaline phosphatase, transglutaminase, or phosphatidylinositol-specific phospholipase C, 
are overexpressed in tumor tissues and have been suggested as potential candidates for 
enzymatically triggered drug release from liposomes [61]. A hybrid liposome composed of 
phospholipid (DPPC) and PEGylated block-copolymer (Poloxamer 188) was described for 
the rapid release of encapsulated DOX in the presence of phospholipase A2 (PLA2). Drug 
release from liposomes was facilitated by higher PLA2 concentrations and was found to 
be dependent on the temperature and the presence of calcium ion, partially explaining 
PLA2-responsive drug release. DOX release from liposomes triggered by PLA2 exhibited 
enhanced cytotoxic effects on the A549 lung cancer cell line, suggesting that DPPC/P188 
liposomes are a promising drug carrier for PLA2-expressing sites such as inflammatory 
lung cancer [62].

To overcome the fact that conventional liposomes have no mechanism for specifically releas-
ing the encapsulated cargos inside the cancer cells, calcein-loaded liposomes containing a 
novel destabilization peptide (LMDP) were proposed. This peptide can destabilize liposomal 
membranes upon cleavage by the intramembranous proteases in cancer cells. In vitro tests 
showed that encapsulated calcein was successfully released in the presence of a membrane 
fraction containing an LMDP-cleavable protease, proving the responsiveness of the system to 
the cancer-specific protease [63].

2.3.2. External stimuli

a. The use of activated light, made by the adjustment of parameters such as wavelength, inten-
sity, pulse duration, and cycle, has been recognized as a promising tool for several biomedi-
cal applications, including light-triggered drug delivery [12]. Visible light, UV, and near-
infrared (NIR) light have been investigated so far as triggers for the drug delivery; however, 
near-infrared is the most desirable for tumor targeting, since it penetrates deeper into the 
tissue. Thus, the preparation of porphyrin-phospholipid (PoP)-doped liposomes that are 
permeabilized by directly near-infrared light was described. Upon systemic administration, 
laser irradiation-enhanced deposition of actively loaded DOX in mouse xenografts, enabling 
an effective single-treatment antitumor therapy [64]. Another study reported the incorpora-
tion of an unsaturated phospholipid, such as dioleoylphosphatidylcholine (DOPC), in or-
der to accelerate the near-infrared light-triggered DOX  release in porphyrin–phospholipid 
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 liposomes. The formulation inhibited human pancreatic xenograft growth in mice following 
a single intravenous administration of 6 mg kg−1 DOX, loaded in liposomes [65].

b. Ultrasound-mediated drug delivery represents an attractive way to achieve noninva-
sive penetration into deep tissues and produce focused, controlled drug delivery [66]. 
 High-intensity focused ultrasound (HIFU) produces local heating, which can promote 
phase transition of the lipids, facilitating drug release from liposomes. While HIFU is con-
sidered ideal for deeper tumors, low-frequency ultrasound (LFUS) is only appropriate 
for superficial tumors and has been used to trigger drug release from stealth liposomes 
without affecting the physicochemical properties of the drug [67]. Moreover, it was dem-
onstrated that tumor vascular endothelium becomes more permeable after ultrasound.

A novel nanocarrier of emulsion liposomes (eLiposomes) composed of a perfluoropen-
tane nanodroplet within the aqueous interior of a DPPC liposome, along with the antican-
cer drug DOX, was described. In vitro studies showed that the liposomes displayed good 
release of DOX upon the application of low-intensity ultrasound at 20 kHz, 1.0 MHz, and 
3.0 MHz. This novel drug delivery system promises to provide enhanced drug delivery of 
DOX compared to traditional stealth liposomes and has the potential to reduce the side 
effects of cardiotoxicity caused by DOX [68].

c. Magnetic-triggered drug release has received great attention in the past years, as magnet-
ized liposomes have significant biomedical applications such as magnetic hyperthermia, 
magnetic transfection, and manipulation of cells and proteins [12]. Liposomes are usually 
magnetized by the incorporation of Fe3O4 or γ-Fe2O3, and once exposed to a magnetic 
field, the chemotherapeutic agent incorporated is completely released. Due to their mag-
netic properties, nanoscale size (approximately 10 nm), and biocompatible nature, these 
magnetized liposomes are also referred to as SPIONs [2]. For example, DOX-loaded mag-
netic liposomes were proposed as strategy for anti-colorectal cancer treatment, using a 
combination of chemotherapy and thermotherapy. In vitro cytotoxicity and hyperthermia 
studies were evaluated against colorectal cancer (CT-26 cells) with high-frequency mag-
netic field (HFMF) exposure and was found that the combination between DOX-loaded 
liposomes and HFMF was more effective than either hyperthermia or chemotherapy treat-
ment individually [69].

2.4. Multifunctional liposomes

The current trend reflected by the scientific publications in the field is to develop liposomal 
nanoformulations that simultaneously demonstrate more than one useful function, that is, mul-
tifunctional liposomes, by combining two (longevity and targetability; targetability and stimuli 
sensitivity) or even all three functionalities mentioned above (longevity, targetability, and stim-
uli sensitivity). Thus, an ideal nanoformulation used for tumor-targeting purposes should pos-
sess the following properties: long circulation in the body, specificity for the site of the disease, 
sensitivity to local/external stimuli found in/applied to the tumor tissue, enhanced intracellular 
delivery of the drug, contrast properties to allow in vivo visualization, and others [70].
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2.4.1. Liposomes combining in vivo longevity and specific target recognition

This type of liposomal formulations combine the drug delivery advantages of PEGylation, 
such as longevity in blood and passive tumor accumulation, with tumor cell-specific or tumor 
endothelium-specific delivery by ligand association at their surface. In spite of the advantages, 
the specific ligands attached to the surface of liposomes may increase the rate of uptake by the 
RES, could facilitate the development of unwanted immune response, and their amount must 
be optimized to ensure successful binding to the target [70].

The majority of research in this field utilizes monoclonal antibodies for the design of 
PEGylated immunoliposomes. Several PEGylated immunoliposomes designed for specific 
target of EGFR are described in Section 2.2.1. Others are designed to target the human epi-
dermal growth factor receptor 2 (HER2), a growth hormone receptor overexpressed on the 
surface of certain types of breast cancer cells. HER2 antibody was used in a recent study as 
a targeting ligand in PEGylated immunoliposomes loaded with DOX. The formulation was 
tested for combination therapy in association with liposomal bevacizumab, and animal stud-
ies revealed increased accumulation of DOX at the tumor site and a significant delay of tumor 
growth in the combinational liposomal drug delivery group compared to free DOX, liposo-
mal DOX, immunoliposomal DOX, and liposomal bevacizumab [71].

Several research groups developed long-circulating targeted liposomes as a strategy to trans-
port drugs across the BBB for treating brain glioma. Thus, polyethyleneimine (PEI), a posi-
tively charged polymer, and vapreotide (VAP), a synthetic somatostatin analog, were used as 
targeting molecules for vinorebline and tetrandrine. The multifunctional drug-loaded system 
demonstrated enhanced antitumor efficacy on glioma-bearing mice, explained by a combina-
tion of long circulation time in the blood (PEGylated lipids), enhanced transport of drugs 
across BBB (absorptive-mediated endocytosis by PEI, blocking the expression of P-gp pro-
tein by tetrandrine), and increased intracellular uptake by glioma cells and glioma stem cells 
(receptor-mediated endocytosis by VAP) [72].

Another group reported the use of stabilized peptide ligands, that is, cA7R (cyclic A7R) 
and DA7R, for multifunctional glioma-targeted drug delivery. The mentioned peptides 
were developed to enhance the proteolytic stability of the linear L-peptide A7R (LA7R), 
which binds with high affinity and specificity to vascular endothelial growth factor recep-
tor 2 (VEGFR2) and neuropilin-1 (NRP-1), which are overexpressed in glioma. In one 
study, DA7R, the retro-inverso derivative of LA7R, was associated to PEGylated liposomes 
to achieve multifunctional targeting of DOX to glioma. DA7R had similar binding affinity 
to its receptors in vitro, but DA7R-conjugated liposomes were superior to LA7R-modified 
liposomes in terms of antitumor efficiency in vivo, due to their better serum stability and 
higher tumor accumulation [73]. The same authors conjugated the cyclic derivative, cA7R, 
on the surface of DOX-loaded PEGylated liposomes, and the resulted system exhibited 
excellent antitumor, anti-angiogenesis, and anti-vasculogenic mimicry effects, resulting 
in improved therapeutic efficacy in U87 xenograft nude mice as compared to other DOX 
formulations (solution, non-functionalized liposomes, or liposomes functionalized with 
LA7R) [74].
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2.4.2. Active-targeted, stimuli-sensitive long-circulating liposomes

Many liposomal systems described combine long circulation properties, with active target-
ing and stimuli-responsive drug release functions. The release of drugs from such carriers is 
triggered specifically at target sites either by local characteristics specific for the tumor tissue 
or by the application of stimuli at target tissue from outside of the body [75]. Such multifunc-
tional approach was exploited in EGFR-targeting-thermosensitive liposomes. The liposomes 
were functionalized with GE11, an EGFR-specific peptide or Cetuximab antibody fragments 
(Fab’) for comparison, and dipalmitoylphosphatidylcholine (DPPC):DSPC:DSPE-PEG:DSPE-
PEG-GE11 were used to achieve thermosensitivity. The proposed liposomal formulation 
released DOX at temperatures above 40°C. Of the two investigated anti-EGFR ligands, Fab’ 
was more potent in terms of cellular uptake. On breast cancer cell lines, targeted liposomes 
encapsulating DOX proved to be more cytotoxic than the plain liposomal DOX [76]. In another 
study, multifunctional liposomes with target specificity, temperature-triggered drug release, 
and near-infrared fluorescence imaging were designed. DOX-loaded stealth liposomes were 
modified with thermosensitive poly[2-(2-ethoxy)ethoxyethyl vinyl ether] chains, conjugated 
with the antibody trastuzumab (Herceptin, HER), and furthermore indocyanine green was 
incorporated for near-infrared fluorescence imaging. The group reported the excellent ability 
of these liposomes for association and internalization to target cells overexpressing Her-2, 
when heated at 45°C for 5 min [77].

2.4.3. Multifunctional liposomes for enhanced intracellular delivery

In order to improve the cytotoxicity of the chemotherapeutics loaded in liposomes, the use 
of cell-penetrating peptides (CPPs), which enhance the transport through the plasma mem-
brane into cells, has been proposed [78]. Among these, the use of transactivator of transcrip-
tion peptide (TATp) in the design of multifunctional liposomes has been shown to enhance 
cell uptake and cytotoxicity of the loaded drug, or even to increase the therapeutic efficacy 
against multidrug-resistant cancer cells [79, 80]. To prevent the proteolytic degradation of 
TAT, which might alter its targeting properties, it is necessary to shield it, usually through the 
use of PEG chains.

In a recent study, the advantages of formulating paclitaxel (PTX)-loaded liposomes function-
alized with TAT and cleavable PEG via a redox-responsive disulfide linker (PTX-C-TAT-LP) 
were investigated. At tumor site, in the presence of exogenous reducing agent glutathione 
(GSH), PEG was detached and TAT was exposed to facilitate cell internalization. Compared 
to conventional stealth PTX-TAT liposomes, PTX-C-TAT-LP achieved enhanced tumor distri-
bution and demonstrated superior delivery efficiency both in vitro and in vivo [81]. Another 
study reports a novel dual-functional liposome system possessing mitochondrial target-
ing properties and extracellular pH response which has been proved to enhance paclitaxel 
accumulation into the mitochondria. Peptide D[KLAKLAK]2 (KLA) was modified with 2, 
3-dimethylmaleic anhydride (DMA) and combined with 1, 2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE) to yield a DSPE-KLA-DMA (DKD) lipid, which, at tumor extracel-
lular pH (~6.8), reversed the surface charge of liposomes (negative to positive), facilitating 
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their internalization. In vitro studies proved that pH-sensitive-modified liposomes exhibited 
improved efficacy in treating drug-resistant lung cancer A549/Taxol cells compared to con-
ventional therapy [82].

3. Clinical experience with liposomes for cancer chemotherapy

Research on chemotherapy via liposomal drug delivery has known significant progress in 
the last decades, evolving from in vitro and in vivo preclinical studies on animals to numer-
ous clinical trials. There are over 1000 clinical trials containing the terms “liposome” and 
“cancer,” either completed or active, according to The National Institutes of Health’s (NIH) 
web-based database, ClinicalTrials.gov and the EU Clinical Trial Register. There are sev-
eral ongoing clinical trials investigating the efficiency of liposomal cisplatin, NDDP (cispla-
tin analog), paclitaxel, mitoxantrone, irinotecan, SN38 (the active metabolite of irinotecan), 
topotecan, lurtotecan, a camptothecin analog, vinorelbine, annamycin, docetaxel, DOX, and 
vincristine [83–87]. The association of chemotherapeutic drugs is a frequently used strategy 
in chemotherapy. In this sense, some clinical trials evaluate the synergistic cytotoxicity of 
a combination of two agents, such as irinotecan hydrochloride-floxuridine and cytarabine-
daunorubicin in liposomal forms [86, 88].

Moreover, liposomes are the first nanoscale systems to be approved in 1995. The first liposo-
mal system approved by the regulatory authorities for the treatment of cancer was liposomal 
DOX (in 1995), marketed as Doxil® in the USA and Caelyx® in Europe [89, 90]. Other liposo-
mal DOX formulations, such as Myocet® and Lipo-Dox®, have also been introduced into the 
market [91]. Lipo-Dox®, Doxil®, and Caelyx® are sterically stabilized liposomal DOX formu-
lation having the same clinical indications. In contrast to these products, Myocet® is a non-
PEGylated liposome encapsulating DOX, used to treat metastatic breast cancer in association 
with cyclophosphamide [90].

Other cytotoxic drugs incorporated in approved liposomal products are daunorubicin and 
vincristine in DaunoXome® and Marqibo®, respectively [91]. DaunoXome® is a conven-
tional liposomal formulation containing daunorubicin as a citrate salt, used in clinical 
practice in the treatment of Kaposi’s sarcoma [91]. Marqibo® is a sphingomyelin and cho-
lesterol-based liposomal formulation of vincristine [90], indicated in acute lymphoblastic 
leukemia [91].

All aforementioned products are administered intravenously, but other routes of admin-
istration are also exploited in liposomal drug delivery. For instance, DepoCyt®, a lipo-
somal system containing cytosine arabinoside (a nucleoside analog of deoxycytidine), is 
administered spinally/intrathecally in neoplastic meningitis and lymphomatous menin-
gitis [92, 93].

Currently, there are several liposomal systems for active targeting that are being investi-
gated in different stages of clinical trials, but no formulation is commercially available. Most 
of them refer to liposomal systems modified with a transferrin receptor-targeted ligand. 
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For instance, MBP-426 is a liposome system conjugated with human transferrin for the deliv-
ery of  oxaliplatin in patients with advanced or metastatic solid tumors that has completed a 
phase I clinical trial. It was also investigated in a phase Ib/II clinical trial in combination with 
leucovorin and 5-fluorouracil in second-line patients with metastatic gastric, gastroesopha-
geal junction, or esophageal adenocarcinoma [94, 95].

Even though liposomes and targeting antibodies are both approved for clinical use, there 
are few studies on nanosystems which combine these two strategies. For example, anti-
EGFR immunoliposomes encapsulating DOX have been shown to target the epidermal 
growth factor receptor by coupling Fab′ fragments of the Cetuximab monoclonal antibody 
on the surface of the liposomes [96, 97]. MCC-465 is a PEGylated immunoliposome con-
taining DOX, modified with the F(ab')2 fragment of GAH human monoclonal antibody, 
for the treatment of gastric cancer [97, 98]. The delivery of DOX to the brain via liposomes 
has been enhanced by conjugation with glutathione. 2B3-101 is a glutathione-PEGylated-
liposomal system capable of transporting DOX across the BBB by using the glutathione 
transporters [97, 99].

4. Conclusions

The liposomes present great potential for applications in targeted delivery of chemothera-
peutics in the treatment of cancer. Based on their potential, several formulations are already 
approved and are clinically used in cancer treatment. However, many more have failed dur-
ing the preclinical evaluation or early stages of clinical development. Therefore, future devel-
opment of liposomal-based-targeted chemotherapy should comprise strategies based on deep 
understanding of the pathophysiological mechanism of the disease, on the preparation pro-
cess and stability issues, and on the correlation between the physicochemical characteristics 
of the nanocarrier and its targeting ability.
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Abstract

Liposomes were proposed as drug vector systems in the treatment of many diseases. 
The following characteristics recommend the liposomes as attractive candidates for drug 
transportation: solubilisation, duration of action, targeting potential and internalisation. 
Methotrexate, a folate antagonist, was originally developed as an antineoplastic agent 
and subsequently used in inflammatory and/or immunosuppressive diseases. Its side 
effects have led researchers to direct their efforts to reduce toxicity, while maintaining 
efficacy of  methotrexate. Liposomes with methotrexate as such, as well as its disodium 
salt, were prepared using two methods. The liposomes were characterized in terms of 
structure, size, degree of poly‐dispersion and encapsulation efficiency. The effect of 
methotrexate incorporated in liposomes has been investigated in vitro on human lym‐
phoblastic cell line K562. Methotrexate incorporated into liposomes moderately reduces 
the proliferation of K562 cells, but significantly inhibits RNA synthesis. The cellular acti‐
vation is probably the main target of the drug and not the neoplastic proliferation of cells. 
The methotrexate liposomes exhibited significant anti‐inflammatory activity and showed 
reduced toxicity. Given that the encapsulating of the drug in vector systems may result in 
the increasing concentration at the site of action, the methotrexate liposomes represent a 
targeted therapy with an optimized therapeutic efficacy—risk toxicity ratio.

Keywords: liposomes, methotrexate, rheumatoid arthritis

1. Introduction

Liposomes have been proposed as drug vector systems in the treatment of many dis‐
eases. Among the drugs proposed to be encapsulated in liposomes, remarkable are 
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drugs used in anti‐fungal therapy (amphotericin B, nystatin, econazole), in antican‐
cer therapy ( doxorubicine, daunorubicin, methotrexate (MTX), cytarabine, vincristine, 
paclitaxel, mitoxantrone), in the treatment of asthma (albuterol) and in the treatment of 
some inflammatory diseases ( clodronate, methotrexate, lactoferrin), in anti‐viral therapy 
(e.g. for the induction of interferon production), as well as for radio diagnostic purpose 
(indium‐111) [1–9].

The following characteristics recommend the liposomes as attractive candidates for the drug 
transportation: solubilisation (the liposomes can solubilize lipophilic drugs that would be 
difficult to administer intravenously), duration of action (the liposomes function as a micro‐
reservoir which gradually release the drug into the body), targeting potential (by coupling of 
some ligands on the liposomes surface, it can direct a drug to a specific target) and internali‐
sation (the liposomes interact with the target cell and may be able to promote intracellular 
transport of some molecules).

Because they are usually prepared from lipids of natural origin, biodegradable and  non‐
toxic, liposomes are useful as drug vector systems that can reduce systemic toxicity [10]. Side 
effects associated with anti‐tumour drugs administered in conventional dosage forms can be 
reduced by encapsulating them in liposomes. Therefore, the encapsulation of medicines in 
liposomes is a tool to increase the therapeutic index by reducing the drug toxicity and target‐
ing the specific cells [11].

Although liposomes were first described by Alec D Bangham in 1965, the first liposomal drug 
product was approved by the Food and Drug Administration (FDA) in 1995 and contains 
the anticancer drug doxorubicin (Doxil®, doxorubicin hydrochloride liposome injection) 
[12]. Currently, several liposome‐based drugs containing antifungal drugs (amphoteri‐
cin B, Ambisome®, Abelcet®, Amphotec®), anticancer drugs (daunorubicine, Daunoxome®; 
 doxorubicine, Doxil®, Lipo‐dox®, Myocet®; cytarabine, Depocyt®) and photosensitizer for 
 photodynamic therapy (verteporfin, Visudyne®) are approved for clinical use, mainly for 
intravenous administration [13].

Methotrexate, a folate antagonist, was originally developed as an antineoplastic agent and sub‐
sequently used in inflammatory and/or immunosuppressive diseases [14]. Among the cyto‐
toxic agents, methotrexate has been widely used as an immunosuppressant in autoimmune 
diseases [15]. In 1951, the proposal for the use of methotrexate in the treatment of rheumatoid 
arthritis was based on its inhibitory effect on the proliferation of lymphocytes and other cells 
responsible for inflammation of the joint [16]. However, by 1980 there have not been reported 
and published any clinical studies regarding the use of methotrexate in rheumatoid arthritis. 
MTX is currently accepted as the most effective and well‐tolerated disease‐modifying anti‐
rheumatic drug (DMARD) for rheumatoid arthritis [17, 18] with certain effects of slowing the 
progression of the disease and reducing mortality rate [19]. The broad spectrum of side effects 
and the relatively high frequency of them have led researchers to direct their efforts to reduce 
toxicity, while maintaining at the same time the therapeutic efficacy of methotrexate. In this 
regard, both alternative routes of administration (especially in the treatment of inflammatory 
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 photodynamic therapy (verteporfin, Visudyne®) are approved for clinical use, mainly for 
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rheumatic drug (DMARD) for rheumatoid arthritis [17, 18] with certain effects of slowing the 
progression of the disease and reducing mortality rate [19]. The broad spectrum of side effects 
and the relatively high frequency of them have led researchers to direct their efforts to reduce 
toxicity, while maintaining at the same time the therapeutic efficacy of methotrexate. In this 
regard, both alternative routes of administration (especially in the treatment of inflammatory 
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diseases) and new pharmaceutical formulations with methotrexate were investigated. It has 
been suggested that the anticancer drugs formulated in liposomes would be the long‐awaited 
‘magic pill’ for cancer therapy, due to their ability to selectively accumulate in tumours; at the 
same time, toxicological studies indicate that encapsulation in liposomes provides protection 
against the majority of the adverse effects of chemotherapy drugs. On the other hand, lipo‐
somes were shown to give an effective and appropriate delivery of anti‐rheumatoid drugs to 
the synovial fluid [20].

Liposomes with methotrexate as such (further named ‘hydrophobic methotrexate’ lipo‐
somes), as well as its disodium salt (further named ‘hydrosoluble methotrexate’ liposomes), 
were prepared using two methods: the lipid film hydration method and reverse‐phase 
evaporation method (REV). The liposomes were characterized in terms of structure, size, 
and degree of poly‐dispersion and encapsulation efficiency. Methotrexate incorporation into 
liposomes has been achieved by passive loading method which encapsulates the active com‐
pound during liposome formation or in a stage of preparation when the liposomal structure 
is very fluid.

The effect of methotrexate incorporated in liposomes has been investigated in vitro on human 
lymphoblastic cell line K562.

The effects of short‐term therapy with methotrexate incorporated into the liposomes have 
also been demonstrated in an animal model of rheumatoid arthritis.

2. Preparation of methotrexate liposomes

Liposomes are phospholipid vesicles made up of one or more concentric phospholipid bilay‐
ers alternating with layers of aqueous. Phospholipids are a very attractive transport way of 
drugs and other molecules not only because they are able to form lamellar phases but also 
because they are natural components of cell membranes having low allergenic potential; they 
can be metabolized in a manner similar to the endogenous phospholipid membrane and have 
the advantage of structural variability which can be used to modify the physical properties of 
liposomes so as to increase selectivity for target organ.

Liposomal properties depend on both the choice of phospholipids and the addition of sterols, 
particularly cholesterol, and glycolipids [21].

Over time, the size, number of lamellae and the characteristics of the lipid bilayer were 
handled depending on the purpose of the liposome. Thus, conventional liposomes, steri‐
cally stabilized liposomes (‘stealth’ liposomes), cationic liposomes or targeted liposomes 
(by coupling ligands to the surface) have been developed. Sterically stabilized liposomes, 
undetectable (‘stealth’), contain lipid derivatives of a polymer (polyethylene glycol, PEG) 
inserted into the lipid bilayer, which gives them the advantage of the enhanced circulation 
times.
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Conventional liposomes and sterically stabilized liposomes with the following compositions 
were prepared:

1. Phosphatidylcholine (PC)

2. Phosphatidylcholine:cholesterol (PC:CH)

3. Phosphatidylcholine:cholesterol:polyethylene glycol‐2000‐phosphatidylethanolamine 
(PC:CH:PEG2000‐PE).

Liposomes are used to encapsulate both hydrophobic and hydrosoluble drugs within the 
bilayer and the aqueous core, respectively. Consequently, both methotrexate as such (hydro‐
phobic methotrexate liposomes) and its disodium salt (hydrosoluble methotrexate liposomes) 
were encapsulates in liposomes. Methotrexate incorporation into liposomes has been achieved 
by passive loading method which encapsulates the active compound during liposome forma‐
tion or in a preparation stage when the liposomal structure is very fluid [22].

The following weight ratios between the lipid phase and the active substance methotrexate 
were used: PC:MTX 10:1; PC:CH:MTX 10:2:1 and PC:CH:MTX 10:1:1 for conventional lipo‐
somes and PC:CH:MTX:PEG2000 10:1:1:1 for sterically stabilized liposomes [23].

Also, ‘control liposomes’ (or empty liposomes, or liposomes unloaded with methotrexate) 
were prepared using the following compositions: PC or PC:CH (10:1 and 10:2) for conven‐
tional liposomes and PC:CH:PEG2000‐PE (10:1:1) for sterically stabilized liposomes. In order 
to track the cellular internalisation, we prepared the ‘control liposomes’ sterically stabilized 
with the composition PC:PGPH (polyglycerol 12‐hydroxystearic acid ester) (10:1).

Two methods of preparation were used: the lipid film hydration method [24] and reverse‐
phase evaporation method [25–27].

2.1. Lipid film hydration method

The mechanism of liposome formation by lipid film hydration method, combined with extru‐
sion, consists of the following sequence of steps: initially, thin lipid film is hydrated and lipid 
layers become fluid, then, hydrated lipid lamellae are detached and self‐closed, to form large 
multilamellar vesicles. In order to reduce the size, extrusion of the liposomes is performed, 
which determines the conversion of multilamellar liposomes in unilamellar liposomes.

The lipid film hydration method was used for the preparation of liposomes with hydropho‐
bic methotrexate. Soybean lecithin and cholesterol were dissolved in chloroform‐methanol 
(2:1, v/v), then the active substance is added and stirred to mix. The organic solution is then 
 subjected to evaporation under reduced pressure in the rotary evaporator to remove the 
organic solvent. Thin lipid film displayed on the wall’s balloon is hydrated by adding pH 7.4 
phosphate buffer. The resulting dispersion is kept at rest for 48 h.
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2.2. Reverse‐phase evaporation method

Reverse‐phase evaporation method allows to obtain large unilamellar liposomes (or large 
 unilamellar vesicles, LUV), with a significant aqueous compartment. In this process, 
phospholipids are dissolved in an organic solvent or in a mixture of organic solvents. 
Then, the aqueous phase is added to the organic phase. At this stage, phospholipids are 
placed at the interface between two immiscible phases. A W/O emulsion is formed by 
ultra‐sonication or magnetic stirring. The success of emulsification is a fundamental con‐
dition to obtain unilamellar liposomes with high encapsulation capacity. The removal 
of the solvent by evaporation leads to the closeness of the micelles and, consequently, to 
the formation of a gel emulsion. During this step, the micelles are forming monolayers 
surrounding aqueous compartments and aggregate to form a compact gelled network. 
During the next stage, the pressure is reduced to promote the complete evaporation of 
the organic solvent, at which the destructuration of the gel occurs and the monolayers are 
getting closer to form liposomal bilayers. This process can be accelerated by shaking the 
solution using a vortex.

For the preparation of hydrophobic methotrexate liposomes, soya lecithin and cholesterol or 
PEG2000‐PE were dissolved in chloroform‐methanol (2:1, v/v), then the active substance is 
added and stirred to mix. Equal volumes of the organic solution and phosphate buffer solu‐
tion pH 6 were mixed under magnetic stirring until a W/O emulsion was obtained. Organic 
solvents were then evaporated to obtain a gel emulsion. After the destructuring of the gel, 
pH 6 phosphate buffer was added and stirring was continued until the liposomal dispersion 
is formed.

For the preparation of hydrosoluble methotrexate liposomes, soya lecithin and cholesterol 
or PEG2000‐PE were dissolved in chloroform‐methanol (2:1, v/v), and equal volumes of the 
organic solution and sodium salt of methotrexate were mixed under magnetic stirring until 
a W/O emulsion was obtained. Organic solvents were then evaporated to obtain a gel emul‐
sion. After the destructuring of the gel, pH 7.4 phosphate buffer was added and stirring was 
continued until the liposomal dispersion is formed.

2.3. Reducing the size of liposomes and increasing the uniformity of their size by 
extrusion

Since the formed liposomes are heterogeneous in size, a uniform dispersion is obtained by 
extrusion. For particle size reduction, liposome dispersions were passed 10 times through 
a polycarbonate membrane (Whatman Nucleopore® Tch Track Membrane‐E) with a pore 
diameter of 3 μm and then through a membrane with a pore diameter of 100 nm. The pre‐fil‐
tration through a filter membrane with larger pores (3 μm) is necessary to prevent clogging 
of the membrane. In the case of sterically stabilized liposomes, as they have been used in 
studies in vivo, extrusion was carried out through a polycarbonate membrane with a 100‐nm 
pore size.
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3. Characterization of methotrexate liposomes

The liposomes were characterized in terms of structure, shape, size and degree of poly‐ dispersion 
and methotrexate encapsulation efficiency.

Characterisation of the obtained liposomes was pursued as follows:

• The visualisation and the determination of the type of liposomes using enhanced video 
microscopy (VEM) and transmission electron microscopy (TEM);

• The determination of the size and size distribution of liposomes by dynamic light‐ scattering 
technique (DLS);

• The determination of the encapsulation rate and the determination of the content of active 
substance in liposomes.

In addition to the general methods for liposomes characterisation, intracellular liposomes 
transport was studied by fluorescence microscopy, and quantification of cell internalisation 
of ‘control liposomes’ was studied by fluorimetric technique.

3.1. The visualisation and the type of liposomes

Microscopy is a method for observing liposomal dispersion and determining the shape and 
the size of liposomes. The ability of this method to directly visualize colloidal structures in 
real time allows to observe dynamic changes in the number and size of the vesicles and also 
offers the possibility of discovering new structures.

Examination by enhanced video microscopy showed in particular the shape, size and 
state of dispersion, but no information on liposome structure was obtained using this 
technique.

VEM images of methotrexate hydrophobic liposomes prepared by the two methods, the 
hydration of the lipid film and reverse‐phase evaporation, are shown in Figures 1 and 2.

Figure 1. VEM images of hydrophobic MTX liposomes prepared by the method of hydration of the lipid film: 
PC:MTX = 10:1 (a), PC:CH:MTX = 10:1:1 (b), PC:CH:MTX = 10:2:1 (c).
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Hydrophobic methotrexate liposomes prepared by both methods were unilamellar and poly‐
disperse. The presence of cholesterol leads to a decrease of the average diameter of the lipo‐
somes. The ratio PC:CH influences the size of liposomes.

Hydrosoluble methotrexate liposomes were prepared only by the reverse‐phase evaporation 
method due to higher encapsulation of methotrexate. In this case, the same change in size of 
the liposomes in the presence of cholesterol was observed (Figure 3).

Variation of liposomes size depending on the lipid layer composition can be explained by the 
fact that, at the working pH, the phosphatidylcholine polar groups are charged with negative 
electric charges, which cause electrostatic repulsion between them with the formation of large 
vesicles; cholesterol, due to its amphiphilic properties, is inserted between phosphatidylcho‐
line molecules shielding the electrostatic repulsion between the polar groups and thereby 
increase the radius of curvature of the bilayer.

Considering under micron size of the obtained vesicles, transmission electron microscopy 
was also used. The suspension of liposomes was analysed using the negative staining  electron 

Figure 2. VEM images of hydrophobic MTX liposomes prepared by reverse‐phase evaporation method: PC:MTX = 10:1 
(a), PC:CH:MTX = 10:1:1 (b).

Figure 3. VEM images of hydrosoluble MTX liposomes prepared by reverse‐phase evaporation method: PC:MTX = 10:1 
(a), PC:CH:MTX = 10:1:1 (b).
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microscopy with 1% phosphotungstic acid. Liposomal dispersions with methotrexate 
(PC:CH:MTX = 10:1:1) were stored at a temperature of 3–5°C and monitored for 3 days (after 
48 h, Figure 4a, and after 72 h, Figure 4b). After 72 h of preparation, TEM images showed a 
reversible coagulation process, unaccompanied by the membrane destruction. This process is 
similar to emulsion‐clotting process which does not cause the emulsion destruction. The pres‐
ence of electrical charges on the surface of liposomes explains their electrostatic stabilisation.

The encapsulation of hydrosoluble methotrexate in the internal aqueous liposomal medium 
results in larger liposomes than those obtained in the absence of MTX (Figure 5).

The same effect was observed for liposomes loaded with hydrophobic MTX prepared using 
pH = 7.4 buffer (Figure 6) due to the solubilisation in the aqueous phase of a part of MTX 
initially encapsulated in liposome membrane. Increasing the size of the liposomes in the pres‐
ence of methotrexate can be explained also by the osmotic pressure. Due to the hydrophobic‐
ity of the lipid bilayer and taking into account that at pH 7.4, both PC and MTX are charged 
with electrical charges of the same sign, methotrexate diffusion through liposomal membrane 
is prevented. The pressure difference on both sides of the liposomal membrane occurs due 
to the difference in the concentration of methotrexate in the inner aqueous phase and in the 
dispersion medium.

Figure 5. VEM images of ‘control liposomes’ (PC:CH) (a) and hydrosoluble MTX liposomes (PC:CH:MTX) (b).

Figure 4. TEM images of the hydrosoluble MTX liposomes, 48 h (a) and 72 h (b) after preparation.

Liposomes274



microscopy with 1% phosphotungstic acid. Liposomal dispersions with methotrexate 
(PC:CH:MTX = 10:1:1) were stored at a temperature of 3–5°C and monitored for 3 days (after 
48 h, Figure 4a, and after 72 h, Figure 4b). After 72 h of preparation, TEM images showed a 
reversible coagulation process, unaccompanied by the membrane destruction. This process is 
similar to emulsion‐clotting process which does not cause the emulsion destruction. The pres‐
ence of electrical charges on the surface of liposomes explains their electrostatic stabilisation.

The encapsulation of hydrosoluble methotrexate in the internal aqueous liposomal medium 
results in larger liposomes than those obtained in the absence of MTX (Figure 5).

The same effect was observed for liposomes loaded with hydrophobic MTX prepared using 
pH = 7.4 buffer (Figure 6) due to the solubilisation in the aqueous phase of a part of MTX 
initially encapsulated in liposome membrane. Increasing the size of the liposomes in the pres‐
ence of methotrexate can be explained also by the osmotic pressure. Due to the hydrophobic‐
ity of the lipid bilayer and taking into account that at pH 7.4, both PC and MTX are charged 
with electrical charges of the same sign, methotrexate diffusion through liposomal membrane 
is prevented. The pressure difference on both sides of the liposomal membrane occurs due 
to the difference in the concentration of methotrexate in the inner aqueous phase and in the 
dispersion medium.

Figure 5. VEM images of ‘control liposomes’ (PC:CH) (a) and hydrosoluble MTX liposomes (PC:CH:MTX) (b).

Figure 4. TEM images of the hydrosoluble MTX liposomes, 48 h (a) and 72 h (b) after preparation.

Liposomes274

In order to reduce the solubilisation of hydrophobic methotrexate in the aqueous medium 
at pH 7.4, and to increase the efficiency of encapsulation, hydrophobic methotrexate lipo‐
somes were prepared by reverse‐phase evaporation method, using a pH 6 buffer solution 
as a dispersion medium. TEM images of the liposomes prepared as such are shown in 
Figure 7.

The results of microscopic examination suggested that the presence of methotrexate in the 
liposome membrane does not affect the size of the liposomes. It would be expected that the 
presence of methotrexate in bilayer increases the size of the liposomes. The molecules of 
organic acids with odd number of carbon atoms are not flat, but have a twisted structure and 
are not centre‐symmetrical, but have a binary axis of symmetry. Carboxyl groups are inclined 
at an angle of 60° relative to each other and 30° to the plane of zigzag chain of carbon atoms 
[28]. Given this structure of methotrexate, inserting it between molecules PC would have been 
expected to result in an increase of lecithin vesicle size.

The methotrexate molecule is not placed between the lecithin molecules due to its pronounced 
hydrophobic character but it is encapsulated in the hydrophobic region of the bilayer  leading 

Figure 6. TEM images of ‘control liposomes’ (PC) (a) and hydrophobic MTX liposomes prepared with pH 7.4 buffer 
(PC:MTX) (b).

Figure 7. TEM images of ‘control liposomes’ (PC) (a) and hydrophobic MTX liposomes prepared with pH 6 buffer 
(PC:MTX) (b).
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eventually to an increase in the thickness of the bilayer made, but not in an increase of lipo‐
somes size.

In order to reduce the liposomes size and to increase the uniformity of their size, liposo‐
mal poly‐dispersion was extruded by passing them through polycarbonate membranes with 
different pore diameters: first membrane with a pore diameter of 3  μ m, then a membrane 
with a pore diameter of 100 nm in the case of sterically stabilized liposomes. Liposomes were 
extruded to increase their stability and in order to decrease the size under the diameter of 
capillaries for intravenous administration. Examples of TEM images of the MTX liposomes 
before and after extrusion are shown in Figures 8.

3.2. The determination of the size and size distribution of liposomes

To determine the size and size distribution of the liposomes, dynamic light‐scattering tech‐
nique was used. This technique can be applied to systems in which the average diameter is 
less than 1 μm. The advantage of the DLS to electron microscopy is that information can be 
obtained quickly (minutes) and is less expensive. To determine the size distribution of the 
liposomes by this method, a NICOMP 270 DLS Submicron Particle Sizer (Pacific Scientific® 
Hiac/Royoco Instruments Division) was used.

The decrease in liposomes diameter when the cholesterol was added in the lipid phase 
observed by microscopic techniques was confirmed by the results of the DSL determinations. 
A decrease of approximately 50% in the mean diameter of liposomes was observed for PC:CH 
formula, from 2502.6 to 1450.2 nm.

The increase of liposomes size after hydrosoluble methotrexate encapsulation observed by 
VEM and TEM techniques (Figure 5) is supported by the DLS results (Figure 9). It is noted that 
the average diameter of the PC:CH:MTX liposomes (4893.2 nm) is superior to that obtained 
for PC:CH liposomal dispersion (2502.6 nm).

3.3. The determination of the encapsulation rate

Methotrexate liposome encapsulation efficiency was estimated by the determination of 
loading yield. Load yield is the ratio of the amount of active substance encapsulated in 

Figure 8. TEM images of PC:CH:MTX liposomes before (a) and after (b) extrusion.
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liposomes and the initial amount of active substance and is calculated using the following 
formula:

   R  i    =    
 C  f   __  C  0  

   × 100  (1)

where Cf is the concentration of active substance in the liposome dispersion after the removal 
of unloaded active substance, and C0 is the concentration of active substance in the lipid mix‐
ture used for liposomes preparation.

In order to determine the concentration of active substance in the liposome dispersion 
(Cf), the removal of the unloaded active substance was done by dialysis for hydrosoluble 
methotrexate liposomes and by Sephadex gel filtration for hydrophobic methotrexate 
liposomes.

The dialysis process was monitored by the UV spectrophotometric determination of the 
methotrexate in dialysate (‘washing water’) in order to confirm that all the unloaded metho‐
trexates were removed (Figure 10).

After the removal of unloaded active substance, the liposomal dispersion was subjected to 
lysis with Triton X‐100 and methotrexate was quantified by high‐performance liquid chroma‐
tography (HPLC).

The efficiency of methotrexate encapsulation, measured by loading yield, was similar for 
hydrosoluble methotrexate liposomes and hydrophobic methotrexate liposomes. However, in 
the case of hydrophobic methotrexate liposomes slightly higher loading yields were obtained 
when cholesterol is added in the lipid layer.

Figure 9. Histogram of PC:CH:hydrosoluble MTX liposomal dispersion.
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The electric charge of liposomes is a predictive factor of their lifecycle. Preliminary studies per‐
formed on liposomes showed that the presence of lipids with negative electric charge leads to 
a reduced elimination of the encapsulated substance. The low permeability for hydrosoluble 
methotrexate of the anionic liposomal membrane explains the high encapsulation efficiency 
obtained. At the same time, the presence of structures with a large interfacial area per volume 
unit (cubosomes and hexasomes) in the colloidal dispersions obtained using REV causes a 
higher encapsulation of hydrophobic substances.

3.4. The determination of content of active substance in liposomes

For the quantitative determination of methotrexate, the liposomal dispersion was sub‐
ject to ultracentrifugation and the active substance was determined by HPLC after 
the liposomes lysis with Triton X100. Chromatographic conditions were as follows: 
HPLC Millenium Waters, Spherisorb 5 ODS 250 × 4.6 mm column, mobile phase 5% 
 tetrahydrofuran in 0.05 M sodium dihydrogen orthophosphate buffer (pH 4.85), flow rate 
1.0 mL/min, 20 μL injected volume, UV detection at 313 nm. The concentration of metho‐
trexate in the liposomal dispersion was calculated based on the methotrexate peak area 
and the obtained calibration curve. The selectivity of the method for the determination 
of methotrexate in liposomes was demonstrated by analysis of MTX‐unloaded liposomes 
(‘ control liposomes’). The lipids contained in the liposome membrane do not interfere 
with methotrexate.

Figure 10. UV‐spectrum of methotrexate in dialysate (‘washing water’).
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ject to ultracentrifugation and the active substance was determined by HPLC after 
the liposomes lysis with Triton X100. Chromatographic conditions were as follows: 
HPLC Millenium Waters, Spherisorb 5 ODS 250 × 4.6 mm column, mobile phase 5% 
 tetrahydrofuran in 0.05 M sodium dihydrogen orthophosphate buffer (pH 4.85), flow rate 
1.0 mL/min, 20 μL injected volume, UV detection at 313 nm. The concentration of metho‐
trexate in the liposomal dispersion was calculated based on the methotrexate peak area 
and the obtained calibration curve. The selectivity of the method for the determination 
of methotrexate in liposomes was demonstrated by analysis of MTX‐unloaded liposomes 
(‘ control liposomes’). The lipids contained in the liposome membrane do not interfere 
with methotrexate.

Figure 10. UV‐spectrum of methotrexate in dialysate (‘washing water’).
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The average methotrexate concentration measured was 196 mg/mL for water‐soluble meth‐
otrexate liposomes (Figure 11) and 200 mg/mL for hydrophobic methotrexate liposomes 
(Figure 12).

3.5. Intracellular transport of liposomes studies

Studies of the interaction between liposomes and cells are of particular importance in 
order to develop liposomes as vectors with high efficiency for delivering drugs to cells. 
Therefore, the development of liposomal systems as drug carriers requires detailed under‐
standing of interaction mechanisms between cells and these transporters. Some studies 
have indicated that the in vitro uptake of the liposomes depends on the cell type [29, 30], 
but the factors that are involved in this uptake are not fully understood. In general, it is 
believed that the uptake of the liposomes is mediated by nonspecific adsorption to the cell 
surface [31].

Figure 11. Chromatogram of hydrosoluble methotrexate liposomes.
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Given the importance of the liposomes uptaking by macrophages to the elimination from the 
bloodstream after liposomes intravenous injection, we studied the uptake and the quantifi‐
cation of internalisation of liposomes with different compositions of lipid bilayer by macro‐
phages from tumour line RAW267.4.

The internalisation of the following types of unloaded liposomes was studied: conven‐
tional liposomes containing phosphatidylcholine, steric‐stabilized liposomes containing 
phosphatidylcholine, cholesterol, polyethylene glycol 2000 phosphatidylethanolamine 

Figure 12. Chromatogram of hydrophobic methotrexate liposomes.
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(PC:CH:PEG2000‐PE) and PC:PGPH. The cells were incubated for 2 h at 37°C with the  Dil‐
labelled liposomes.

3.5.1. Visualisation of the liposomes internalisation

The internalisation of the methotrexate‐unloaded liposomes by macrophages of murine  
tumour line RAW267.4 was visualized by fluorescence microscopy, using 1,1’‐ dioctadecyl‐ 
3,3,3’,3’‐tetramethylindocarbocyanine perchlorate (Dil) as a lipophilic tracer. Images were 
acquired using a Nikon microscope, in phase contrast or epifluorescence, with a filter that 
allows 530‐nm excitation and observation of emitted fluorescence at 580 nm. Intracellular 
point‐like fluorescence is observed, indicating that the liposomes are  internalized (Figure 13) 
[32].

3.5.2. Quantification of liposomes internalisation

Quantitative estimation of the ability of RAW 264.7 tumour macrophages to uptake of various 
types of liposomes was assessed by fluorimetric measurements. For this purpose, cells were 
incubated for 2 h at 37°C with methotrexate‐unloaded liposomes, labelled with fluorescent 
Dil tracer (1 μmol liposomes/106 cells). After incubation, the liposomes bounded to cell sur‐
face were removed by washing with cold PBS buffer.

After washing with trypan blue solution (for complete quenching of extracellular fluo‐
rescence), the emitted fluorescence was measured at 580 nm after excitation at 530 nm of 
samples, using a TECAN spectrofluorimeter. The degree of internalisation of the liposomes 
(phospholipid nmol/106 cells) was calculated using the standard curve obtained from known 
concentrations of fluorescent liposomes.

The results showed a low uptake of liposomes containing polyethylene glycol‐2000‐phos‐
phatidylethanolamine (PEG2000‐PE) compared to that of conventional liposomes (PC) or 
PC‐PGPH liposomes (Figure 14). One possible explanation would be that the presence of 
PEG2000 on the surface of steric stabilized liposomes hinders their interaction with cells 
through the barrier formed by hydration of the polymer [32].

Figure 13. Phase contrast images (A) and fluorescence images (B) obtained in RAW 264.7 macrophages incubated for 2 h 
at 37°C with PC liposomes, labelled with Dil (20 × objective).
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4. In vitro effects of MTX liposomes

The immunosuppressive action exerted in vitro by MTX‐loaded liposomes was studied.

We compared the effect of hydrosoluble and hydrophobic MTX liposomes (dispersion 200 mg 
MTX/mL) and MTX solution for injection (concentration 200 mg MTX/mL) on the proliferative 
capacity of human lymphoblastic cells K562. The preparation and characterisation of MTX‐
loaded liposomes are presented in Sections 2 and 3.

The human lymphoblastic K562 cell line, purchased from ECACC (the European Collection 
of Cell Cultures), maintained by in vitro cultivation, has been used. Colchicine (standard 
 microtubule disrupter) at a concentration of 10 μM was used as an inhibitor of cell metabolism. 
Cell proliferation was measured by the MTS reduction test by using CellTiter 96® AQueous 
Non‐Radioactive Cell Proliferation Assay kit (detects the number of viable cells and, con‐
sequently, cell multiplication) (Promega Corporation). The cell activation/proliferation was 
measured by the tritium‐labelled uridine (3H‐Urd) incorporation test which detects RNA 
synthesis requiring uridine incorporation via the salvage pathway of nucleotide biosynthesis. 
The cellular membrane integrity was indirectly evaluated as lactate dehydrogenase (LDH) 
release, by using Cytotox96® NonRadioactive Cytotoxicity Assay kit (Promega Corporation).

The effect exerted by MTX was calculated as the ratio between the values obtained for MTX 
and the control value.

Experimental data indicate that MTX solution for injection inhibits neoplastic multiplication 
(data not shown) and RNA synthesis (Figure 15) in lymphoblastic K562 cells, without notably 
disturbing membrane integrity evaluated as LDH release.

Figure 14. Internalization of PC, PC:PGPH, PC:CH:PEG‐PE liposomes by murine macrophages RAW 264.7 after the 
incubation with 1 μmol liposomes/106 cells Phase contrast images (A) and fluorescence images (B) obtained in RAW 
264.7 macrophages incubated for 2 h at 37°C with PC liposomes, labelled with Dil (20 × objective).
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PC and PC:CH liposomes do not alter significantly the multiplication of K562 cells, but, when 
loaded with hydrophobic MTX, they tend to hold down the proliferation of tumour cells 
(Figure 16). These results are confirmed by those obtained in the evaluation of RNA synthesis 
by the tritium‐labelled uridine radionuclide technique. Thus, while the unloaded liposomes 
(PC and PC:CH) tend to stimulate the RNA synthesis, the corresponding MTX‐loaded lipo‐
somes clearly induce RNA synthesis arrest (Figure 17).

The increase of the quantity of liposomal dispersion (treating the cells with a double amount 
‘2×’ of liposomal dispersion) does not significantly influence the MTX inhibitory effect. It is 
worth noticing that hydrosoluble MTX effect (as solution for injection) is also independent on 
the drug concentration in the range of 0.001–10 μg/mL (data not shown).

Figure 15. The effect exerted in vitro by MTX solution for injection on RNA synthesis by K562 cells.

Figure 16. The effect exerted in vitro on the multiplication of K562 cells by liposomes loaded with hydrophobic MTX, 
compared to unloaded liposomes. Cell proliferation has been evaluated by MTS reduction test.
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The inhibitory effect of hydrosoluble or hydrophobic MTX‐loaded liposomes on K562 cell 
multiplication is comparable. However, hydrophobic MTX‐loaded liposomes have a little 
more intense inhibitory effect compared to hydrosoluble MTX‐loaded liposomes.

The results indicate that hydrophobic MTX loaded in liposomes tends to restrain the tumoural 
multiplication of K562 cells and clearly inhibits RNA synthesis, suggesting that activation 
events are primarily the target of the drug, and not the neoplastic proliferation of lympho‐
blasts. In addition, the hydrophobic form of MTX loaded in liposomes acts similar to the 
hydrosoluble one.

5. Investigation of the effects of short‐term therapy with methotrexate 
incorporated into the liposomes in an animal model of rheumatoid 
arthritis

Rheumatoid arthritis is a chronic, complex, autoimmune disease with plurifactorial etiology. 
It is characterized by hyperplasia of the synovium of the joint cartilage [33], the infiltration of 
the synovial cavity with inflammatory cells [33, 34], the presence of autoreactive lymphocytes 
[35–37] and antibodies with different specifications [38], events that culminates in the gradual 
erosion of the cartilage/bone and a number of serious extra‐articular manifestations [39].

Methotrexate is one of the most widely used disease‐modifying anti‐rheumatic drugs 
(DMARDs) in the treatment of rheumatoid arthritis. Although the precise mechanism of 
action of folate antagonist MTX in the treatment of rheumatoid arthritis is yet unclear [40], the 
effectiveness of methotrexate is associated with its cytotoxic and anti‐inflammatory effects. 
Clinical and experimental evidence sustain that low‐dose MTX has anti‐inflammatory effects 
and a subtle immunomodulatory action [16, 41]. Low dose of methotrexate, orally adminis‐
trated, weekly, effectively suppresses inflammation in rheumatoid arthritis [42]. However, 

Figure 17. The effect exerted in vitro on the multiplication of K562 cells by liposomes loaded with hydrophobic MTX, 
compared to unloaded liposomes. Cell proliferation has been evaluated by the tritium‐labelled uridine incorporation 
test. The effect has been assessed comparatively to colquicine antimitotic standard.
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systemic toxicity, manifested for instance by stomatitis, nausea, bone marrow depression and 
liver damage, may limit oral administration of the drug [43].

Methotrexate has also been administered to control intra‐articular synovitis in the joints of 
arthritic patients, but the results have been disappointing due to rapid clearance of the drug 
from the joint [44].

In order to localize the drug to the site of action and reduce the systemic toxicity, the use of 
liposomes or polymeric microparticles as carriers for drug delivery systems synovial space 
was proposed.

Effects of short‐term therapy with methotrexate incorporated into the liposomes have also 
been investigated in an experimental model of arthritis‐type inflammation‐induced with 
Freund’s adjuvant.

Freund’s adjuvant‐induced arthritis in the rat is one of the most important experimental mod‐
els of immune chronic inflammation, with pharmacological relevance in human rheumatoid 
arthritis. It is most commonly used experimental model for rheumatoid arthritis in screening 
programmes aimed at finding new‐arthritic inflammatory drugs [45].

In a Wistar rat model of arthritis (adjuvant Freund induced), the therapeutic effect and tox‐
icity of MTX as solution for injection or hydrosoluble MTX and hydrophobic MTX‐loaded 
liposomes have been studied [32, 46]. Three different doses of MTX preparations have been 
administered (i.v.) weekly for 21 days: 0.2. mg/b.w., 0.3 mg/b.w and 0.4 mg/b.w.

The induction of arthritis with Freund’s adjuvant and its characterisation was based on the 
evaluation of the primary oedema due to inflammation (injected paw) and the secondary 
inflammation (paw contralateral, not injected), using a plethysmometer device (Ugo Basile, 
Italy) 7 days and 14 days after administration of CFA. The threshold pain response was also 
assessed after 21 days using an analgesy metre, according to the method of Randall‐Selitto 
[47]. Before the injection of Freund’s adjuvant, and 7, 14 and 21 days after induction of arthri‐
tis the mobility scale, posture and joint stiffness were evaluated [48]. In addition, the X‐ray 
examination 21 days after administration of CFA has been performed to evaluate the inflam‐
mation CFA induced.

The effect of MTX treatment was assessed as threshold of pain sensitivity (Randal‐Sellito test) 
7, 14 and 21 days of MTX administration, as well as by radiological evaluation 21 days of MTX 
administration.

The induction of arthritis by Freund adjuvant was confirmed by the statistical results [t‐Student 
test and analysis of variance (ANOVA)] of the inflammatory oedema assessment, the clinical 
assessment and the behaviour of animals (with mobility and posture significantly lower and 
a marked increase of stiffness), as well as the radiological evaluation of the joints (symmetric 
arthritogenic disturbances were present after 21 days) [32]. In addition, a marked increase in 
sensitivity to paw pressure was seen in the affected limb.

A dose‐dependent reduction of pain sensitivity in all groups of animals treated with 
MTX has been shown. In addition, the intensity of the therapeutic effect increased  during 
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 treatment (the marked effect has been observed after 21 days of MTX treatment). The 
effect of MTX treatment has been assessed from the baseline values of the pain sensitivity 
(determined by Randal‐Sellito test) and has been calculated after 7, 14 and 21 days of MTX 
treatment.

The results of the study indicated that the therapeutic effect of MTX liposomes is superior 
to that of MTX solution for injection. At the highest dose administered (0.4 mg/kg), the 
 therapeutic effect of hydrosoluble and hydrophobic MTX liposomes is comparable, while 
at intermediate and low dose, the effect of hydrophobic MTX liposomes is higher than 
that of the hydrosoluble MTX liposomes. Based on the linear relationships between the 
MTX effect and log D (dose), ED50 values have been calculated (Table 1). Thus, the lowest 
efficacious doses of MTX were obtained at all times of the treatment for the MTX‐loaded 
liposomes. The results are in agreement with recent data indicating that MTX encapsulated 
in liposomes, in contrast to free and generic MTX, proved to have a higher anti‐inflam‐
matory and  anti‐ angiogenic efficacy in antigen‐induced arthritis model in female C57/Bl6 
mice [49].

The immune status of animals was evaluated 7 and 14 days after treatment discontinuation 
by the following parameters: number of peripheral leucocytes, relative weight of spleen (the 
ratio spleen weight/body weight), number of splenocytes and the activation potential of 
 splenocytes in vitro treated with polyclonal mitogen concanavalin A (ConA) determined by 
the tritium‐labelled uridine incorporation test [50].

Hydrosoluble MTX liposomes particularly tend to enhance the peripheral granulocytes 
 percentage on behalf of the monocyte proportion. Liposome‐targeted MTX induces a drop of 
the monocytes percentage at lower doses than the MTX solution for injection [32]. The men‐
tioned effect ceases 14 days after therapy discontinuation. The effect is less obvious in the case 
of hydrophobic MTX liposomes. While peripheral monocytes percentage decreases shortly 
after the withdrawal of the therapy with MTX liposomes, a tendency of up‐regulation was 
noticed 14 days after. Peripheral leukocytes react to lower doses of MTX loaded in liposomes, 
as compared to MTX solution for injection.

Animals treated with MTX liposomes present lower values of the relative spleen weight. This 
effect is reversible after 14 days since therapy withdrawal. Similar effects are exerted only by 

MTX treatment ED50 (mg/kg)

7 days of treatment 14 days of treatment 21 days of treatment

Hydrophobic MTX 
liposomes

0.338 0.272 0.258

Hydrosoluble MTX 
liposomes

0.363 0.337 0.285

MTX solution for injection 
solution

‐ 0.423 0.387

Table 1. ED50 of MTX, determined on the base of pain sensitivity for each group of animal.
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high doses of MTX solution for injection. The clinical significance of the registered decrease of 
the relative spleen weight is unclear.

The intermediate doses of MTX‐loaded liposomes increase the number of spleen leukocytes, 
probably on behalf of the peripheral ones.

All MTX formulations induce in vivo activation of splenocytes, but only MTX‐loaded liposomes 
restrain the activation potential of splenocytes to exogenous polyclonal mitogens. Seven days 
after therapy withdrawal, splenocytes are basically activated in the absence of exogenous 

Figure 18. The effect exerted in vivo by MTX on the proliferation capacity of the splenic rat lymphocytes (counts per 
minutes, the tritium‐labelled uridine incorporation test); (a) 7 days after therapy withdrawal; (b) 14 days after therapy 
withdrawal. Legend: The treatment of animal groups: 1;2;3—hydrosoluble MTX‐loaded liposomes (0.2;0.3;0.4 mg/kg b.w); 
4;5;6—hydrophobic MTX‐loaded liposome (0.2;0.3;0.4 mg/kg b.w.); 7;8;10—MTX solution for injection (0.2;0.3;0.4 mg/kg 
b.w.); 9—control (liposomes, 0.1 mL/100 g/kg b.w.).
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stimuli, but the effect is not persistent. Only the MTX‐loaded liposomes exert an immuno‐
suppressive action by limiting the ex vivo response of splenocytes to ConA. In this case, an 
anergic state of splenocytes seems to be triggered. Fourteen days after treatment discontinu‐
ation, all investigated MTX formulations inhibit splenocytes response to ConA. Accordingly, 
MTX liposomes exert a lasting antiproliferative action at critical doses. It is worth noticing 
that low and high doses of hydrosoluble MTX liposomes induce splenocytes anergy, namely 
activation of resting cells and reduced responses ex vivo to Con A. Hydrophobic MTX‐loaded 
liposomes seem to be most efficacious in restraining splenocytes activation.

The results indicate that MTX loaded in liposomes has a more evident impact on the immune 
status than MTX solution for injection, and hydrophobic MTX incorporated in liposomes 
seems to be active at the lowest doses (Figure 18).

The evaluation of the haematological and biochemical parameters indicates a low toxic effect 
of MTX in arthritic rats in the applied treatment regimen. Erythrocyte count was not sig‐
nificantly affected and between erythrocyte parameters series good correlation (correlation 
coefficients of >0.90) was found. Transaminases activities were weak and irregularly affected, 
registering slight increases (especially AST) at highest MTX doses 7 days after the last admin‐
istration. The creatinine and urea serum levels were not significantly affected [32].

MTX treatment induced discrete to moderate and reversible histopathological changes in the 
liver and the kidney. However, a more pronounced impairment in the kidney (glomerular 
stasis and the increase of the vascular network volume, as a result of circulation disturbances, 
as well as tubular nephritis and medullary mononuclear cell infiltration), depending on the 
type of treatment (MTX liposomes or MTX solution for injection) and of the administered 
dose [46], has been noticed.

6. Conclusion: key results

Several types of poly‐disperse liposomal systems containing both hydrosoluble methotrex‐
ate and hydrophobic methotrexate were prepared by two methods: lipid film hydration and 
reverse‐phase evaporation. The last one was selected due to the shorter working time and 
the higher encapsulation efficiency. The liposomal poly‐dispersion was extruded to obtain a 
liposomal monodispersion. MTX liposomes were characterized by VEM, TEM and DLS. The 
obtained liposomes had the diameters of microns size. The unentrapped drug was removed 
and the concentration of entrapped MTX was chromatographically determined. The encapsu‐
lation efficiency was satisfactory and similar for PC:MTX (10:1) liposomes and for PC:CH:MTX 
(10:1:1) liposomes. The presence of CH in liposomal membrane increases the rigidity and the 
hydrophobicity of the membrane. A higher hydrophobic character of liposomal membrane 
means a larger loading efficiency of hydrophobic MTX.

Hydrophobic MTX loaded in liposomes tends to restrain the tumoural multiplication of K562 
cells and clearly inhibits RNA synthesis, suggesting that activation events are primarily the 
target of the drug, and not the neoplastic proliferation of lymphoblasts.
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The methotrexate liposomes exhibited significant anti‐inflammatory activity and showed 
reduced toxicity. Given that the encapsulating of the drug in vector systems may result in 
the increasing concentration at the site of action, the liposomes with methotrexate represent a 
targeted therapy with an optimized therapeutic efficacy—risk toxicity ratio.
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Abstract

The material world has been getting prone toward infectious diseases, and therefore 
novel strategies should be devised to treat chronic infectious disorders. The transla-
tional biomedical research scientists made early attempts to develop mouse-human 
chimera (humanized mouse) through the reconstitution of immunodeficient mouse 
with engraftment of human cells and tissues. Although the humanized mouse proved 
to be an effective tool in understanding various diseases such as human malaria and 
hepatitis, however, drug administration, retention capacity of the administered drug, 
toxicity, and ethical constraints are some of the major issues and need to be objectively 
addressed. The “humanization” of immunodeficient mouse needs pharmacological 
immunomodulatory reagents to control the excessively recruited cells of monocyte- 
macrophage lineage. Therefore, administration of liposome loaded with hydropho-
bic drug (clodronate) to induce selective apoptosis through “suicidal approach” in 
myeloid cells plays an instrumental role for controlling residual nonadaptive immune 
response of the host. Liposomes are spherical and hollow—structures consisting of lipid 
bilayer—and are used for the delivery of drug and vaccine candidates. The surface-
engineered liposomes (ligand anchored) are used for targeted and controlled delivery. 
Clodronate-loaded liposomes play a pivotal role in developing humanized mouse. This 
mouse holds relevance to study pathophysiology and immunopathology of  human 
malaria parasite, P. falciparum. The liposomal delivery of clodronate administered in 
immunodeficient mice to modulate their innate immune system is an amenable strategy 
with the minimal/acceptable range of systemic toxicity.

Keywords: humanized mouse, clodronate, liposomes, interleukin, immunity, innate 
response
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1. Mouse-human chimera(s)

A “humanized mouse” is an immunocompromised mouse carrying identical functions of cell 
or tissue in origin as seen in humans. The depletion of adaptive immune system allowed 
sizeable grafting of human cells to understand the biology and pathology of various diseases 
to developing therapeutic interventions. The nude and severe combined immunodeficiency 
(SCID) mouse have been used for the humanization, but recently the immunodeficient back-
ground of NOG/NSG mouse has shown significant receptivity toward the significant engraft-
ment and repopulation of human cells.

The need of immunodeficient mouse: An immunodeficient mouse is a laboratory mouse 
from a strain with a genetic mutation that causes a deteriorated or absent thymus, resulting 
in an inhibited immune system due to a greatly reduced number of T cells. The mouse is 
invaluable to translational research due to its susceptibility for different types of tissue and 
tumor grafts with less rejection episodes. These xenografts are commonly used in research to 
test new methods of imaging, treating tumors as well as understanding infectious diseases. 
The creation of a reproducible and straightforward animal model is inevitably required as it 
allows developing in-depth understanding on cellular and molecular mechanisms and patho-
physiological manifestation responsible for the cause of systemic inflammatory diseases.

1.1. Human-hepatocyte transplantation

The initial attempt made toward developing a human liver chimeric mouse was the one that 
would accept human hepatocytes. SCID/bg mouse with the urokinase-type plasminogen acti-
vator (uPA) gene linked to an albumin promoter was the first one to be developed. The immu-
nodeficient mice have subacute liver failure and are subjected to transplantation with fresh or 
cryopreserved human hepatocytes (huHep) via intrasplenic injection. Six to eight weeks after 
transplantation with human hepatocytes, large islands of human liver tissue are produced 
within the mouse liver, creating a mouse with a human/mouse chimeric liver [1]. The rate of 
successful engraftment in terms of huHep repopulation index (RI) is 60–70% as determined 
by calculating the human serum albumin levels.

The second mouse model that was developed had deficiency in the gene for the tyrosine cata-
bolic enzyme fumarylacetoacetate hydrolase (Fah). These Fah−/− mice could engraft their 
hepatocytes only in the presence of 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione 
(NTBC) and lost the engrafted Hepupon drug removal. This gene deficiency was bred into 
immunodeficient mice to create the FRGN mouse [2]. The mouse also supported the develop-
ment of Plasmodium falciparum sporozoites into exoerythrocytic forms in the liver. Furthermore, 
when transplanted with human erythrocytes, they proved to be an effective model to study 
intraerythrocytic stages of P. falciparum.

1.2. TK-NOG mice for huHep transplantation

TK-NOG transgenic mouse in which mice express the herpes simplex virus thymidine kinase 
(HSVtk) transgenic construct containing the mouse albumin enhancer/promoter has drawn 
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significant attention. HSVtk mRNA is selectively expressed in the liver of NOG mice as a result 
of which they become prone to severe parenchymal liver damage after ganciclovir treatment

Of late, reconstitution of TK-NOG mice with human hepatocytes led to orthotopic de novo engraft-
ment and regeneration of huHep islands with controlled immunity and with broad repertoire. The host 
is prepared by creating liver stroma with ganciclovir and further reducing their nonadap-
tive immune responses by clo-lip treatment and deploying immunosuppression strategies 
through tacrolimus laden polymeric hydrogels, huHep transplantation in TK-NOG mice.

Prkdcscid (protein kinase, DNA-activated, catalytic polypeptide; severe combined immunode-
ficient mouse scid): Prkdc plays a crucial role in repairing double-stranded DNA breaks and in 
recombining the variable (V), diversity (D), and joining (J) segments of immunoglobulin and 
T-cell receptor genes.

Homozygous mutants do not have mature T and B cells, are not capable to evoke cell-mediated 
and humoral immune responses, and are supportive to allogeneic and xenogeneic grafts. These 
models therefore are useful cancer research models. The SCID mutation renders NOD mice 
diabetes-free and thereby makes them useful for adoptive transfer of diabetes through T cell. 
This mutation in CB17 mice could allow engraftment of human peripheral blood mononuclear 
cells (PBMC’s), fetal hematopoietic tissues, and hematopoietic stem cells (HSCs). The subopti-
mal engraftment efficiency and their inability to generate a potent and sizeable immune system 
are some of the striking limitations of this mouse model [3].

The above model proved to be unreliable because of the generation of mouse T and B 
cells, a phenomenon known as “leakiness,” and generation of high levels of host NK cells. 
Besides, SCID mice resulted in a defective DNA repair system which results in an increased 
radiosensitivity.

1.3. RAG1 and RAG2 mutation (recombination activating gene 1 and gene 2)

Targeted mutations at gene Rag1 and Rag2 loci prevent mature T-cell and B-cell develop-
ment in mouse but do not cause leakiness or radiosensitivity. Rag1 is essential for the V(D)J 
gene rearrangements that generate functional antigen receptors in T and B cells; homozygous 
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survival. IL-2Rγ mutation on NOD-SCID genetic background conferred an advantage that 
supported greater and high rising parasitemia which remains stable for weeks with greater 
reproducibility. Additionally, NSG mice shown lesser effect of aging which was due to the 
minimalized effect by interposition impact rendered by the IL-2Rγ mutation, along with a 
small sample size exhibiting marginal benefit of aging in the said mouse strain. The NSG-IV 
murine model when transplanted with human cells showed a great complementation of 
IL-2Rγ mutation byclo-lip treatment in controlling inflammation mounted by the cell engraft-
ment which reportedly showed the reduction in the erythrophagocytosis [1, 2, 4–7].

2. Liposomes: versatile carriers

Liposomes are small synthetic vesicles of spherical shape formulated from cholesterol and 
natural nontoxic phospholipids. The small size and hydrophobic and hydrophilic attributes of 
liposomes are some of the glaring features in addition to their biocompatibility and sustained 
release properties [8]. A liposome has an aqueous solution core surrounded by a hydrophobic 
membrane, in the form of a lipid bilayer, and therefore hydrophilic solutes dissolved in the 
core cannot readily pass through the bilayer [8].

The nature and attributes of liposomes vary depending upon the method employed for their 
formulation, lipid composition, and charge present on their surface. Moreover the choice of 
bilayer components determines the “rigidity” or “fluidity” and the charge of the bilayer [8]. 
For instance, unsaturated phosphatidylcholine species from natural sources (egg or soybean 
phosphatidylcholine) renders greater permeability with flexible stable bilayers, whereas the 
saturated phospholipids with long acyl chains (dipalmitoylphosphatidylcholine) form a rigid 
rather impermeable bilayer structure [8].

There has been experimental evidence on these phospholipids forming closed structures 
when mixed rigorously in aqueous phase [8]. These closed structures are hollow and there-
fore are used to deliver regardless of the nature of selected drug [8].

Hydrophobic chemicals are associated with the bilayer; lipid vesicles may be loaded with 
hydrophobic and/or hydrophilic molecules. The site-specific and controlled delivery of drugs/
candidate vaccines is achieved by the fusion of lipid bilayer with other bilayers such as the 
cell membrane. However, delivery of entrapped content through liposomal formulations is a 
complex and non-spontaneous phenomenon [8].

3. Advent of liposomes as delivery vehicle

The origin of liposomal formulation liposomes goes back to the mid-1960s, and when Alec D. 
Bangham and his coworkers discovered that phospholipids in the presence of suitable solvents 
form bilayer membranes which beget hollow spheres to form unilamellar or multilamellar 
vesicles (MLVs) [9]. The background is studied in three phase: “Origin,” “Medieval period,” 
and “Modern era.”
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Origin (1968–1975): The physiochemical characterization of liposomes had been carried out 
in this period. The approach of thin-film hydration was adopted for the development of mul-
tilamellar vesicles (MLVs). The closer resemblance to various biological membranes, lipo-
some, had been a natural choice to study the nature and functions of biological membranes; 
Bangham had called his lipid structures “multilamellar smectic mesophases” or sometimes 
“banghasomes” [9]. A more common term liposome was later coined by Weissmann [8].

Medieval period (1975–1985): Liposome’s utility was improved following basic research that 
increased the understanding of their stability and interaction characteristic within the system. 
There were methodological advancements; so far the formulation of liposomes was concerned 
further; the in-depth understanding on physiochemical properties of liposomes, their behav-
ior within the body, and their interaction with the cells led scientists to improve upon poten-
tial as drug carrier systems.

Modern era (1985 onward): Liposomes have been widely used all across the scientific disci-
plines including material sciences, mathematics, physics, biophysics, biochemistry, colloid 
science, and nanobiology for their well-bestowed delivery potential [9]. Ambisome, a paren-
teral amphotericin-B-based liposomal product, was initially synthesized along with numer-
ous products undergoing clinical trials or licensed for the market [9].

4. Classification of liposomes

The liposome size varies from very small (0.025 μm) to large (2.5 μm) vesicles comprising one 
or bilayer membranes. The circulation time of liposome is based on the size of the vesicle or 
in entrapment efficiency. The size and number of bilayers largely affect the amount of drug 
encapsulated in lipid vesicles, liposomes.

The bilayer behavior and size of liposomes provide an opportunity to categorize them as:

(a) Multilamellar vesicles (MLVs)

(b) Unilamellar vesicles: Unilamellar vesicles can also be classified into two categories: large 
unilamellar vesicles (LUVs) and [2] small unilamellar vesicles (SUVs). In unilamellar lipo-
somes, the vesicle is surrounded by a single phospholipid bilayer sphere keeping the aqueous 
solution bound inside it. In multilamellar liposomes, vesicles have a structure similar to that 
of an onion. The combination of several unilamellar vesicles will give rise to a multilamellar 
structure of concentric phospholipid separated by water layers [10].

1. Archeosomes: Archeosomes are vesicles derived from archaebacteria lipids. These are 
very different from the eukaryotic and prokaryotic bacteria. They are less sensitive to 
oxidative stress, high temperature, and alkaline pH [11, 12].

2. Cochleates: Cochleates are derived from liposomes, suspended in an aqueous two-phase 
polymer solution and are subjected to phase separation which allows appropriate parti-
tioning of polar molecule-based structures. When this solution is treated with cations like 
Ca2+ or Zn2, giving rise to cochleate precipitates less than 1 μm in dimension [13].
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3. Dendrosomes: Dendrosomes are a version of liposomes that along with being nontoxic 
are biodegradable, self-assembled, hyperbranched, dendritic, spheroidal nanoparticles 
which are easy to prepare, relatively cheap, and highly stable as well as easy to handle. 
The dendrosomes have proven for their delivery potential and hold an edge over existing 
synthetic vehicles for gene delivery. Dried reconstituted vesicles (DRV): This technique 
allows preparing small, “empty” unilamellar vesicles, containing different lipids or mix-
tures. Once SUVs are dissolved in solubilized drug, the dehydration is performed. The re-
hydration then leads to the formation of large quantities of heterogeneous multilamellar 
vesicles followed by further processing to form liposomal vesicles loaded with drugs [14].

4. Ethosomes: The ethosomes (the engineered liposomes) as compared to conventional li-
posomes have proven efficient so far the delivery attribute is concerned. Also, these car-
riers have reportedly known to show better entrapment of drug(s) [15]. Ethosomal drug 
permeation through the skin was demonstrated in diffusion cell experiments. Ethoso-
mal systems were composed of soy phosphatidylcholine, and about 30% of ethanol was 
shown to contain multilamellar vesicles by electron microscopy.

5. Immunoliposomes: Liposomes which are anchored with antibodies, Fabs, or peptide 
structures can be used in in vitro as well as in vivo applications [16, 17].

6. Immunosomes: The glycoprotein molecules attached onto the surface of preformulated 
liposomes are called “immunosomes.” The immunosomes do not vary in their appear-
ances with the prominent presence of spikes evenly distributed on their outer surface 
[18]. Immunosomes have structural and immunogenic characteristics closer to those of 
purified and inactivated viruses than any other forms of glycoprotein lipid arrangement.

7. Immune stimulating complex (ISCOM): ISCOMs are made up of saponin mixture Quil 
A, cholesterol, and phospholipids giving rise to spherical, micellar assemblies of about 
40 nm in size. They are constituted of amphiphilic antigens such as membrane proteins. 
ISCOMs have an inbuilt adjuvant Quillaja saponin, isolated from Quillaja [19].

8. Lipoplexes: Cationic lipid-DNA complexes, called Lipoplexes, are efficient carriers for 
cell transfection, but the rendered toxicity limits their applications [20, 21]. These local 
and systemic toxicities may result from either cationic lipids or nucleic acids.

9. LUVETs: Large unilamellar vesicles prepared by extrusion techniques (LUVETs) are 
chiefly performed with high-pressure systems. These proved to be more stable and did 
not cause leakage on treatment with detergents [22, 23].

10. Niosomes: Niosomes are small unilamellar vesicles made from nonionic surfactants also 
called novasomes. Their chemical stability is comparable to that of archeosomes [24, 25].

11. pH-sensitive liposomes: This class of liposomes is characterized as follows:

1. This class combines unsaturated phosphatidyl ethanolamine and acidic amphiphiles 
that render stability at neutral pH [26].

2. The second class compiles liposomes composed of lipid derivatives which gives in-
creased permeability to encapsulated solutes [26].
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3. The third class of pH-sensitive liposomes operates at low pH to destabilize mem-
branes. These are made of pH-sensitive peptides or fusion proteins [26].

4. The fourth class of liposome uses pH-sensitive liposomes and has pH-titrable poly-
mers to stabilize membranes which are susceptible to change in shape at low pH [26] 
(Figure 1).

12. Polymerized liposomes: Polymerized phosphatidyl choline vesicles (35–140 nm) have 
been synthesized from lipids bearing one or two methacrylate groups per monomer. 
These vesicles showed improved stability and controllable time-release properties com-
pared to non-polymeric analogs [27].

13. Proliposomes: Proliposomes (PLs) are defined as dry, free-flowing particles that immedi-
ately form a liposomal dispersion on contact with water. Proliposomes (PLs) are dry, free-
flowing granular products composed of drug(s) and phospholipid(s) which, upon addition 

Figure 1. Schematic representation of proposed mechanism of DNA immunization via endocytic pathway. Naked DNA is 
taken up by a small number of myocytes after i.m. injection, which are then transfected episomally. The produced antigen 
is released from the cells to interact with APC and thus induce immunity. In contrast, liposomal DNA interacts with APC 
directly and induces better immune response. It also protects DNA from degradation by deoxyribonuclease attack.

Liposome-Mediated Immunosuppression Plays an Instrumental Role in the Development of...
http://dx.doi.org/10.5772/intechopen.69390

301



of water, disperse to form a multilamellar liposomal suspension. These are  economically 
feasible to formulate and be used up to a great extent on commercial scale. These hydrated 
membranes form vesicles upon contact with water. Moreover, the distribution, transfer, 
and storage become easy due to their availability in lyophilized form [28–30].

14. Proteasomes: Vesicles of bacterial origin were solubilized followed by ammonium sul-
fate precipitation and dialysis against detergent buffer. Proteins and peptides are non- 
covalently complexed to the membrane making them highly immunogenic [31].

15. Reverse-phase evaporation vesicles (REVs): Vesicles are formed by evaporation of oil 
in water emulsions resulting in large unilamellar liposomes. The main problem encoun-
tered in the usage of organic solvents is its trace content even after evaporation in the final 
solution which can be hazardous to human health and also may affect the stability of the 
vesicles. However, this issue may be addressed by the use of polycarbonate filters which 
allowed the separation based on their size and entrapment efficiency. Furthermore, as 
an alternative, diethyl ether can also be used as an organic solvent because of its lesser 
 toxicity [32, 33].

16. Stealth liposomes: When liposomes are modified by coating them with polyethylene 
glycol (PEG), a synthetic hydrophilic polymer can greatly induce stability and their cir-
culation half-life. These advantages have established glycolipids for surface anchoring in 
order to achieving targeted and sustained delivery. The engineering process of this class 
of liposome culminated with the observation that coating of liposomes with polyethyl-
ene glycol (PEG), a synthetic hydrophilic polymer, would improve their stability and 
lengthen their half-lives in circulation, rendering the use of glycolipids obsolete [34–38].

The PEG coating stabilizing effect arises from high concentration of hydrated groups that 
inhibit both hydrophobic and electrostatic interactions of variety of blood components 
and thereby limits their recognition by the reticuloendothelial system (RES) [39, 40].

17. Temperature-sensitive liposomes: Temperature-sensitive liposomes permit easy gel to 
liquid crystallization phase transition above the physiological temperatures and are 
efficient in achieving target-specific drug delivery. This property is achieved by the us-
age of thermosensitive polymers [41], and therefore, content release, surface properties, 
and their cell-surface binding may be controlled by the temperature [42].

18. Transfersomes: Transfersomes formulated by phosphatidylcholine and cholate are 
highly deformable making them as preferred choice for transcutaneous delivery of drugs 
and candidate vaccines. This in contrast to conventional liposomes and niosomes offers 
needle-free delivery of vaccines and an increased concentration of antibody titer which 
may suffice the need of systemic and mucosal immunity by provoking humoral and cell-
mediated branches of immune system. Moreover, these ultra-deformable carriers can eas-
ily overcome the skin barrier and efficiently deliver the antigenic payload [43, 44].

19. Virosomes: Virosomes are small unilamellar vesicles containing influenza hemaggluti-
nin, by which they became fusogenic with endocytic membranes. The co-incorporation of 
other membrane antigens induces enhanced immune responses [10, 45].
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5. Engineered version of liposomes

A greater population has relied on the use of antibiotics. However, emergence of resistance 
against antibiotics has warranted a demand to identify a new class of antibiotics with an effi-
cient mode of delivery.

The scientists engineered an artificial nanoparticles made of lipids, “liposomes,” that closely 
resemble the membrane of host cell which target bacterial toxin [46]. Since bacteria are not tar-
geted directly, the liposomes do not promote the development of bacterial resistance. In clini-
cal medicine, liposomes are used widely as a vehicle to deliver specific medication into the 
body for achieving extended release [46]. The liposomal formulation, however, act as traps 
for bacterial toxins, sequesters, and neutralizes them instantly which would be subsequently 
eliminated by the host’s own immune system.

6. Role of clodronate-loaded liposome in global immunosuppression

Clodronate (dichloromethylene bisphosphonate) is a nontoxic drug but impermeable to cell 
membrane. However, liposomes prepared by using phosphatidylcholine and cholesterol are 
not toxic and are engulfed by wandering macrophages. The hydrophobic drug clodronate 
when administered naked will be cleared from the circulation and gets absorbed by the diges-
tive system and may face the leakiness issue. However, when administered through lipo-
somes, it would not easily escape from the cell and is retained [47].

It is evident that clodronate may be delivered into phagocytic cells using liposomes as vehi-
cles, therefore preventing it from being escaped from the cell [47].

The cell enzyme lysosomal phospholipases disrupt the phospholipid layer of liposome and 
induce release of drug clodronate which gets accumulated sizably within the cell. The free 
clodronate has an extremely short half-life in the circulation and is cleared from the circu-
lation by the renal system. Therefore, specific entrapment of clo-lip formulation by macro-
phages induces selective apoptosis of macrophages. Therefore, a technique that involves 
the macrophage “suicide” approach, using the liposome-mediated intracellular delivery of 
dichloromethylene bisphosphonate (CI2MBP or clodronate) was deployed. The method is 
specific with respect to phagocytic cells of the mononuclear phagocyte system (MPS) [47].

7. Autoimmune hemolytic anemia (AIHA) liposome

Autoimmune hemolytic anemia is a disease in which autoantibodies against RBCs lead to 
their premature destruction. The autoantibodies of the IgG type lead primarily to the uptake 
and destruction of RBCs by splenic and hepatic macrophages. The current therapies such as 
corticosteroids and splenectomy are directed at interfering with this process. Clodronate-
loaded liposomes (dichloromethylene diphosphonate) selectively deplete  macrophages 
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within 24 h of administration by inducing apoptosis of macrophages. Therefore, liposomal 
clodronate would be a useful agent for treating sAIHA. This drug formulation was effective 
within hours by first blocking and then depleting phagocytic macrophages, and its action 
lasted for 3–4 days in vivo. Thus, in AIHA, liposomal clodronate therapy may act like a 
temporary, medicinal splenectomy. Therefore, clo-lip treatment may prove useful in situa-
tions where rapid response to therapy is critical or other medical therapies are inadequate.

Clodronate-loaded liposomes completely halted the uptake of opsonized RBCs by the spleen 
in contrast to splenectomy which used corticosteroid treatment. However, this cannot replace 
the corticosteroid treatment but offers an advantage because the spleen is not removed, and 
its function is eventually restored by the natural replenishment of macrophages. Clodronate-
loaded liposomes undertaken in this treatment are temporary but are spontaneous in treating 
AIHA as compared to corticosteroids.

8. Immunosuppression by liposome-mediated delivery of specific drugs

Normally, liposomes are now known for immunosuppression. However, liposome loaded 
with cytostatic drugs for cancer therapeutics is reported to cause more or less immune sup-
pression [48]. These drug-loaded formulations opened new avenues in cancer immuno- 
therapeutics.

The doxorubicin, an anticancer drug, commercially sold as doxil (a liposomal formulation) 
when administered in vivo, showed macrophage suppression. The immunosuppression was 
seen from the long-lived persistence of bacteria in the blood stream. We have tried immuno-
modulatory and pharmacological reagents/chemicals which were used to further suppress 
the residual innate immune response (Table 1) [47–50] of huRBC reconstituted immunode-
ficient mouse (huRBC-NSG) for the engraftment and survival of P. falciparum. Also, immu-
nosuppression of nonadaptive residual immune responses of immunodeficient mouse was 
contained by clodronate-loaded liposomes in order to achieving significant huRBC grating in 
immunodeficient animals (NSG) (Figure 2).

8.1. Adjuvanticity of liposomes

When bestowed along with clodronate, EDTA, DTPA, or various calcium or metal ion com-
plexes of these chelators have the potential to deplete macrophages in vivo. Liposomal formu-
lations have reportedly enhanced the immune response both at humoral and cell mediated 
of a vaccine formulation [44, 51]. The adjuvant action of liposomes may be categorized as:

1. The marginal zone antigens of macrophages residing inside the spleen can be targeted 
through liposomes.

2. The liposomes are used to block or deplete the activity of suppressor alveolar macrophages.

Thus, liposomes offer the advantage of both drug administration and adjuvant [51, 52].
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9. Clodronate-loaded liposomes play a crucial role in host’s 
immunosuppression for sizeable P. falciparum grafting in a 
humanized mouse

To aid in human cell engraftment in recently developed transgenic/immunodeficient 
strain, TK-NOG [53] mouse is used. Clodronate-loaded liposome will ameliorate the 
residual nonadaptive immune response by depleting the sizeable number of cells from 
monocyte-macrophage lineage. The clo-lip (clodronate-loaded liposome) is scavenged by 
the cells of monocyte-macrophage lineage, triggering their apoptosis and creating stroma 
for huHep grafting. Recent surge in the usage of humanized mouse models owing to the 
results from earlier findings [4, 5] in which clodronate-loaded liposome treatment depletes 

Figure 2. Immunosuppression of nonadaptive residual immune responses of immunodeficient mice by the sustained 
delivery of (a) clodronate via liposomes and (b) chemical immunomodulation protocol to control residual innate 
immune responses for robust “humanization”.
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the macrophage level in an immunodeficient mouse (Pf-NSG-IV) to study of asexual blood 
stage infection of P. falciparum (Figures 2 and 3).

10. Human malaria: a systemic inflammatory infectious disease

Malaria is one of the most deadly diseases in terms of mortality and morbidity affecting almost 
2 million people worldwide. According to the WHO report, 2015, mortality due to malaria 
reached 438,000 deaths worldwide, majority of these occurring in African region (90%), fol-
lowed by the Southeast Asia region (7%) and the Eastern Mediterranean region (2%).

However the malaria incidents dropped drastically by 37% across the globe and by 42% in 
Africa. Also there was a gradual decrease in the mortality rate by 60% globally and 66% in 
African region. The life cycle of malaria parasite is shown in Figure 4.

P. falciparum has gone to a wider trajectory to develop resistance against all the drugs and 
more complex patterns of multidrug resistance than anticipated. The suboptimal and uncon-
trolled use of drugs may lead to severe consequences of drug resistance in the field which 
could pose threat with unprecedented global health crisis. This scenario gets dangerous in the 
wake of unavailability of effective vaccines against P. falciparum.

10.1. The malaria vaccine development: a challenging task

Malaria is actually caused by the parasite called Plasmodia spp. which is highly evolved and a complex 
organism. The mercurial behavior of parasite because of the secretion of tens of thousands of proteins 

Figure 3. P. falciparum engraftment and development in an optimized humanized (PfhuRBC/NSG-IV) mouse [4, 5, 48]. A) 
Upper panel shows significant human blood chimerism in NSG mice over the period of more than 21 days, and B) lower 
panel illustrates the sizeable parasitemia using three (PAM, 3D7 and K1) P. falciparum strains in the huRBC reconstituted 
NSG mice.
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at each and every stage establishes it as one of the biggest challenges of humanity. The classical way of 
making a vaccine is to take the whole organism, the whole bacterium, or the virus and to inactivate it 
and to inject that as vaccine. That can be done for malaria, but it has been very hard to deploy that into 
a product—it is actually even harder to cultivate parasite especially liver stage in the lab as the condi-
tions are not commensurate for its replication. The induction of potent and sterile immune responses 
is very difficult against LS of P. falciparum.

Parasite undergoes liver-stage development culminating in the formation and release of tens 
of thousands of first-generation parasites going undetected as this stage is asymptomatic. 
The asexual parasite stage can be cultivated in vitro, but the sporogonic stages require a work-
able humanized mouse model.

The P. falciparum consists of about 23 megabase nuclear genomes which has 14 chromo-
somes and encodes about 5300 genes. For example, two genes mainly Pfmdr1 and Pfmdr2 
(Plasmodium falciparum multidrug resistance), Plasmodium falciparum multidrug resistance-
associated protein (Pfmrp), are linked with the amount of drug that accumulates inside the 
digestive vacuole. Efficacy of drugs is dependent on these transporters as they shuffle them 
from intravacuolar to extravacuolar and vice versa. This observation suggests the common 
element of multigenic mechanism associated with mefloquine, halofantrine, and dihydroar-
temisinin. As the same gene has different effects depending on the type of gene mutation, it 
becomes difficult to identify any one functional gene emanating resistance. Therefore, vaccine 
development is a challenging and a herculean task to achieve [54].

Figure 4. Life cycle of malaria parasite.
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11. Liposome as a vaccine candidate

Liposomes are tools that can be used in tumor-targeting, gene-silencing, antisense therapy; 
immunomodulation; and genetic vaccination [48]. Liposomes (pH-sensitive liposomes) are 
majorly used for targeted and cytosolic delivery of vaccine candidate for achieving perdurable 
immune responses as well as delivery of drugs. They can be used as an efficient tool in vaccine 
development. The mycobacterial lipids when used to formulate liposomes have shown immense 
potential for mounting upon the sizeable cellular response which are considered as Th1 adjuvant.

The 19 kDa fragment (carboxy-terminal) of merozoite surface protein-1 of Plasmodium 
falciparum (PfMSP-119) is delivered directly into the cytosol with the help of liposomes 
to enhance immunogenicity. Engineered liposomes are used for sustained release of 
entrapped content and to increase immunogenicity. The liposomal vesicles have entrapped 
core of polymer that provides mechanical strength to them.

Gel core liposomes (engineered liposomes) were potentially tested for their utility in intra-
muscular delivery of transmission blocking antigen Pfs25 (recombinant protein antigen). 
Further, by using these engineered liposomes, the study evaluated the effect of coadministra-
tion of vaccine adjuvants CpG-ODN on the immune system of Pfs25. Liposome formulations 
of caryostatics, antibiotics, photosensitizers, enzymes, hormones, cytokines, and nucleic acids 
are being used to achieving some very promising results.

For targeting the DNA vaccine uptake and expression, APC are a preferred alternative to 
muscle cells. Antigen-coding plasmid DNA when administered via liposomes could bypass 
the need of muscle involvement and facilitates its uptake by APC, for instance, those infil-
trating the site of injection or in the lymphatic, at the same time protecting DNA from 
nuclease attack [48, 55]. Engineered liposomes show advantage because of their evasion 
ability to escape the invasive route of administration making it an efficient carrier for the 
delivery of entrapped contents. Transfection of APC with liposome-entrapped DNA could 
be rendered by selecting an appropriate vesicle surface charge and lipid composition or by 
the co-entrapment of other adjuvants together with the plasmid DNA [48, 55–58] (Figure 5).

The proposed concepts of antimalarial vaccine based on liposomal construct of various types 
(cocktail formulation):

a. Recombinant protein-containing liposomes target specific, however, non-pH sensitive to 
deliver rDNA protein from (CSP 22), SPF 66 form of sporozoites and merozoites, so that 
proteins are specifically processed through endosomal pathway and presented by APCs 
through MHC II.

b. The second population of liposomes will contain dendritic cells targeted pH-sensitive 
liposomes bearing rDNA lipid complexes (target specific and pH sensitive) to deliver 
them to the cytosol of specific cells, that is, dendritic cells for subsequent expression of 
liver-stage and erythrocytic stage antigenic cellular expression and MHC I restricted pres-
entation for Th-1 cellular CTL responses.
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12. Cytotoxicity rendered by liposomes

1. Dermal toxicity: Conventional doxorubicin is used actively in various malignant tumors 
giving rise to a number of side effects like cardiotoxicity and myelosuppression. A differ-
ent approach of this chemotherapeutic agent enclosed in PEGylated liposomes, in which 
liposome encapsulation prevents doxorubicin from penetration to compartments with 
tight endothelial cells junctions and facilitates its distribution to tissues with abnormal 
blood vessels [59]. This results in higher drug accumulation within the tumor than normal 
tissues. Consequently, a decreased incidence of cardiac and hematological toxicity is ob-
served. PEGylated liposomal doxorubicin (PLD) has the ability to deposit itself within the 
skin and to induce specific mucocutaneous reactions. There are six types of PLD-related 
dermal disorders, and the most common is palmar-plantar erythrodysesthesia (PPE) [60]. 
Other less frequent manifestations are intertrigo-like dermatitis, a diffuse follicular rash, 
a maculopapular rash, melanotic macules, or a recall phenomenon. Dermal toxicity is the 
most common adverse reaction limiting PLD therapy. Skin lesions usually appear in re-
gions prone to trauma such as the palms and soles. This was reported in a patient suffering 
from ovarian cancer showing partial response to chemotherapy [61].

2. PEGylated liposomal doxorubicin (PLD) was administered in patients. These PEGylated li-
posomes show a lower rate of cardiotoxicity and myelosuppression but show some  obvious 
adverse effects including palmar-plantar erythrodysesthesia (PPE and some dermal  
manifestations such as intertrigo-like dermatitis, diffuse follicular rash, melanotic macules, 

Figure 5. Schematics illustrating the proposed concepts of antimalarial vaccine based on liposomal construct of various 
types (cocktail formulation).
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maculopapular rash [61]. Some studies have advocated that dimethyl sulfoxide or corticos-
teroids may be beneficial in the treatment of PLD-induced dermal complications as they 
accelerate skin recovery. The only well-established preventive management includes dose 
intensity modification or complete chemotherapy discontinuation.

13. Future challenges

For some drugs like DaunoXome, AmBisome, Doxil, Epaxel, etc., liposomes have proved to be 
a reliable delivery vehicle with some major challenges:

1. Uptake by reticuloendothelial system: Liposomes may be formulated as aerosol and as 
semisolid form such as cream, gel, or dry powder and are administered. They will then 
be readily taken up by the mononuclear phagocyte system (MPS) such as Kupffer cells of 
the liver and spleen. This is the natural route for the uptake of liposomes; however, they 
lack the ability to target site-specific receptors expressed on the surface of diseased cells 
and hence are inefficient for site-specific delivery. Therefore, liposomes which may evade 
rapid uptake by MPS need to be developed and further explored. PEG-coated or sterically 
stabilized liposomes are a few glaring examples.

2. Large-scale production: Production of liposomes from small scale (laboratories) to a large 
scale is a challenging task. The regulatory norms of the use of chloroform and methanol 
are not recommended more than the permissible limits. Preparation of liposomes also in-
volves various steps like evaporation of solvent system under reduced pressure, prepara-
tion of thin lipid film, sonication, etc. These procedural hurdles pose a challenge across the 
researchers to develop these vehicles on a large scale.

3. In process stability: The oxidation and/or hydrolysis of phospholipids used in liposomal 
preparation does not allow the long-term storage and therefore less shelf-life. The physi-
cal and chemical instability of prepared liposomes is something to be explored further. 
However, fewer formulations are used in a lyophilized form which is to be reconstituted 
in a suitable buffer before use. Also, liposomes cannot withstand the degradation from 
proteins and enzymes in an animal model due to electrostatic stabilization.
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